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LOW HAFNIUM ZIRCONIUM PROJECT

Interim Technical Report - Zirconium Metal Fines Recovery for May 15, 1950
to December 15, 1950

By S. C. Ogburn, Jr. and L. J. Reader

ABSTRACT

This report covers the laboratory and pilot plant investigation of the reclamation of the
low hafnium zirconium fines resulting from the manufacture of zirconium sponge and zirco-
nium crystal bar. The process investigated involved recovery of the zirconium as zirconium
tetrachloride, by drying the fines in an atmosphere of nitrogen and subsequent chlorination of
the fines with anhydrous hydrogen chloride at temperatures above the sublimation point of the
product.

Initial pilot plant tests were made using an externally heated Pyrex pipe for the drying
and chlorination steps. The product was collected in a nickel condenser. The third test in this
equipment resulted in a fire during the drying operation which made a further laboratory in-
vestigation of the dehydration step advisable. The results of the laboratory study indicated that
the removal of compounds such as magnesium hydroxide, magnesium chloride and possibly
zirconium hydrate from the fines by acid washing, was necessary, since these compounds con-
tain water which is not removed at the drying temperature of 120*C and which could react with
the zirconium at elevated temperatures. As a further precaution the fines were dehydrated
with anhydrous hydrogen chloride between 120 C and 170*C before heating to the chlorination
temperatures.

Proceeding with due caution, pilot plant tests were resumed using a graphite lined nickel
tube for the drying and chlorination steps. In spite of the acid washing of fines and the dehydra-
tion with anhydrous HCl, reactions occurred after most of the water had been removed from
the fines in about half of the fifteen tests made before work was stepped. These reactions oc-
curred when the temperature inside the nickel tube was 1500 to 170*C. The temperature would
rise suddenly from 150*C to over 400*C and then subside in a few minutes to the normal tem-
perature. No significant increases in pressure accompanied the rises in temperature. A
number of tests, including one in which thirty pounds of wet fines were used, were made with-
out incident. Yields of zirconium tetrachloride were invariably high from tests during which
no side reactions occurred.

The final test run resulted in an explosion. Sixteen pounds of fines containing seven pounds
of zirconium metal were charged to the nickel tube. When the temperature inside the reactor
reached 120*C, it suddenly began to climb rapidly. Less than a minute later the charge ex-
ploded. Damage to the equipment was estimated to be $700, while the building was damaged to
the extent of $325. The cause of the explosion was believed due to the reaction of the finely
divided zirconium with water under the conditions used in this process. Subsequent to the ex-
plosion, it has been learned that the ignition temperature of zirconium metal powder varies
significantly with the size of the sample tested. Large samples ignite at a much lower tem-
perature than small samples. This may explain why the results of the laboratory tests were
not substantiated on the pilot plant scale.

The pilot plant was not operated sufficiently long to obtain production data of absolute sig-
nificance. However, good yields of zirconium tetrachloride were obtained in several of the
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tests. The production data obtained indicate that the original estimate of an 85% recovery of
the zirconium as zirconium tetrachloride and a 75% utilization of the anhydrous hydrogen
chloride would probably have been realized if the process could have been operated safely. A
total of 100 pounds of zirconium tetrachloride of excellent quality was produced during the
pilot plant tests. This material has been turned over to the Foote plant for reduction to sponge.

This investigation has demonstrated that because of the unpredictable nature and non-
uniformity of finely divided zirconium, the reclamation of the low hafnium zirconium fines by
any process requiring dehydration of the fines at temperatures over 100*C is extremely haz-
ardous.

At request of A.E.C., samples of zirconium fines and oxide prepared by burning these
fines have been prepared and submitted to Oak Ridge Laboratory for possible use in current
process there.

INTRODUCTION

The object of this investigation was to develop and demonstrate a process for the recovery
of low hafnium zirconium metal from the fines produced during commercial manufacture of
zirconium sponge and zirconium crystal bar.

Three processes for the reclamation of the zirconium from the fines were considered.
One involves burning of the fines to oxide, conversion of the oxide to carbide in an arc furnace,
and subsequent chlorination of the carbide. Simplified equations for this process are as follows:

Zr + 02 = ZrO2

ZrO2 + 3C = ZrC + 2CO

ZrC + 2C12 = ZrCl4 + C

The other two processes are similar in that they both involved drying the fines in an at-
mosphere of nitrogen at low temperatures. Chlorination of the zirconium in the fines can then
be done, using either chlorine or anhydrous hydrogen chloride according to the equations.

Zr + 2C12 = ZrCI4

Zr + 4HCI = ZrCI4 + 2H2

The HCI process was chosen for pilot plant investigation for the following reasons.
1. It is essentially a one step process, as contrasted with five steps, i.e. oxidation, car-

biding, chlorination, resublimation, and regrinding, for the carbide process.
2. The product obtained from the HCl process would be substantially purer than that ob-

tained from either of the other processes, since the iron would remain in the residue as fer-
rous chloride.

3. Operating costs were estimated to be lower than for the other processes.
4. The recovery of the zirconium as ZrCl4 by the HCl process was estimated to be 85% as

against 75% for the carbide process.
5. Previous laboratory work showed promise of obtaining the desired objectives.
Previous Summary Progress and Technical Reports on this project have been submitted

under NYO numbers 1089, 1090, 1091, and 1092.

EXPERIMENTAL WORK

Initial Laboratory Tests

Raw Materials
1. Low hafnium zirconium fines (mud) containing approximately 35% water and 65%
Zr metal (dry basis).
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2. Dry nitrogen
3. Anhydrous HCl
4. Chlorine

Apparatus
The apparatus for dehydration and chlorination of the fines consisted of a glass tube,
one inch I.D. about 14 inches long, which was placed in a Hevi Duty combustion tube
furnace. The temperature during the dehydration step was controlled by means of a
Variac transformer. The ZrCl4 was collected in a glass air condenser.

Procedure
The fines (up to 50 grams) were placed in the chlorinating tube and dried at 120*C in
an atmosphere of nitrogen. Heating was continued to about 250*C when the addition of
the HCl or chlorine was started. The air condenser was kept above 100C with a gas
flame to prevent condensation of SlCl4 .

Results
In these tests, when chlorine was used, the ZrCl4 produced was dark brown in color
and it was felt that this product would not be satisfactory. The ZrC14 produced by the
HCl process is a white product low in iron and magnesium. The purification effected
by the HCl process is illustrated in Table I.

Table I- Purification Effected by HCl Reclamation of Zr Fines

Deposition Tube Fines Mg Reduced Fines
Fe% Mg%

Original Fines 0.028 0.36 0.006 0.48
ZrCl4  0.005 0.011 0.004 0.013
Residue 1.00 1.06 0.30 2.09

Recovery of 85% of the Zr in the Mg reduced fines as ZrCl4 was attained consistently
in the laboratory tests of the HCl process.

Initial Pilot Plant Tests

Raw Materials
The raw materials for these tests consisted of fines from the May 1950 plant pro-
duction of Zr sponge and crystal bar, dry nitrogen, and anhydrous hydrogen chloride.

Apparatus
The pilot plant equipment was designed by the Research and Development Department
of Foote Mineral Company. It consists essentially of two horizontal rotating nickel
cylinders connected to a single nickel condenser. The nickel cylinders have graphite
liners and can be opened at one end for charging the fines and removal of the residue.
The other ends of the cylinders are connected to an opening to the air for venting the
nitrogen and water vapor during the drying operation, and by means of suitable valves,
to the nickel condenser for recovery of the ZrCl4 . The cylinders are mounted on roll-
ers in an insulated rectangular box containing electric elements which furnish heat for
the system. Both assemblies are mounted on sensitive scales which were intended to
aid in determining when the fines were dry and when chlorination was complete. For
the initial tests, one of the nickel cylinders was replaced with a Pyrex pipe so that the
progress of the drying and chlorination stens could be observed.

Detailed drawings and photographs of the equipment are included in this report as
Exhibits, C, D, E, F., and G.
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Procedure
The fines as received from the plant were dried in an atmosphere of nitrogen at
temperatures up to 120C. The glass tube was rotated at about five r.p.m. during
these tests. After changing the valves in the chlorinator so that the passage of gases
would be through the condenser, the temperature was raised from 1200C to 3000C at
which temperature chlorination was started.

Results
In the first two tests seventeen and eighteen pounds of wet fines respectively were
charged to chlorinator. No difficulties were experienced during the drying steps up
to 120*C in these tests. However, while heating to 300*C for the chlorination step,
reactions took place at 1500C and 1700C respectively, during which the temperature
inside the reactor rose to about 850C. Since no significant increase in pressure
accompanied the reactions and the temperature subsided quickly, heating was con-
tinued and chlorination carried out without event. In the next test only eight pounds of
wet fines were charged to the furnace. About one hour after the drying operation had
started, a flash fire occurred which broke the Pyrex pipe. The temperature inside
the pipe at this time was 100C. The cause of this fire was due to cracking of the
Pyrex pipe or to reaction -of the zirconium with the water remaining in the fines.
This accident made it advisable to further study the drying of the fines in the labora-
tory before proceeding on a large scale in the plant equipment.

Additional Laboratory Study of the Drying of Zr Fines

Drying tests were conducted using small (1-5 gram) samples of wet fines. These were
dried in an atmosphere of nitrogen using a one inch diameter glass tube heated in a tube fur-
nace.

Fines as received from the plant invariably caught fire when heated above 200C in an
atmosphere of nitrogen.

These fines contain appreciable amounts of magnesium chloride and possibly small amounts
of magnesium chloride and possibly small amounts of magnesium hydroxide and zirconium hy-
drate. Since these compounds all contain bound water which is not completely removed at 100-
120C, the effect of their removal from the fines by treatment with dilute HCl and washing with
water was studied. Numerous samples of acid washed fines were heated in an atmosphere of
nitrogen up to 3000C without any reaction taking place. The effect of using anhydrates HCl as
a dehydrating agent between 1200 and 1700C was also investigated. After heating acid washed
fines to 1200C until no more water came off, the addition of HCl to the nitrogen atmosphere
causes more water to be removed. This indicated that acid washing does not completely re-
move compounds which can hold water above 120C. After heating the samples to 170C
in the nitrogen-HCI atmosphere, no more water came off and the HCl addition was stopped
until the chlorinating temperature of 3000C was reached. Although on the scale on which the
laboratory tests were conducted, acid washing eliminated the reaction during the drying step,
the use of HCl as a dehydrating agent between 1200C and 170C seemed desirable as a further
measure of safety. Accordingly, plans were made to resume pilot plant tests on a small scale
to be gradually increased to the capacity of the furnaces. A tentative flow sheet and operating
manual for the revised process is included as Exhibits A and B.

Subsequent Pilot Plant Operation

Pilot plant tests were resumed on a small scale using the revised process based on the
above laboratory results. Fifteen runs were made using charges of from three to thirty pounds
of wet fines (65% solids) in the graphite lined nickel cylinder. Eight of these were made without
any undesired reaction taking place during the drying cycle or during the period of heating from
1700C to 3300C prior to chlorination. Among these runs was one in which thirty pounds of fines
were used. In five of the tests, surges in temperature inside the chlorinator were noted but
little, if any, increase in pressure took place. The surges usually occurred when the tempera-
ture inside the chlorinator was 140-180C. The temperature would rise to beyond 400C
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(limit of pyrometer used) and then decrease to 140*-180*C in a few minutes. In each case
heating was then continued to the chlorination temperature without incident.

No difficulty was experienced in the chlorination step. On addition of the anhydrous HCl
at about 330*C, the temperature rose uniformly to about 400*C. The temperature inside the
chlorinator could easily be controlled by the rate of addition of the HCl. Some difficulty, due
to plugging of the pipe assembly between the chlorinator and condenser was experienced until
an internal heater was placed in the pipe leading into the condenser.

In the last test made, sixteen pounds of fines were charged to the chlorinator. The drying
operation had been proceeding normally for about two hours when the operator noticed that the
temperature inside the chlorinator suddenly rose from 120C to over 400C. Less than a min-
ute later, an explosion occurred which caused an estimated damage of $700 to the equipment
and $325 damage to the building. No personnel were injured. Further reclamation of the fines
was then suspended.

The cause of the explosion was believed due to the reaction of zirconium with water at or
about 120*C under the conditions used in the reclamation process. The numerous surges in
temperature which occurred in previous runs did not cause any explosion because they oc-
curred when a limited amount of water was present. Since the reaction causing the rise in
temperature took place at temperatures considerably above the boiling point of water, the
water which reacted was probably bound water present in zirconium hydrate or possibly resid-
ual. MgCl 2-2H 20. In the last run, the reaction took place during an early stage of the drying
cycle with sufficient water present for complete reaction of the zirconium (about 6.75 lbs.).
AH for the reaction

Zr + 2H20 = ZrO2 + 2H2

is about - 143 kile calories per mole. Since almost 35 moles of zirconium were in the charge,
the release of about 5000 kile calories of energy in a short interval of time accounts for the
violence of the explosion.

Subsequent to the explosion, it has been learned that there is a definite mass effect in the
sensitivity of zirconium metal powder. Large amounts of finely divided zirconium ignite at a
significantly lower temperature than small amounts. This may explain why the information
obtained by the numerous laboratory tests made after the first explosion was not substantiated
in the relatively large scale plant tests.

Production data obtained during the foregoing experimental runs are shown in Table 2. In
general, lower yields were obtained from tests during which surges in temperature took place,
since metallic zirconium is consumed by the reaction. Plugging of the pipe assembly from the
chlorinator to the condenser also affected yields and residues from several tests during which
plugging occurred, contained considerable amounts of ZrCl4 .

Table II-Reclamation of Zirconium Fines-Experimental Production Data

Wet Zr Metal HCl Zr Re-
Fines Dry in Dry HCl ZrCl4  Util- claimed

Run Charged Fines Fines Used Produced ized ZrCl4  Residue
No. lbs. lbs. lbs. lbs. lbs. % % lbs.

1 17 11.0 7.15 11.5 5.0 27.2 27.3 5.5
2 20 13.0 8.45 13.0 12.0 58.0 55.5 6.0
3 8 5.2 3.48 - - - - -

4 2.5 1.63 1.06 4.0 - - - -

5 7.0 4.5 2.9 5.0 4.1 28.6 40.4 0.75
6 6.25 4.06 2.64 - - - - -

7 7.75 5.03 3.24 6.5 5.6 54.0 67.5 -
8 5.1 3.3 2.1 5.5 3.0 34.2 55.7 2.5
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Table II (Continued)

Wet Zr Metal HCl Zr Re-
Fines Dry in Dry HCl ZrCl4  Util- claimed

Run Charged Fines Fines Used Produced ized ZrCl4  Residue
No. lbs. lbs. lbs. lbs. lbs. % % lbs.

9 6.5 4.2 2.7 6.0 4.5 47.2 65.0 3.25
10 9.75 6.35 4.12 7.0 6.0 53.8 57.0 5.0
11 6.0 3.38 2.13 6.5 5.0 52.4 91.5 1.25
12 7.75 5.4 3.4 8.0 5.25 41.0 60.0 2.0
13 5.5 3.85 2.5 6.0 5.85 61.0 91.5 2.3
14 14.0 9.12 5.75 13.0 13.3 64.0 90.8 3.4
15 16.5 10.8 6.8 11.6 12.5 67.0 69.0 4.0
16 19.75 12.8 8.45 12.4 12.2 61.8 56.5 11.0
17 30.0 19.5 12.85 20.6 26.0 79.2 79.0 11.0
18 16.0 10.2 6.74

REMARKS

1- Plugging in pipes to condenser- ZrCl4 in residue-Reaction at 150*C
2- Plugging in pipes to condenser- ZrC14 in residue-Reaction at 170*C
3-Pyrex pipe broke-1st explosion
4-No special difficulties
5-Slight plugging-product and residue listed also from run 4
6-Reaction at 1450 C-no pressure- charged burned purposely
7-Reaction at 140C-no pressure-residue contained unburned Zr
8-Slight reaction at 150*C
9-Slight reaction at 150*C

10-No reaction-plugging in pipe to condenser
11-No reaction-no plugging
12-No difficulties
13-No difficulties
14-No difficulties
15-Reaction at 140*C
16-Reaction at 180 C
17-No difficulties
18-2nd Explosion

The relatively high yields of ZrCl4 obtained in several of the later tests indicate that the
initial premise of an 85% yield of Zr as ZrCl4 would probably have been attained if the problem
of drying the fines safely on a large scale had been solved. The efficiency of utilization of the
HCl approached the 70% visualized from the laboratory work in some of the last pilot plant
tests.

Approximately 120 pounds of ZrCl4 was produced in the pilot plant tests. Of this 116 pounds
in two lots of 70 pounds and 46 pounds respectively with the following analyses.

Lot 1 Lot 2

ZrO2 -0.91% 1.12%
ZrCl4 -98.5% 97.5%

Si-0.011% 0.01%
Al-0.075% 0.10%

Mg-0.003% 0.0068%
Fe-0.09% 0.003%
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Ti-0.009% 0.006%
Ni-0.012% 0.009%
Ca-0.005% 0.0032%
Cu-0.0015% 0.0155%

Hf/Zr-0.01% 0.01%

This material has been transferred to the Foote plant.
At the request of A.E.C. personnel, samples of zirconium fines and oxide prepared by

burning the fines, have been sent to Oak Ridge. Inclusion of these materials in current proc-
esses at Oak Ridge was suggested but no decision has yet been reached.

CONCLUSIONS

1. The hazards involved in subjecting relatively large quantities of zirconium fines (of
varying uniformity) to the temperatures necessary for dehydration prior to chlorination make
the process investigated impractical.

2. The possibility of the effect of mass on the sensitivity or reactivity of zirconium fines
is suggested by the results of this investigation. Both explosions occurred at relatively low
temperatures, whereas on a laboratory scale, washed fines were consistently dehydrated to
the chlorination temperature without side reactions taking place.

NYO-1093 9
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EXHIBIT B

Tentative Operating Manual

Reclamation of Low Hf Zirconium Metal Fines

Materials

Hydrochloric Acid-technical grade
Nitrogen-dry
HCl- anhydrous
Zr Fines-as received from Zr sponge and ductile Zr production.

Equipment

A. Acid Washing of Fines
Four 30 gallon rubber lined drums.
High Speed Agitator.

B. Equipment for Drying and Chlorination
Two rotating, graphite lined, nickel cylinders, mounted in an insulated box equipped
with heating elements. Accessory equipment includes a blower fan for circulating the
heated air around the cylinder, a variable drive for rotating the cylinder and a Wheelco
Capacitrol for controlling the temperature. A Theraocouple station and pyrometer is
used to determine temperatures inside the cylinder and at various points of the pipe
assembly from the cylinder to the condenser. The whole assembly is mounted on
sensitive scales. The plans for this equipment are shown in Exhibit C.

C. Condenser
The condenser for recovery of the ZrC14 was fabricated of nickel within an insulated
shell of galvanized iron. Hot air was circulated between the shell and the condenser
by means of a fan. A drawing of the condenser is shown in Exhibit D.

D. Miscellaneous
Rotameters are used to measure the flow of nitrogen and HCl from cylinders, and of
air from an auxiliary pu scales are used for weighing the HCl used.

Safety Equipment

The safety equipment available for use on this project included the following:

1. Goggles 6. Fire extinguishers
2. Asbestos hoods 7. Vinyon coveralls
3. Rubber gloves 8. Steel shield for use
4. Asbestos gloves when changing valves in
5. Gas masks chlorinator.

Procedure

A. Acid Washing the Fines
The wet fines are received from the plant in wooden kegs containing about 50 lbs.
dry weight. Two kegs of fines are dumped into a 30 gallon rubber lined drum with
sufficient water and one gallon of 20*B6 hydrochloric acid and mixed thoroughly. After
an hour the drum is filled with water and the slurry again mixed. The fines are al-
lowed to settle 24 hours before siphoning off the supernatant liquor. The settled fines
are then slurried with water and allowed to settle again. Washing by decantation is
repeated once more before testing the fines for sensitivity by heating about five grams
to 300 C in an atmosphere of nitrogen. If the fines react before this temperature is
reached, they are again washed as before. Laboratory tests indicate that about one
third of the zirconium is lost in the wash water by this procedure.

NYO-1093 11



B. Drying the Fines
The washed settled fines contain 35-40% water and the capacity of the equipment is
40-50 pounds of wet fines. Loading is accomplished with a scoop and a wooden hoe
shaped to conform to the 4" radius of the graphite liner of the cylinder. The end
assembly of the cylinder is replaced and nitrogen passed through the cylinder at the
rate of 0.3 ft. 3/minute. The Capacitrol controlling the heating of the cylinder is set
at 130*C and rotation of the cylinder is set at 2-3 r.p.m. As soon as the temperature
inside the reactor reaches 1200C the Capacitrol is cut back to 120C until no more
moisture is apparent in the exit gases. At this point HCl is introduced along with the
nitrogen at about 0.1 ft. 3/minute. The temperature is then gradually raised from 120C
to 170C. The HCl flow is then stopped and the slide valve to the pipe assembly leading
to the condenser is opened and the water vapor exit slide valve closed. During this
operation the safety shield is lowered into place between the end of the cylinder and the
location of the valves.

C. Chlorination
Heating of the chlorinator is continued to 300-330 C. At the same time the pipe as-
sembly to the condenser is heated to 330-350*C and the condenser to 160-180*C. The
obnoxious vapor system is then turned on. When the apparatus is up to temperature,
i.e., 300-330*C for the inside of the chlorinator and 3300C outside, the HCl is turned
on. The temperature of the reaction is controlled by varying the rate of addition of
HCl. The temperature inside the reactor should not be allowed to rise above about
450*C. Based on 70% utilization of the HCl, 2.3 lbs. of HCl is added per pound of Zr
metal present in the fines. For a 50 lb. charge of wet fines, 58.3 lbs. of HCl would be
used. After chlorination, air is blown through the system using the auxiliary air pump
for at least fifteen minutes. From a 50 lb. charge, the residue will weight about 4.5
lbs.

D. Recovery of ZrCl4
The ZrCl4 formed by the reaction of the Zr with anhydrous HCl is collected in the con-
denser which is kept at 160-180*C. Yield of product from a 50 lb. charge-65.3 lbs.-
bulk density 60 lbs./ft3 .

E. Packaging
The product is packaged in polyethylene lined Fiberpak drums.

Analytical Methods

A. Zirconium Metal in Fines
By determination of the gain in weight on ignition of an acid washed, dried samples of

the fines, the free metal in the sample can be calculated.

B. Zirconium Tetrachloride
The total ZrC14 and ZrO2 in ZrCl4 are determined by standard analytical methods.
The metal impurities are determined spectroscopically.

Safety Precautions

A. Charging the Chlorinator
Goggles and rubber gloves should be worn at all times when handling fines. Friction of

the fines should be avoided. Any fines spilled around the apparatus or on the floor while
charging the furnace must be cleaned up immediately.

B. Drying Operation
Since this is the most dangerous part of the operation, safety clothing including as-
bestos helmets must be worn when it is necessary to be near the equipment. Con-
stant observation of the temperature inside the reactor is necessary during this step.
A sudden rise in temperature means possible danger.

12 NYO-1093
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C. Chlorination
Prior to chlorination the valve connecting the chlorinator to the condenser must be
opened and the water vapor exit valve closed. The steel shield should be in position
between the chlorinator and the operator while changing the valves. During chlorina-
tion the temperature inside the reactor is controlled by the rate of addition of HCl and
should not be allowed to go much above 400*C.

D. Handling ZrCl4
When removing ZrCl4 from the condenser an acid gas mask and rubber gloves should
be worn.
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EXHIBIT E
INSULATED CHLORINATOR ASSEMBLY, SCALE AND CONDENSER

EXHIBIT F
CONDENSER
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EXHIBIT G
CHLORINATOR - INSULATION REMOVED
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