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1. EVALUATION OF INFRARED RADIATION PYROMETER FOR
MEASURING REMELT

G. Brodi A. E.

Abstract

The temperature of molten uranium was measured

indirectly by an infrared radiation pyrometer. The

pyrometer was sighted on the crucible graphite

pour plug during the entire melting cycle. The

pour plug temperature was measured by an embed -

ded thermocouple and the molten bath temperature

by an immersion thermocouple. The emissivities

of graphite and molten uranium were determined,

and a series of equations correlating pyrometer

readings with melt temperatures was derived.

Introduction

The reactor sites continue to request closer

control of all process variables at the National

Lead Company of Ohio. One variable of some con-

cern is the temperature at which uranium is poured

in the remelt operation.

Temperature control in the vacuum induction

melting of uranium has proven difficult. Various

instruments and methods have been used to meas -

ure and control the remelt temperature including:

1. An optical pyrometer.

2. Control of the power input to the furnace on

a time cycle (currently being used).

3. A thermocouple inserted in a well in the

side of the crucible.1

4. A thermocouple inserted in the crucible
positioning pin.2

5. An immersion thermocouple. 2

Each of these methods has serious disadvan -

tages. Optical pyrometer readings vary with the

operator, the sight glass material and cleanliness,

and the surface condition of the metal. The

uranium pour temperature, when controlled by a

power input time cycle, varies with the calibration

of the electrical circuitry and the limit of error of

the controlling kilowatt meters. The Pt-Pt 10%

POUR TEMPERATURES
Abbott D. McCright

Rh thermocouples inserted into the side of the

crucible has a short life and is very costly. The

thermocouple inserted in the crucible positioning

pin gives a reliable reading only about 50% of the

time. An immersion thermocouple can be used in

the production furnaces only if it is remotely oper-

ated; and an engineering investigation showed

that the design of such a unit is not practical with

existing furnaces, enclosures, and materials

handling arrangements.

This report describes preliminary work carried

out in the Stokes remelt furnace in the Pilot Plant

to evaluate an infrared radiation pyrometer as a

bath temperature monitoring device.

Objectives

The over-all objective of this work was to de-

termine if an infrared radiation pyrometer could

make an accurate determination of the temperature

of molten uranium by measuring the emissivity of

the crucible pour plug. The experimental work

was divided into five parts. Each is listed below

along with a description of the area of investi-

gation.

Phase I - The measurement of temperature gra-

dients within the molten bath during melting and

the calculation of the emissivities of the graphite

pour plug and uranium pour stream.

Phase 11 - The effect of the type of remelt feed

material on the readings obtained by the infrared

radiation pyrometer.

Phase 111 - The effect of bath temperature on

the temperature of the pour plug prior to shearing.

Phase IV - The effect of the melting cycle on
the temperature of the pour plug prior to shearing.

Phase V - The effect of charge weight on the
readings obtained with the infrared radiation pyro-

meter.
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Summary of Results

Twenty -three melts were made in the test pro -

gram. The following results were established:

1. The maximum temperature gradient from the

center of the uranium bath to within 1 inch of the

crucible bottom when the power was shut off was

approximately 60 0F, the top being at the higher

temperature. No temperature gradient was found

across the bath from edge to edge.

2. The temperature gradient between the out-

side surface of the graphite pour plug and the

center of the molten uranium bath was approxi -

mately 520OF at a melt temperature of 2600 F.
3. The apparent emissivity of the graphite pour

plug at elevated temperatures was 0.82, while the

apparent emissivity of molten uranium was 0.50.

4. The results indicated that none of the vari-

ables investigated, except for charge weight, had

any effect on the readings of the infrared radiation

pyrometer.

5. Equations were derived making it possible

to predict the uranium bath temperature within

50OF by measuring the emission of the graphite

pour plug with the infrared radiation pyrometer.

Equipment

The infrared radiation pyrometer used in this

test was the Thermodot Model TD-6B manufactured

by Radiation Electronics Co. of Chicago, Illinois.

This instrument consists of an optical system, a

radiation detector, and a preamplifier which are

housed in the detector head assembly and an

amplifier, power supply, indicating meter, and

controls which are housed in the indicator assem-

bly. The instrument is designed to measure the

intensity of infrared energy radiated by an object

between the wave lengths of 1.6 and 2.7 microns

and to display this measurement as a meter read-

ing. Additional connections are supplied which

permit the recording of this meter reading on a

potentiometric recorder.

Before the Thermodot could be used in the Pilot

Plant, the Stokes vacuum induction furnace had

to be modified so that the Thermodot could be

sighted directly on the graphite pour plug and the

uranium pour stream after the plug is sheared. A

sighting hole was cut through the refractory be-

tween the turns of the induction coil. A sighting

port was installed in the furnace shell. Annealed,

water-white plate glass was selected for the sight

glass because of its low cost and acceptable

transmission characteristics. The crucible bottom,

Figure 1.1, has a slot through which the knockout

1401- 1

FIGURE 1.1 Crucible Bottom Showing Graphite
Shear Plug

rod traverses to shear the pour plug. The pyro -

meter detector head was mounted outside the

vacuum induction furnace so that it was aimed

through the sighting port upon the graphite pour

plug. The arrangement of equipment is shown in

Figures 1.2 and 1.3.

Immersion thermocouples were used in the test

program to determine the melt temperatures. The

values thus obtained were correlated with the

infrared radiation pyrometer readings. The immer-

sion thermocouples were composed of 22 -gage

Pt-Pt 13% Rh wire. The wire was inserted into

-8-

aosx

l

l



-9-EVALUATION OF INFRARED RADIATION PYROMETER FOR MEASURING

REMELT POUR TEMPERATURES

I]

E

NI

13%"

16'

20" 29"

L L

FIGURE 1.2 Over -All View of the Stokes
Remelt Furnace

a closed-end alundum tube. The alundum tube

was then inserted into a closed -end graphite tube

/ inch thick on the bottom, 1%2 inches OD, % inch

ID, and 24 inches in length.

INDUCTION DWG. 148-63

COIL INSULATION

FURNACE
SHELL o

CRUCIBLE
0

SIGHTING
PORT O

PYROMETER
DETECTOREHEAD o

O POUR PLUG KNOCKOUT

SIGHT GLASS ROD

FIGURE 1.3 Section View of Stokes Furnace
Showing Position of the Radiation Pyrometer

Temperatures can be obtained with the infrared
DWG. 147-63

pyrometer by a calculation involving the instru-

ment's reading and the emissivity value for the

material whose temperature is being obtained. A

special slide rule supplied by the manufacturer

of the Thermodot is used for the calculation.

However, in this test, since the emissivity of the

graphite pour plug was unknown, temperature read -

ings obtained simultaneously by the thermocouples

and the Thermodot were set on the slide rule to

obtain an emissivity value.

11

11

-' 0

41011

The slide rule was used similarly to obtain an

emissivity value for the uranium pour stream. For

these emissivity determinations, the immersion

thermocouple temperatures were recorded immedi -

ately prior to the shearing of the pour plug.

Procedures

A summary of the test program is given in Table

1.1. The special procedures and conditions re -

quired in the various phases of the program are

given below by phase:

Phase I - Three immersion thermocouples were

positioned at predetermined depths inside the

crucible to determine the temperature gradients

from top to bottom (Figure 1.4) and across the

bath (Figure 1.5). It was necessary to position

these thermocouples as the charge was loaded.

The graphite protection tubes were then pinned to

the lid to prevent movement as the charge melted.

Readings of the temperatures of the three thermo -

couples were recorded during the whole melting
cycle.

After the crucible was loaded into the furnace,

a chromel - alumel thermocouple was inserted bare

into a previously drilled hole in the side of the

pour plug. The hot junction of the thermocouple

was approximately 32 inch from the surface sight -

ed upon by the infrared pyrometer.

Phase 11 - The crucible was loaded with 1270

lb of uranium. The charges were of four different

compositions. The same melting cycle was used

for all four conditions of this phase.
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TABLE 1.1 Summary of Test Program

Charge Melting Cycle
Phase & Weight Charge Materials Crucible Coil Mold Coil Time

Condition (lb) (kw) (kw) (min)

165 0 55

I 1270 100% solid scrap 100 23 55

0 0 5

Pour

I -A Grade I and II derbies

Grade I and II derbies (shot- 165 0 55
II - B blasted) 100 23 55

1270 Composite: two shot -blasted 0 0 5
II-C derbies, briquettes, solid scrap Pour

II- D 100% solid scrap

55

III-A 165 0 to 2 6 0 0 a F*
Composite: two shot-blasted 100 23 5

1270 derbies, briquettes, solid 0 0 55

III -B scrap Pour to 27000 F*
5

165 20

IV-A 0 0

Composite: two shot-blasted Pour to 26000 F*
1270 derbies, briquettes, solid scrap 120 15 5

IV-B 0 0

Pour

0

V - A 1000 One shot-blasted derby, 165 23
briquettes, solid scrap 100 5 to 2 6 0 0 F*

0 12 5

V-B 1500 Three shot-blasted derbies, Pour 5
briquettes, solid scrap 0

* Measured by the immersion thermocouple.

Note: All ingots were 7 inches in diameter except in Phase V -B where 9-inch diameter mold was

the larger charge.

Phase ill - The crucible was loaded with 1270
lb of uranium. The melting cycles for the two

conditions of this phase were identical except

for pour temperature.

Phase IV - The crucible was loaded with 1270

lb of uranium. The same pour temperature was

used for the two conditions of this phase, but the

rate of heating was varied.

Phase V - A longer heating cycle was needed

in Phase V - B to heat the larger charge to the

same temperature as the smaller. A larger mold

was required to hold the excess metal.

used to contain

At least two ingots were produced for each

condition specified in Table 1.1. All ingots were

produced under the conditions and procedures

used in the production plants; e.g., iron and silicon

additions, uncoated crucibles, heated molds, and

good vacuum melting practices. For each melt

the graphite crucible was loaded with uranium,

the crucible was positioned in the furnace, the

furnace was evacuated and leak tested, and power

was applied according to the predetermined cycle.

At the end of the melting cycle, the power was

shut off for 5 minutes after which the graphite

-10-
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DWG. 149-63
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FIGURE 1.4 Thermocouple Locations to Deter-
mine Temperature Gradients from Top to
Bottom of Bath, Phase I

plug was sheared and the melt poured. During

this time the Thermodot remained sighted and

measured the emission of the molten uranium from

the pour stream. Except in Phase I as was de -

scribed, one immersion thermocouple was used at

the midpoint of the bath during each melt to meas -

ure and record the temperature. Both the thermo -

couple and Thermodot readings were recorded

during the entire melting cycle.

Discussion of Results

PHASE I

Temperature Gradients

Table 1.2 shows the data from Phase I. The

data showed no significant temperature gradient

between the upper two thermocouples. There was

a temperature gradient of approximately 600 F be-

13%"
16"

FIGURE 1.5 Thermocouple Locations to Deter-
mine Temperature Gradients Across the Bath,
Phase I

tween the middle and bottom thermocouples upon

completion of the melting cycle. When the metal

was poured 5 minutes later, the temperature grad -

ient had dropped to approximately 40 0F. No sig-

nificant temperature gradient was detected across

the bath.

Emissivity Determinations

The temperature of the graphite pour plug was

measured by an embedded thermocouple; the in -

frared emission was measured by the Thermodot

detector which was sighted on the pour plug

through the plate glass window. These sets of

data were correlated using the special slide rule,

and an apparent emissivity value of 0.82 was es-

tablished. Since all radiation measurements were

made through the annealed plate glass window, the

emissivity value is not an absolute one, but,

-11-
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TABLE 1.2 Summary of Thermocouple Temperature Measurements, Phase I

Immersion Pour Plug * Uranium **

Immersion Thermocouple Thermocouple Thermocouple Pour
Ingot No. Location Temperature (OF) Temperature (OF) Stream

Power Off Pour Power Off Pour Temp

Center, 3-inches into bath 2662 2603

33668 Center, 7%-inches into bath 2670 2602 2130 2138 2610
Center, 1-inch from bottom 2609 2567

Center, 3-inches into bath 2685 2622

33669 Center, 7 -inches into bath 2678 2624 2138 1992 t
Center, 1 -inch from bottom 2622 2578

Edge, 3-inches into bath 2685 2660

33674 Center, 7 -inches into bath 2685 2665 2158 2155 2590
Edge, 7%-inches into bath 2690 2660

* Thermocouple embedded in pour plug.

** Calculated from Thermodot reading using c= 0.50.

t The thermocouple wires obstructed the Thermodot view preventing a sighting of the uranium pour stream.

rather, is an apparent one taking into account the

radiation absorption by the glass.

A similar technique was used to determine the

emissivity of molten uranium. A thermocouple

immersed in the melt measured the temperature,

while simultaneously the Thermodot measured the

infrared emission of the uranium during pour. A

difficulty arose, however, in that the emission of

the uranium in each melt was not constant during

pour. Light and dark streaks could be observed

in the pour stream, and these streaks caused

fluctuations in the Thermodot readings. There -

fore, the emission value used in the calculations

was the midpoint of the range of emission values

for a single pour. The calculated apparent emis-

sivity (E) of uranium was determined to be 0.50.

This value is an average of data from 22 melts.

Figure 1.6 correlates the emission as measured

by the Thermodot with the temperatures for gra -
phite (E = 0.82) and liquid uranium (Ec= 0.50).

PHASES II, III, IV, AND V

The data from these phases were treated in a

similar manner, hence this discussion will cover

all four phases.

2800

2600

U-

2400

w
2200

w

2000

1800

DWG. 151-63

0.40 0.50 0.60 0.70 0.80
INFRARED EMISSION (THERMODOT UNITS)

0.90

FIGURE 1.6 Temperature - Infrared Emission
Curves for Uranium and Graphite at Ele-

vated Temperatures

Correlation of Temperature and Emissivity

A relationship between the radiation charac-

teristics of the graphite pour plug and the bath

temperature was the principal objective of the

entire experiment. It was thought that by sighting

the Thermodot on the pour plug, a reasonably

accurate temperature could be predicted for the

melt. The average temperature difference be -

- LIQUID URANIUM (e = 0.50)

-GRAPHITE (e= 0.82)

-12-
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tween the center of the bath and the outside of

the pour plug was 5200 F at a melt temperature of

2600 F.

A mathematical relationship between pour plug

emissivity and bath temperature was developed by

the following reasoning:

Stefan's law states that the total emitted radi-

ation of a body is proportional to the fourth power

of its absolute temperature under black body con -

ditions. Since the Thermodot is sensitive only

to wave lengths of 1.6 to 2.7 microns, its readings

are proportional to the mth power of absolute tem -

perature. The proportionality constant, a, repre-

sents the total contributions of several factors

present during melting factors are:

1. The emissivity of the graphite pour plug.

2. The absence of ideal black body conditions.

3. Radiation absorption by sight glass.

4. Correction for units and calibration of the

Thermodot scale.

5. Heat transfer by conduction between the plug

and bath. (Due to unsteady state conditions in

melting, this term is not truly constant; but it is

assumed to approach a steady state as time e-

lapses.)

The general equation is now written R = a Tm,

R being the emission of infrared radiation, T the

absolute temperature, and a the proportionality

constant described above. This equation is trans -

formed to the working equation t + 460 = K(10R)n

for convenience.

The terms of this equation and their derivation

are:

t + 460 - t is the temperature in degrees Fahren -

heit of the bath, and the 460 is the dif -

ference between 00 on the Fahrenheit

scale and 00 on the Rankine (absolute)

scale.

1OR - R is the reading taken directly from the

Thermodot. Since R is a number be -

tween 0 and 1, it is multiplied by 10

to avoid the use of negative logarithms

in the curve plotting. The plotting is

explained later.

n - n is the exponent. Since the terms of

the general equation have been alge-

braically transposed, the new exponent

n is -. The expected values of m are
m

2 to 5, so the expected values of n are

0.2 to 0.5.

K - K is a proportionality constant equal to

(_)mn from the general equation. It rep-

resents all the factors that contributed

to a.

By taking logarithms of the working equation,

t + 460 = K(10R)n, the equation becomes:

loge(t + 460) = n log(10R) + logK

Therefore, a plot of the logarithms of tempera -

ture (t + 460) as the ordinate against the loga-

rithms of the Thermodot reading (10R) as the ab-

scissa should give a straight line curve if the

assumptions made are justified. The empirical

constants, n and K, are evaluated from the plots

as the slope and ordinate intercept, respectively,

of the best straight line fitted through the points.

Data from each condition were considered sep-

arately and a working plot of each was made. The

plots were useful in two ways:

1. As an equation relating bath temperature and

pour plug infrared emission by which it is possible

to calculate a bath temperature from a Thermodot

reading.

2. To determine the effect, if any, of various

melting parameters on the correlation. A signifi -

cant difference in the slope or intercept of the

curve should indicate the importance and magni -

tude of the effect.

Effects of Variables

In all cases the "best" straight line was drawn

to lie closest to the greatest number of points.
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About 90% of the points fell within a band 600 F

either way of the line, and about 70%, within 30 0F.

The scatter of the points is attributed to instru-

ment error and the inability to reproduce identical

furnace conditions from melt to melt. The results

by phase were as follows:

Phase 11 - The effect of the different feed ma-

terials on the Thermodot correlation was small.

Therefore, one equation was derived for the entire

phase:

t + 460 = 1945(10R) .2 4

Phase III - Any effect of two different pour

temperatures on the correlation did not show on

the plot. The equation derived for this phase was:

t +460 = 1950(10R)0. 24

Phase IV - Varying the power cycle within rea -

sonable limits did not change the correlation sub-

stantially. The equation derived was:

t +460 = 1920(10R)o. 25

Because of the similarity in equations derived

for the Phases II, III, and IV, the data from all

these melts were plotted on one set of axes, and

a composite equation valid for all 1270 -pound

melts was derived. The equation is:

t +460 = 1910(10R)o. 2 5

Phase V - The effect of charge weight on the

correlation was pronounced. The same Thermodot

reading gives a lower temperature for the larger

melt. The data from this phase in which the

charges weighed 1000 lb and 1500 lb were com -

pared to the composite equation derived for the

1270 - pound melts. Curves for the three weights

are shown in Figure 1.7. The equations derived

for the three charge weights are:

1. t + 460 = 2050(10R). 2 3 , for 1000-pound

melts.

2. t + 460 = 1910(10R) 0 .2 5, for 1270-pound

melts.

3. t + 460 = 1690(10R) 0 -3 1, for 1500-pound

melts.

Note that for the same Thermodot reading, the

bath temperature was higher for the lighter melts.

This indicated a larger thermal gradient between

2770
2700
2640
2580
2520
2460
2400
2350
2290
2240

U-0
w

w
a0

F-

0.332 0.367 0.405 0.450 0.495 0.547 0.605 0.6690.740
R (THERMODOT UNITS)

WG. 152-63

8.050

8.000

7.950

7.900

7.850

7.800

-

FIGURE 1.7 Correlation of Uranium Bath Tem-
peratures and Infrared Radiation Pyrometer
Readings

bath and pour plug. The curves show a degree of

convergence at the higher temperatures.

Generally, the data showed stricter conformity

to the curves at higher temperatures, probably

because steady state conditions were more closely

approached with the passage of melting time re-

quired to reach these temperatures (above 2500 0 F).

These temperatures are the pour temperatures

most often specified in production practices.

Evaluation of Equations

Bath temperatures were calculated from the three

equations, and these were compared with tempera -

tures measured by an immersion thermocouple.

These temperatures are shown in Table 1.3. Since

the temperature range of greatest interest is the

pouring range (25000 F to 28000F), the points se-

lected for comparison were at power off and just

prior to pour. Three significant figures were used

in the calculations.

Although the calculated temperatures deviated

as much as 80 F from the measured temperatures,

more than 95% of these data were within 50 F.

The positive temperature differences just about

equalled the negative temperature differences,

thereby confirming the validity of the equations.

Since the results of Phase I showed a maximum

2 1 -1000 LB CHARGE: t + 460 = 2050(10R)
0

-23

2 -1270 LB CHARGE: t + 460 = 1910(10R)
0
.2s

3-1500 LB CHARGE: t + 460 = 1690(10R)o.31

log. (1 OR)
1.200 1.400 1.600 1.800 2.000 2.200

1I 1 1 1 1 1 1 1 1
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-15-EVALUATION OF INFRARED RADIATION PYROMETER FOR MEASURING
REMELT POUR TEMPERATURES

TABLE 1.3 Comparison of Bath Temperatures Measured by Immersion Thermocouple

With Those Predicted by Empirical Equations

Measurements Taken Just After Measurements Taken Just Prior to Pour
Phase & Power Was Shut Off

Condition Thermodot TC Calculated Temp* Thermodot TC Calculated Temp*

Reading Temp ( @F) Temp ( F) Difference Reading Temp ( F) Temp (0 F)Difference

II-A .692 2655 2640 +15 .660 2610 2605 + 5

II-A .698 2610 2645 -35 .660 2550 2605 -55

II-B .704 2665 2650 +15 .690 2605 2640 -35

II-B .705 2685 2650 +35 .696 2640 2640 0

II-C .718 2715 2665 +50 .696 2660 2640 +20

II-C .755 2715 2700 +15 .730 2670 2680 -10

II-D .800 2730 2750 -20 .762 2665 2710 -45

II-D .735 2690 2680 +10 .713 2635 2660 -25

III-A .682 2610 2625 -15 .650 2565 2590 -25

III -A .690 2600 2640 -40 .672 2560 2610 -50

III-B .684 2705 2625 +80 .662 2648 2605 +43

III- B .745 2720 2685 +35 .720 2670 2665 + 5

IV -A .642 2605 2585 +20 .638 2565 2570 - 5

IV-A .638 2595 2575 +20 .622 2585 2555 +30

IV-B .690 2605 2635 -30 .662 2575 2605 -30

IV-B .650 2600 2585 +15 .620 2555 2550 + 5

V-A .560 2600 2590 +10 .550 2550 2570 -20

V-A .575 2610 2605 + 5 .560 2570 2590 -20

V-B .680 2600 2600 0 .650 2560 2555 + 5

V-B .680 2600 2600 0 .645 2550 2550 0

* Thermocouple temperature less the calculated temperature.

Note: Calculations for Phases II, III, and IV were based on the equation

t + 460 = 1910(10R) 0. 2 5. For Phase V -A, the equation

t + 460 = 2050 (10R) 0.23 was used; for V - B, the equation

t + 460 = 1690 (10R)0 .3 1 was used.

thermal gradient of 600 F through the melt, the

apparent 800F variation between the calculated and

measured temperatures does not seem unreason -

able.

Conclusions

The infrared radiation pyrometer can be used

to control the melting cycle and time of pour. The

desired pour temperature is indicated by using the

Thermodot reading in one of the equations devel-

oped to relate pour plug emissivity and the tem-

perature of the molten bath. Since the instrument

performs its measurements without coming into

contact with the object being measured, there is

no disturbance to, or contamination of, the ma -

terial being measured.

Future Work

Additional melts will be cast in the Pilot Plant.

The charge composition and weight and the fur-

nace conditions will be held constant while the

termination of the melting cycle will be determined

by a Thermodot reading taken with the instrument

sighted on the graphite pour plug. The molten

uranium and the graphite pour plug temperatures

will be measured by thermocouples to confirm

the data obtained in Phase I.
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2. TECHNIQUES FOR PRODUCING URANIUM CASTINGS OF COMPLEX
CONFIGURATION FOR PHYSICAL TESTING

G. Brodi

Abstract

A mold assembly with heating coil and insula-

tion was developed to produce castings of a com-

plex configuration for physical testing. The cast-

ing consisted of four small cylinders for mechani-

cal testing surmounted by a larger cylinder for a

forgeability test.

Introduction

Most of the uranium now being produced at the

National Lead Company of Ohio contains small

quantities of iron and silicon. These elements

are added to uranium because it was found by the

reactor sites that dilute alloys of these elements

effect a refinement in grain size in beta heat -

treated fuel cores and increase the mechanical

strength, thereby restraining swelling of the cores

during irradiation in the reactor.

A search of the literature has revealed little

information on dilute alloys of uranium (less than

1000 ppm). It was thought that the changes in the

properties of the metal caused by the iron-silicon

additives might make it desirable to alter some of

the production processes and specifications at the

National Lead Company of Ohio. The processes

most likely to be affected are casting, rolling, and

heat treating. The machinability of the metal

might also be affected. Therefore, to evaluate

the effects of the dilute alloying of uranium, a

test program is being undertaken, and this program

requires the production of special castings.

Both wrought and cast metal are required in the

tests. A cast piece, 3 inches in diameter and 10

to 12 inches long, is needed for fabricating to

rods for physical test specimens of wrought metal.

Also, rods about 1 inch in diameter and 7% inches

long are needed for mechanical testing of uranium

in the as -cast state. To meet these needs as

economically as possible, a graphite mold was

designed in which the 3-inch - diameter forgeability

test bar and four small bars for as -cast testing

are produced as one casting.

Objective

The objective of this work was to design a mold

assembly and develop casting techniques to pro -

duce a special complex casting for use in making

various physical tests.

Summary of Results

A mold was designed and techniques were de-

veloped for producing sound castings consisting

of a forgeability test bar and four smaller mechani -

cal test bars in the laboratory vacuum furnace.

All parts of the 70 -pound integral casting were of

acceptable soundness and surface quality.

Equipment

The special laboratory vacuum induction furnace1

manufactured by the F. J. Stokes Corporation was

used to produce the castings. The rectangular,

water -jacketed furnace consists of an induction

melting coil and crucible assembly, a shear plug

device for bottom pouring, and a small coil to heat

the graphite mold. The pour temperature was

measured with an immersion thermocouple (Pt -Pt -

13% Rh). The mold temperatures were measured

with chromel - alumel thermocouples.

Experimental Conditions and Procedures

Operating conditions for the laboratory furnace

during the test were as follows:

1. The graphite crucible was charged with 73

pounds of uranium.

2. The pour temperature was 26000F.
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3. A 2 -inch pour hole was used.

4. Furnace pressure was less than 3 x 10-2 torr.

5. The mold (Figure 2.1) was wash coated with

MgZrO3 and air dried.

A

H

4--!

H'I
4'-

DWG. 153.63

14

A

9,"2 --

R 2 SECTION AA

FIGURE 2.1 Graphite Mold

Castings were made under three different con -

ditions of mold heating and insulating. After re-

moval from the mold, the four smaller cylinders'

were sawed from the large bar, ground to 0.890 -
inch diameter, and radiographed with a cobalt -60,

12.5-curie source to detect the presence of in-

ternal voids. Two castings were sawed along their

vertical axes to reveal internal defects, and the

longitudinal surfaces thus exposed were etched to

show the grain structure.

Discussion of Results

Results of the test are discussed below accord-

ing to the three conditions of mold heating.

1. One casting was made in the mold with no

mold heating or insulation. The surface was very

porous and the casting had a deep pipe. Because

of the unacceptable surface, no further evaluation

of the casting was made.

2. One casting was made under conditions in

which the lower 10 inches of the mold were heated

by the induction coil and the upper part of the

mold was insulated with Fiberfrax. The cast

surface was good, and the radiograph of the test

bars showed no internal defects; however, the

casting (Figure 2.2) had a pipe about 2 2 inches

deep.

3. Two castings were made under conditions

in which the mold induction coil extended from

2 inches below the top of the mold to 12 inches

from the top. The exposed 2 inches at the top

and 11 inches at the bottom of the mold were in -

sulated with Fiberfrax (Figure 2.3).

The small bars from both castings were radio -

graphed, and no internal defects were detected.

As can be seen in Figure 2.3, small internal de -

fects were present in the forgeability test bar.

However, these defects are acceptable for the in -

tended use of the casting.

-18-
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3. COEFFICIENT OF FRICTION BETWEEN URANIUM AND MILL ROLL MATERIALS
H. W. Hesselbrock

Abstract

The coefficient of friction was determined be-

tween uranium and mill-roll materials. The effects

of roll hardness and surface finish, the loading

between the two surfaces in contact, uranium sur-

face finish, and uranium temperature were evalu-

ated.

Introduction

The National Lead Company of Ohio is investi -

gating the hot workability and recrystallization

behavior of uranium. The results of these studies

will be applied to existing rolling processes at

this site, such as blooming and continuous rolling,

and to other forming processes. The first step in

applying these studies will be that of determining

the total energy required by the process. To de-

termine the energy required by deformation, the

frictional energy must be subtracted from the

total energy. One of the most important considera -

tions in metal working operations is the balance

of static and dynamic forces that act at the die-

metal (or roll-metal) interface. Static friction is

more predominant where hot deformation takes

place. Pure static friction should reach a limit

when the resulting frictional forces exceed the

yield strength of the material in shear and cause

deformation.

The approach used in these tests was similar to

that used by Orowan and Losi and Milsom and

Alexander 2 for hot rolling. Several normal loads,

some of which were high enough to cause plastic

deformation, were applied to the specimens as they

were drawn between two stationary steel dies.

From the drawing forces required and the known

normal loads, values of the coefficient of friction

were calculated from the Amonton relationship:

aN = F

where a = the coefficient of friction

N = the normal applied load

F = the force required to draw

the specimens through the

dies

The tests were conducted at Battelle Memorial

Institute, Columbus, Ohio, under contract with the

National Lead Company of Ohio.

Objectives

The principal objective of the test was to de-

termine the coefficient of friction between uranium

and mill -roll materials. Secondary objectives

were to determine the effects on the coefficient

of friction of the roll hardness, the roll surface

condition, the normal loads applied, the uranium

temperature, and the uranium surface condition.

Actual rolling conditions were simulated as nearly

as possible.

Summary of Results

With the rough die finish, the coefficient of

friction was 0.30 to 0.31; with the smooth die

finish, it was 0.24 to 0.25. The effects of the

other variables were insignificant within the limits

of the test.

Description of Equipment

The friction apparatus is shown on Figure 3.1.

A strain gage load cell of 10,000 lb capacity was

used with a Sanborn strain analyzer to measure

the horizontal forces required to pull the speci-

mens. The lever arm system (Figure 3.1) applied

a normal load to the specimen by the dies with a

15:1 ratio of the pan load. Weights of 50 lb to

200 lb were applied to the loading pan. The

weights and the resulting normal loads and pres -

sures were as follows:
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FIGURE 3.1

Weight
on Pan

(lb)

50
100
150
200

Normal Load
on Die

(lb)
750

1500
2250
3000

Coefficient of Friction Apparatus

Pressure on
Uranium

(psi)

3000
6000
9000

12000

The lever system was mounted on the bed of a

drawbench. The drawbench carriage was attached

to the specimens through the load cell to perform

the tests.

Preparation of The Dies and Samples

Three sets of dies were machined and heat treat-

ed to Brinell hardness numbers of 321, 450, and

538. (Rolls in current use at the National Lead

Company of Ohio range from 450 to 500 Bhn.) The

first surface-finish tested was 5 micro-inches,

rms. After the dies were run with the 5 micro-inch

finish, they were remachined to 500 micro-inches,

rms.

The 321 Bhn dies were air hardened Diamonite

roll material. The 450 and 538 Bhn dies were air

hardened AISI-type A-6 tool steel. The chemical

compositions of the die materials were as follows:

% Composition

AISI A-6 Diamonite

C 0.70 1.48
Mn 2.00 0.73
P - 0.015
S - 0.013
Si 0.30 0.48
Cr 1.00 0.91
Ni - 1.51
Mo 1.35 0.47
Cu - 0.12

Hardness(Bhn) 450, 538 321

The uranium samples were machined from 3 - inch

rolled, and 34-inch extruded, round rods. The

approximate chemical composition of the normal

uranium was as follows:

C . . . ........ ... 448 ppm

N . . . . . . . . . . . 13 ppm

Cr . . . . . . . . . . . 14 ppm

Fe.. .. ........ 103 ppm

Ni . . . . . . . . . . . 30 ppm

Si . . . . . . . . . . . 44 ppm

Density . . . . . . . . . 18.93 g/cu cm

---------- I

R- a ----------
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The samples were 12 inches long, 1 inch wide,

and % inch thick and were run with the loads

applied to the 12 -inch by %2-inch surfaces. The

normal to this surface corresponds to the radial

direction of the rods from which the samples were

machined. The loads for this test were therefore

applied in the same direction as in a rolling mill.

The directions of motion also coincided.

The uranium samples were heated in an electric

muffle furnace in an argon atmosphere. Preheat

temperatures were calibrated using a Thermodot

Model TD -6B infrared radiation pyrometer focused

on the test samples as they emerged from the

friction apparatus. The testing temperatures were

50 150 F lower than the furnace temperatures.

The area of contact between the dies and the

specimen was 0.25 square inch. This was the

maximum possible area, assuming full contact be-

tween the dies and the sample, and it was usually

attained.

Procedure

After the normal load was applied vertically to

the heated specimens, they were pulled horizon -

tally through the dies at constant speed. The

force required to pull the samples was measured

by means of the load cell.

The procedure was as follows:

1. The sample was heated in the muffle furnace.

2. The appropriate weights were placed in the

load pan (Figure 3.1).

3. The lever arm was elevated to separate the

dies.

4. The sample was removed from the furnace

and placed between the dies as shown in Figure

3.1.

5. The sample was attached to the drawbench

carriage by a pin and yoke connection.

6. The lever arm was lowered so that the dies

were in contact with the '/2-inch by 12-inch sur-

face of the sample and the normal loads were

acting on the specimen.

7. The transfer time was recorded from the

removal from the furnace until the initiation of

the test.

8. The sample was pulled through the dies by

the drawbench carriage.

9. The strains on the load cell were recorded

on the Sanborn strain analyzer.

10. The maximum, minimum, and average strains

were read from the Sanborn, and translated into

forces.

Each of 50 samples was run twice and numbered

A and B. A typical numerical sequence is as

follows:

Normal Load
(lb)

750
1500
2250
3000

Preheat Temperature (0F)
1050 1100 1150 1200

lA 4B 8A 5B
2A 3B 7A 6B
3A 2B 6A 7B
4A lB 5A 8B

Each sample received a constant cumulative

load of 3750 lb. The entire sequence given above

was run at each condition of hardness and finish

as shown below.

The dies were varied in the following numerical

order:

Surface Finish

(p. in., rms)
5 to 10

450 to 500

Hardness (Bhn)
321 450 538

1 - 2

4 3 5

Results

A summary of the data is shown in Table 3.1.

The mean coefficient of friction is shown with

each test number.

The average coefficients were determined for

each temperature and for each normal force and

are shown in Figures 3.2 and 3.3, respectively.

The coefficient of friction, using the rough dies,

averaged 0.30 0.01; using the smooth dies, 0.24

- 23 -
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TABLE 3.1 Mean Coefficient of Friction Data

Preheat Normal 321Bhn,5(I in. 452Bhn,5004 in. 538Bhn,5(I in. 321Bhn,500P. in. 538Bhn,500J. in.

Temp. Load Sample Coef. Sample Coef. Sample Coef. Sample Coef. Sample Coef. Average

( F) (lb) No. Friction No. Friction No. Friction No. Friction No. Friction

750 9A 0.246 23B 0.280 18B 0.233 31B 0.293 39B 0.280 0.266

1500 10A 0.253 24B 0.310 17B 0.240 32B 0.277 40B 0.326 0.281
1050 2250 9B 0.251 25B 0.322 16B 0.227 33B 0.251 41B 0.307 0.272

3000 10B 0.269 26B 0.323 15B 0.212 34B - 423 0.310 0.279

750 11A 0.280 30A 0.293 22A 0.260 38A 0.307 46A 0.293 0.287

1500 12A 0.267 29A 0.320 21A 0.260 37A 0.320 45A 0.307 0.295
1100 2250 13A 0.258 28A - 20A 0.267 36A 0.322 44A 0.307 0.289

3000 14A 0.230 27A 0.315 19A 0.258 35A 0.323 43A 0.310 0.287

750 14B 0.213 27B 0.260 19B 0.227 35B 0.260 43B 0.260 0.244
1500 13B 0.233 28B 0.274 20B 0.233 36B - 44B 0.254 0.249

1150 2250 12B 0.267 29B 0.293 21B 0.258 37B 0.302 45B 0.251 0.274
3000 11B 0.238 303 0.300 22B 0.239 38B 0.300 46B 0.307 0.277

750 15A 0.213 34A 0.294 26A 0.173 42A 0.320 50A 0.260 0.252
1500 16A 0.267 33A 0.284 25A 0.213 41A 0.260 49A 0.283 0.261

1200 2250 17A 0.251 32A 0.307 24A 0.233 40A 0.304 48A 0.306 0.280
3000 18A 0.242 31A 0.291 23A 0.227 39A 0.308 47A 0.298 0.273

Average 0.249 0.298 0.235 0.296 0.291 0.273

MeanDeviation 0.011 0.011 0.013 0.014 0.012

NOTE: The first eight samples were used to check out the equipment.

321 Bhn 452 Bhn
DWG. 155-63
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0.01. The difference is significant at the 95%

confidence level. None of the other variables was

significant. However, it is interesting to note that

in all cases the values follow the expected trends

as indicated below:

1. In Figure 3.2, the first and third readings

were made with samples in the as -received con -

dition; the second and fourth reading were made

with "used" or rerun samples. On the average,

the roughened rerun samples gave a higher co-

efficient of friction than the smooth, as -received,

samples.

2. Also in Figure 3.2, the first and second

readings are generally higher than the third and

fourth readings. This would indicate agreement

with published data in which friction and tempera -

ture are inversely dependent. Again, however, the

difference is not significant at normal uranium

rolling temperatures.

3. In both figures the averages indicate an in -

verse relationship between die hardness and the

coefficient of friction. The change with the smooth

die was almost significant, but the difference with

the rough die was barely distinguishable. This

secondary effect was also expected.

4. In Figure 3.3, the maximum readings with the

smooth dies were recorded at the 1500 to 2250 lb

loads or 6000 to 9000 psi pressures; with the

rough dies, the maximum readings were recorded

at the greatest pressures. This indicates that,

with the smooth dies, conditions of maximum sam-

ple shear are encountered at only 6000 to 9000

psi, but that use of the rough dies causes shear

at higher normal forces. This indicates that the

coefficient of friction would be 0.30 to 0.31 using

rough rolls.

Conclusions and Recommendations

The coefficient of friction between uranium and

mill -roll materials varies from 0.24 for smooth

rolls to 0.31 for rough rolls. These values can

be used to advantage in hot workability and re-

crystallization studies and in the specifications

for rolls and tools in metallurgical forming proc -

esses.

The effects of uranium temperature, uranium

surface, and die hardness are not significant in

the ranges of friction encountered in standard

rolling mill practice and may be ignored.

Further information could be obtained using

this type of equipment. Possible future work might

involve the evaluation of other temperature ranges,

die hardnesses, surface finishes, and the use of

foreign materials as lubricants.
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4. TEXTURE GRADIENTS IN OIL -QUENCHED MARK V-B OUTER FUEL CORES
C. A. Powell P. E. Henry

Abstract

Four uranium Mark V-B outer fuel cores, heated

into the beta phase and quenched in oil, were ex-

amined for texture gradients in the longitudinal,

tangential, and radial directions. G2 , G3 , and J

data are tabulated, and plots of statistically com-

bined G3 values for the four fuel cores are pre -

sented.

Introduction

This work is being conducted with a twofold

objective: First, to employ the data to the further

development of theories which will more accurately

describe the anisotropic growth of uranium during

irradiation in a reactor; second, to extend current

theories to practical application by characterizing

the current fabrication and heat treating processes

as well as any proposed processes. In this way,

a comparison will be possible between any pro-

posed process and the present standard practice.

Previous Work on Project

In previous work, sampling plans were devised

and machining techniques developed to permit

evaluation of texture gradients in the longitudinal,

tangential, and radial directions in fuel cores of

various types and varying in heat -treatment and

fabrication. 1 2 '3  The specific types of cores ex-

amined previously are as follows:

1. Cores machined from rolled rods and having

the same dimensions, but varying heat treatments.

2. Mark V -B outer fuel cores which were beta

heat treated and oil-quenched with varying amounts

of excess stock on the ID and OD.

3. Water - quenched HAPO I&E fuel cores.

4. Oil -quenched HAPO I&E fuel cores.

In the most recently reported work,4 a statistical

technique was developed by which the texture data

from several cores can be combined and fitted to

a polynomial curve for each of the three directions

of interest.

Objectives for This Quarter

The objectives for this quarter were:

1. To collect X -ray preferred orientation data

on four Mark V -B outer fuel cores containing small

alloying additions of iron and silicon. These cores

had been quenched in oil from the beta phase.

2. To combine these data from the four cores

and, by means of a statistical technique, to fit

the data to a polynomial curve for each direction

examined.

3. To improve sampling techniques.

Summary of Results

Specimens were machined from the sample cores,

preferred orientation data were collected, and the

growth indices (G2 and G3 ) were calculated.5 ,6,7

The sampling plans employed were those develop-

ed previously.2 Tabulations of individual G2, G3 ,

and J values, with their respective 95% confidence

limits for each radius examined, are shown in

Tables 4.1 through 4.4.

The data from all samples for a particular direc-

tion were combined into a single set and fitted to

a polynomial curve by the least -squares method. 4

Curves of the combined G3 growth index values

with 6 limits are shown in Figures 4.1, 4.2, and

4.3 for the three directions of interest.

Growth index values in the tangential (Figure

4.1) and longitudinal (Figure 4.2) directions were

both slightly positive at all radial locations. Both

directions were statistically fit to a first degree

polynomial; i.e., a straight line. The plot for the

tangential direction had a slight negative slope

and the longitudinal direction had a slight positive

slope. Sigma limits in both directions overlapped

at all radial positions.
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TABLE 4.1 Preferred Orientation Data for

Core From Bottom of Ingot

Radius G 3  G2 J

Radial

.989 -. 011 .033 -. 019 .034 1.023 .014

.995 -.020 .011 -. 028 .008 1.016 .006

1.000 -. 022 .009 -. 029 .009 1.016 .007

1.010 -. 023 .006 -. 034 .009 1.009 .005

1.021 -. 035 .015 -. 032 .011 1.012 .008

1.051 -. 013 .011 -. 023 .009 1.008 .003

1.081 +.006 .010 -. 011 .030 1.010 .009

1.114 +.056 .020 +.053 .020 1.021 .009

1.150 +.047 .014 +.047 .015 1.028 .019

1.180 +.045 .005 +.044 .007 1.011 .004

1.210 +.030 .009 +.030 .009 1.006 .002

1.246 -. 004 .012 -. 011 .009 1.002 .000

1.276 -. 017 .008 -. 017 .012 1.006 .000

1.306 -. 038 .014 -. 048 .011 1.014 .002

1.321 -. 002 .013 -. 035 .016 1.020 .003

1.330 -. 014 .006 -. 034 .008 1.011 .000

1.336 -. 040 .003 -. 047 .011 1.015 .005

Longitudinal

1.011 +.001 .023 .000 .025 1.030 .009

1.081 +.036 .020 +.042 .019 1.040 .028

1.132 +.023 .032 +.030 .012 1.030 .017

1.197 +.017 .015 +.010 .012 1.025 .009

1.255 +.029 .022 +.028 .019 1.041 .015

1.308 +.027 .023 +.032 .016 1.042 .035

Tangential

1.014 +.039 .031 +.026 .032 1.114 .032

1.081 +.044 .020 +.033 .026 1.023 .017

1.135 +.027 .016 +.024 .011 1.044 .026

1.192 +.034 .020 +.028 .035 1.036 .045

1.254 .000 .010 +.017 .007 1.025 .016

1.311 +.040 .030 +.045 .027 1.068 .026

TABLE 4.2 Preferred Orientation Data for

Core From Lower Middle of Ingot

Radius JGG2

Radial

.992 -. 008 .006 -. 012 .004 1.022 .003

.997 -. 023 .009 -. 026 .009 1.023 .004

1.002 -. 043 .021 -. 054 .019 1.031 .008

1.012 -. 013 .015 -. 023 .012 1.022 .003

1.022 +.002 .009 -. 004 .019 1.009 .005

1.052 -. 010 .017 -. 018 .010 1.008 .004

1.089 +.019 .007 +.021 .009 1.004 .000

1.119 +.050 .005 +.046 .009 1.013 .004

1.145 +.045 .011 +.040 .015 1.016 .006

1.178 +.051 .004 +.049 .008 1.019 .004

1.208 +.043 .008 +.037 .008 1.009 .004

1.238 +.026 .010 +.017 .014 1.011 .005

1.270 +.008 .015 +.009 .019 1.005 .002

1.300 -. 004 .005 -. 008 .008 1.006 .002

1.316 -. 035 .008 -. 041 .009 1.011 .003

1.328 -. 045 .011 -. 054 .013 1.022 .002

1.333 -. 042 .006 -. 048 .011 1.026 .005

1.339 -. 065 .005 -. 073 .008 1.035 .004

Longitudinal

1.011 +.026 .014 +.025 .012 1.036 .045
1.081 +.012 .019 +.012 .023 1.043 .019

1.132 +.031 .016 +.032 .015 1.030 .013

1.197 +.032 .014 +.039 .016 1.038 .032

1.255 +.024 .025 +.034 .035 1.042 .029

1.308 +.002 .022 -. 003 .017 1.032 .015

Tangential

1.014 +.016 .016 +.042 .018 1.033 .012

1.081 -. 002 .023 +.002 .027 1.033 .016

1.135 +.012 .028 +.003 .019 1.035 .047

1.192 +.034 .025 +.030 .024 1.027 .019

1.254 +.031 .025 +.012 .018 1.086 .142

1.311 +.028 .029 +.041 .033 1.071 .029
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TABLE 4.3 Preferred Orientation Data for

Core From Upper Middle of Ingot

Radius G3  G2 J

Radial

.991 -. 019 .010 -. 030 .003 1.021 .006

.996 -. 014 .007 -. 025 .009 1.011 .002

1.006 -. 035 .011 -. 034 .014 1.010 .009

1.016 -. 018 .020 -. 020 .018 1.004 .003

1.026 -. 007 .007 -. 010 .010 1.011 .004

1.056 +.016 .007 +.008 .003 1.005 .002

1.086 +.010 .009 +.024 .008 1.004 .002

1.113 +.045 .019 +.038 .016 1.022 .020

1.143 +.041 .008 +.042 .009 1.021 .014

1.173 +.069 .013 +.057 .012 1.027 .012

1.203 +.046 .005 +.041 .006 1.013 .003

1.241 -. 010 .010 -. 016 .010 1.007 .000

1.271 -. 002 .009 -. 016 .015 1.007 .004

1.302 -. 022 .007 -. 027 .010 1.006 .003

1.319 -. 027 .006 -. 029 .005 1.011 .002

1.329 -. 019 .014 -. 065 .021 1.029 .006

1.334 -. 017 .006 -. 058 .009 1.022 .003

1.339 -. 053 .012 -. 059 .014 1.019 .007

Longitudinal

1.011 +.044 .026 +.010 .021 1.071 .027

1.081 +.027 .018 +.026 .016 1.051 .017

1.132 -. 002 .022 +.005 .021 1.043 .028

1.197 +.028 .029 +.025 .023 1.043 .032

1.255 +.018 .018 +.024 .011 1.048 .015

Tangential

1.022 .000 .020 +.015 .032 1.021 .023

1.080 -. 002 .009 +.009 .020 1.013 .004

1.135 +.016 .022 +.004 .046 1.031 .021

1.200 +.007 .012 .000 .023 1.022 .018

1.262 +.044 .031 +.038 .034 1.116 .038

1.319 -. 006 .032 +.023 .030 1.097 .025

TABLE 4.4 Preferred Orientation Data for

Core From Top of Ingot

Radius G3G2J

Radial

.991 -. 034 .011 -. 043 .014 1.026 .006

.996 -. 077 .006 - .062 .003 1.024 .003

1.001 -. 046 .006 -. 046 .008 1.023 .006

1.011 -. 042 .019 -. 048 .023 1.028 .026

1.021 -. 019 .012 -. 023 .014 1.020 .005

1.055 -. 008 .008 -. 015 .009 1.011 .003

1.090 -. 019 .004 +.026 .017 1.018 .013

1.115 +.070 .019 +.075 .018 1.052 .018

1.147 +.060 .011 +.053 .008 1.024 .005

1.177 +.076 .008 +.059 .007 1.035 .006

1.214 +.055 .009 +.047 .013 1.017 .003

1.244 +.005 .012 -. 006 .021 1.009 .006

1.274 -. 003 .028 -. 018 .037 1.019 .019

1.305 -. 033 .014 -. 038 .011 1.012 .005

1.315 -. 013 .006 -. 047 .003 1.018 .003

1.325 -. 047 .008 -. 056 .009 1.025 .005

1.334 -. 068 .008 -. 074 .012 1.034 .009

1.339 -. 068 .018 -. 073 .013 1.031 .002

Longitudinal

1.011 +.018 .018 +.024 .020 1.158 .056

1.081 +.002 .014 +.009 .029 1.132 .055

1.132 +.002 .018 -. 009 .009 1.086 .081

1.197 +.015 .020 +.010 .025 1.048 .015

1.255 +.029 .007 +.022 .018 1.025 .006

1.308 +.022 .016 +.013 .039 1.033 .006

Tangential

1.016 +.055 .029 +.052 .026 1.054 .014

1.076 +.074 .018 +.054 .017 1.071 .045

1.135 +.023 .017 +.018 .024 1.041 .004

1.195 +.019 .024 +.014 .017 1.028 .010

1.255 +.025 .029 +.029 .034 1.043 .050

1.313 +.018 .021 +.024 .028 1.023 .011
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FIGURE 4.2 Polynominal Curve of Best Fit for
Combined G 3 Data in the Longitudial Direc-
tion (With a Limits)

In the radial direction (Figure 4.3), growth index

values were moderately negative at the inner wall,

increased steadily to a moderately positive value

at approximately mid-wall, and then declined

steadily to a moderately negative value at the

outer wall. A second degree polynomial was suf -

ficient to fit the statistical curve in the radial

direction.

Experimental Equipment

Preferred orientation data were obtained with a

General Electric XRD - V Diffractometer. A 10
divergence slit with a 0.063 -inch wide curved

DWG. 159.63
4-10
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FIGURE 4.3 Polynominal Curve of Best Fit for
Combined G3 Data in the Radial Direction
(With a Limits)

slit was used to confine the X-ray beam to the

increment of interest. Curved confining slits of
0.067-inch, 0.092-inch, and 0.119-inch radii

were used to cause the X-ray beam to impinge

upon the increments of interest and to minimize

the error at low 28 angles.

A LGP -30 digital computer was used to cal-

culate the tabulated G 2 , G3, and J values and to

evaluate the statistical curves from the G3 data.

Experimental Procedures

The four Mark V - B outer fuel cores were heated

in NuSal (50 w/o KCI, 50 w/o NaCl) for 10 minutes
at 1350 100F, delayed in air for 10 2 seconds,

and quenched in Houghto K oil at 131 180F for

not less than 1 minute. All cores were heat-treated

in blank size (2.807 -inches OD and 1.847 -inches

ID) and were then finish machined.

Each core was taken from a different location in

a different ingot to obtain a normal range of com -

position, fabrication, and heat treating variables.

The first core was obtained from the bottom of an

ingot, the second core from the lower middle, the

third core from the upper middle, and the fourth

INNER RADIUS, .986 OUTER RADIUS, 1.341.:-

A A A A A A ! ! i|
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TABLE 4.5 Chemical Analyses of the Four Cores Examined

Location Density Element (ppm)

inlIngot (g/cm3) C N2  B Cr Fe Mo Mn Ni Si H2  Al Cd Cu Zr

Top 18.91 720 38 <.15 10 188 8 6 35 111 1.4 8 <.2 11 <5

Upper Middle 18.90 604 57 <.15 8 185 9 6 28 122 1.0 7 <.2 4 <5

Lower Middle 18.89 596 60 <.15 8 186 6 6 33 127 1.1 8 <.2 6 <5

Bottom 18.92 673 43 <.15 9 173 8 6 32 112 1.5 10 <.2 10 <5

core from the top. The chemical

four cores are given in Table 4.5.

analyses of the

The cores were machined to obtain longitudinal,

tangential, and radial samples. 1' 2 3 The samples

were incremented, and each increment was scanned

a sufficient number of times to bring the 95% con -

fidence limits on the mean of the G2 and G 3 values

to within approximately 0.03.

Discussion

The texture gradients revealed in this set of

four cores are less severe than in the three Mark

V -B outer fuel cores previously examined 2 which

had the same heat treatment. The differences are

attributed largely to the presence of iron and sili -

con in the metal. These elements, when alloyed

in small quantities with uranium, seem to affect

its quenching characteristics substantially.

It should also be noted that in the previous work

with the Mark V -B cores the data were not com -

bined statistically but, rather, were plotted for

each core.

Future Work

Studies will be continued on the effects of chem-

ical composition, fabrication processes, and heat

treating methods on texture gradients in uranium

fuel cores.
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5. EFFECTS OF PHOSPHORUS ON THE TENSILE PROPERTIES OF URANIUM
W. N. Wise

Abstract

The tensile properties of slightly enriched

uranium metal with high phosphorus content are

compared with the properties of normal uranium

metal having a lower phosphorus content.

Introduction

Recently, higher than usual levels of phosphorus

have been found in the slightly enriched uranium

metal produced at the National Lead Company of

Ohio. 1  There was some concern that uranium

phosphide might precipitate in grain boundaries,

and that the precipitate might agglomerate during

heat treatment. 2 Such actions might lessen the

strength of the metal in fuel elements and affect

the behavior of the elements during irradiation.

For these reasons an extensive metallographic

study was made of high -phosphorus uranium. In -

formation has been obtained on the distribution

of phosphorus in ingots and rolled rods, and the

forms it assumed. This study of tensile properties

completes the investigation.

Objectives

This investigation was conducted to determine

the effect, if any, of high phosphorus content on

the tensile properties of uranium metal. The

material was to be tested at 210C, 3500 C, and

4500C and compared with normal, low - phosphorus

uranium. The mechanical properties to be deter -

mined were ultimate tensile strength, per cent

elongation, per cent reduction in area, and yield

strength.

Summary of Results

The two types of material tested had similar

tensile properties at the three test temperatures.

The only significant difference observed was in

the ductility of the materials at room temperature.

The high phosphorus material exhibited a much

lower per cent reduction in area at this tempera-

ture; however, it is felt that this was due, at

least in part, to the difference in hydrogen content

of the two types of material tested. Metallographic

examination of the specimens after fracture dis -

closed no significant difference resulting from the

tensile strain in the two types of material tested.

Test Procedure

Since a comparison of properties between high-

phosphorus and low -phosphorus uranium was de-

sirable, three adjacent alpha-rolled rod sections,

8 inches long by 1%2 inches in diameter, were ob-

tained from an enriched ingot high in phosphorus.

Similar pieces were obtained from a normal uranium

ingot low in phosphorus. The six rod sections

were then subjected to a standard production salt-

water beta heat treatment.

Samples of the materials were submitted for

chemical and spectrochemical analyses. The

average chemical composition of the two types

of material tested is shown in Table 5.1.

Specimens meeting ASTM standards for threaded

tensile samples with a 2 -inch gage length were

TABLE 5.1 Average Chemical Composition

Low - Phosphorus High - Phosphorus

Uranium Uranium

Density 18.93 g/cm 3 18.94 g/cm 3

H 2  0.9 ppm 2.6 ppm

N 2  15 ppm 57 ppm

C 537 ppm 352 ppm

Al <6 ppm 144 ppm

Cu 5 ppm 61 ppm

Fe 102 ppm 100 ppm

Mg 4 ppm 4 ppm

Mn 9 ppm 9 ppm

Ni 32 ppm 38 ppm

P 13 ppm 204 ppm

Si 90 ppm 99 ppm
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machined from each of the rod sections. The

over-all length of the specimens was 5.5 inches.

The diameter at the threads was 0.75 inch. The

diameter at the midpoint was 0.5 inch, and tapered

to a diameter of 0.54 inch at the gage marks.

The tensile tests were conducted in the ele-

vated temperature tensile furnace on the Baldwin

Universal Testing Machine.3 A vacuum of 30

microns was maintained in the furnace chamber.

The samples were all brought to the desired test

temperature in 30 minutes and were held at this

temperature for 15 minutes prior to starting the

actual test. The temperature was taken on the

sample surface at a point midway between the

gage marks. The thermocouple was spot-welded

to the sample.

The tests were all run on the 24,000 pound

range of the testing machine. The specimens

were all loaded at 4,000 lb/min. through the 0.2%

offset, then were strained at 0.005 in./in./min to

rupture. The stress - strain curve was plotted on

the recorder of the testing machine by use of an

externally mounted extensometer.

Test Results

TENSILE PROPERTIES

The ultimate tensile strength was calculated

using the maximum recorded load and the area of

the sample being tested. The 0.2% offset yield

strength was determined from the recorded stress -

strain curve and the elongation and reduction in

area were determined from the broken tensile

specimens.

Table 5.2 shows the results obtained on the

tensile properties of the two types of material at

the three test temperatures.

METALLOGRAPHY

Figures 5.1, 5.2, and 5.3 show the results of

the metallographic examination of the six speci -

mens after fracture. Photographs A and E of each

TABLE 5.2 Tensile Properties

0.2%
Ultimate Offset Elongation Reduction

Test Tensile yield in 2-Inch a
Temperature Strength Strength Gage (%

(psi) (psi) (%)

Low - Phosphorus Uranium

21 C 94,500 " 53,700 9 14

3500C 47,100 "29,600 22 42

4500C 34,600 '23,700 22 51

High - Phosphorus Uranium

210C 89,600 ' 52,200 7 7

3500C 49,200 ' 30,600 19 42

4500C 32,800 '24,000 18 49

figure show

specimens.

side and end views of the fractured

Photomicrographs B and F show the inclusions

seen on a longitudinal plane in an area adjacent to

the fracture. Micro cracks were found in both types

of material tested at room temperature. More crack-

ing was observed in the high -phosphorus sample

than in the normal metal. No cracking was ob-

served in any of the samples tested at elevated

temperatures; however, there were many large

voids near the fracture areas.

Photomicrographs C and G of each figure show

typical longitudinal grain structures in areas ad-

jacent to the fracture; photomicrographs D and H

of each figure show the corresponding structure

approximately 1/4-inch away from the fracture.

Conclusions

The results of the tensile test indicate no sig-

nificant differences in the properties of the two

types of metal attributable to phosphorus content.

While some differences were seen in the ductility,

the metal containing high phosphorus being less

ductile at room temperature, this metal contained

2.6 ppm H2 as compared with 0.9 ppm H2 in the

normal metal (see Table 1.1). Hence, the lower

ductility could have been the result of hydrogen

embrittlement. This effect would not be seen at

the higher temperatures, due to outgassing of the

hydrogen.
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6. DEHYDRATION OF WINLO GREEN SALT IN HF
C. W. Huntington A. E. Abbott M. G. Mendel D. R. Spadafora

Abstract

Techniques to reduce the phosphorus content of

Winlo green salt were studied. Laboratory thermo -

balance tests showed that one approach was to

change the dehydrating medium from nitrogen to

anhydrous HF. Methods were devised and evalu-

ated in two plant tests which permitted the use of

HF to reduce the phosphorus content of the salt

without the serious nickel contamination formerly

associated with HF dehydration.

Introduction

Use of the UAP -Winlo1 route for conversion of

low-grade residues to UF4 led to an unexpected

problem in that a small amount of phosphate ap-

parently coprecipitated with the UF4 , was retained

during the drying and dehydration operations, and

was converted to uranium phosphide (UP) in the

reduction to metal. Since little is known of the

effect of UP on fuel element behavior, the amount

of phosphorus in the metal is being reduced to a

minimum as quickly as possible. A tentative

specification has been established limiting the

amount of phosphorus in the uranium produced to

a maximum of 35 ppm.

Various approaches are being studied for the

complete elimination of phosphorus in the residue

processing route. The use of ion exchange for

feed preparation 2 and substitution of uranyl am -

monium sulfite (UAS) precipitation for the current

uranyl ammonium phosphate (UAP) process3 hold

considerable promise and are being actively in -

vestigated. However, since both of these process-

es are still in the development stage, it was nec-

essary to investigate methods of decreasing the

phosphorus contamination in the UAP-Winlo proc -

ess now in use for residue recovery. One process

change made was to raise the HF excess during

Winlo precipitation from the original 12 g/1 to 40

g/l. With this change, it was found possible to

produce Winlo green salt hydrate (UF 4 . 3 H 20)

containing 250 -300 ppm phosphorus even wher

processing 100% UAP batches. Before the HF

excess was increased, 100% UAP -Winlo woulc

have contained from 600 to 800 ppm phosphorus.

Recently, laboratory tests indicated that the

phosphorus content could be reduced by dehy-

drating the Winlo green salt hydrate in an atmos -

phere of HF. Several Winlo green salt samples

were heated in anhydrous HF for 1 hour in a ther-

mobalance chamber. It was found that the phos-

phorus content of the salt could be reduced by c

factor as high as 10 by heating to at least 10000 F

At 11000 F decontamination factors of about 30 tc

40 were observed. The results are summarized ir

Table 6.1.

TABLE 6.1 Reduction of the Phosphorus

Content of Winlo Green Salt Samples by Heating in

an HF Atmosphere in a Thermobalance Chamber

P Content
Sample Temp* (ppm, U Basis) Decontaminatior

No. (F) Original Treated Factor

1 1000 249 75 3.3
2 1000 256 39 6.5
3 900 313 252 1.2
3 1000 313 33 10.5
3 1100 313 7 44
4 1000 328 32 9.8
4 1100 328 11 30
5 1000 733 119 6.1
5 1100 733 17 43

* Heating time was 1 hr for all samples.

Dehydration of Winlo green salt in the plant has

generally been accompanied by contamination by

metallic impurities originating from corrosion of

the hydrofluorination reactors (largely monel) in

which the dehydration occurs. Originally, this

operation was performed in an HF atmosphere; 4

but, although essentially complete dehydration

occurred, pickup of metallic impurities, especially
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nickel, was severe at times. The problem per-

sisted even after the flowsheet was altered to

minimize retention time of the powder in the re-

actor system.

The dehydration process takes place in a bank

of screw reactors originally designed for the pro-

duction of green salt from orange oxide. Instead

of using the entire bank of four screw reactors,

as was originally done4 , the first two reactors

were by -passed by providing a feed chute from

the No. 1 seal hopper to the discharge end of

Talcum A reactor, as shown in Figure 6.1. Later,

nitrogen was successfully substituted for HF as

the dehydration medium, and the pickup of metallic

contaminants was greatly reduced.

PORTABLE HOPPER

I J DISCHARGE SCREW

NO. 1 SEAL HOPPER

FEED
SCREW

FEED CHUTE

TALCUM A

TALCUM B

DRIVE B

REA

DWG. 160-63

TO CONDENSER

ADAMS FILTER

CYCLONE

ACTOR

REACTOR

DR

DRIVE C

TALCUM C REACTO

-- NO. 3 SEAL HOPPER

HF DSH 
COOLING SCREW

SCREW SURGE HOPPER

j TO BLENDING, SAMPLING, AND
PORTABLE HOPPER PACKAGING

FIGURE 6.1 Process Flowsheet for Dehydra-
tion of Winlo Green Salt

The observation in the laboratory that the phos -

phorus content of Winlo green salt could be re -

duced by heating in HF resulted in renewed in -

terest in HF dehydration for the plant process. A

special effort was then made to reduce the possi -

bility of HF condensation in the reactors, since

this causes corrosion of the equipment and leads

to nickel contamination. Steps were taken to en-

sure that all parts of the system were adequately

heated at all times during which HF was present

in the reactors. All exposed sections of the

system, including the feed chute, were heavily

insulated, and Calrod heaters were installed on

the endplates of Talcum A reactor and Talcum B

reactor. A nitrogen purge inlet was installed near

the bottom of the feed chute to prevent HF from

entering this line. Special procedures were de -

veloped to minimize the possibility of HF conden -

sation during startup and shutdown operations.

Operation of the revised system was tested

during two separate campaigns to dehydrate Winlo

green salt hydrate. In each campaign, process

conditions were monitored and adjusted for 1 week;

the second campaign lasted for an additional

month, during which time production operations

were closely observed.

Objectives

1. To determine by plant tests, during two

separate campaigns to dehydrate Winlo green salt,

the efficacy of HF dehydration in the reduction of

the phosphorus content.

2. To develop techniques to permit the use of

HF in the dehydration equipment without excessive

contamination of the salt by corrosion products.

Summary of Results

1. In the first plant campaign, the phosphorus

content of the hydrated feed was at two general

levels: 150-300 ppm and 650-750 ppm. The

phosphorus decontamination factor during the

processing of the high -phosphorus lots was about

2.5. Reactor temperatures were adjusted for the
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processing of the other lots so that most of the

dehydration occurred at 11000F. After this, a de -

contamination factor of about 8 was obtained, and

phosphorus concentrations in the dehydrated salt

were less than 50 ppm.

2. Results in the second campaign were similar

to those observed in the first. It is concluded that

in routine operation an over - all phosphorus de -

contamination factor of about 3 can be attained by

HF dehydration; however, by blending the product

lots, it appears that dehydrated green salt con -

taining less than 35 ppm phosphorus can be pro -

duced from feed containing as much as 300 ppm

phosphorus.

3. By taking special precautions in the insula -

tion of the reactors and in operating techniques,

it is possible to dehydrate Winlo green salt in HF

without excessive contamination resulting from

condensation of HF in the system. The average

nickel content can be kept well below the specifi -

cation limit of 80 ppm. Occasionally, however,

it may be necessary to blend high -nickel green

salt produced during shutdown or startup opera -

tions with other green salt low in nickel to meet

the specification limit.

Experimental Work

FIRST PLANT TEST

Process Conditions

Each screw reactor has four heated zones. Al -

though Talcum A is not used for reaction, it must

be heated to prevent condensation of the effluent

HF from Talcum B reactor. The initial set tem-

peratures (0 F) for the three reactors were as fol-

lows:

Talcum

A
B
C

Zone 1

1000
1000

1000

Zone 2

1000
1000
1000

Zone 3

1000
1000
1000

Zone 4

1000
1000
1100

All zones of Talcum C were later set at 1100F.

In operation, actual temperatures of the first two

zones of Talcum B were about 550 F and 900 F,
respectively; all other zones were very near their

set temperatures.

At the start, the flow of anhydrous HF was ad -

justed so that the off -gas from the reactors con -

tained about 50% HF. After it was determined that

material being produced from the second feed lot

contained a high concentration of phosphorus, the

HF flow was increased to give about 57% HF in

the off - gas. This higher flow was used through -

out the remainder of the test.

The average feed rate was 730 lb UF4 hydrate

per hour.

Packaging Procedure

On the dehydration bank, the product is collected

in a hopper on the main floor and is then trans -

ported to the top deck for processing through a

blender. The contents of each hopper constitute

one lot. During blending, a sample is taken from

each lot, and the dehydrated salt is then dropped

to a surge hopper from which it is packaged in

cans.

Feed and Product Analyses

The average analyses of the six lots of hydrated

feed used in the first plant test are given in Table

6.2. The average analyses of the nine product

TABLE 6.2 Analysis of Winlo Green Salt

for First Plant Test

Feed Lots Product Lots
Average Range Average Range

UF4 (%) 96.23 96.07-96.41 99.43 97.69-99.82

U0 2 F2 (%) 0.26 0.16- 0.38 0.32 0.05- 1.08

AOI (%) 0.06 0.03-0.13 0.21 <0.01-1.13

H2 O (%) 3.45 3.16-3.71 0.04 0.01-0.10

P (ppm) 375 133-749 136 14-370

Ni (ppm) 3 <2-5 118 17-791

Fe (ppm) 30 14-44 54 18-219

Cr (ppm) <5 - 23 5-143
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lots are also given in Table 6.2. Dehydration was

essentially complete, and very little reversion

occurred, as evidenced by the low AOI (ammonium

oxalate insoluble) values. The progress of the

test was determined by analyses made on grab

samples of the product from a surge hopper which

is situated immediately above the product hopper.

Relationships among the grab samples, the feed

from which they were produced, and the product

lots which they represented are shown in Table

6.3.

TABLE 6.3 Relationships Among Feed Lots,

Grab Samples, and Product Lots in First Plant Test

Feed Lots Grab Samples Product Lots

No. ppm P ppm Ni ppm P ppm Ni ppm P ppm Ni

3 218
5 86

1 133 3 7 122 79 791

5 25

374 28
420 30 236 80

2 647 3 282 28 370 33
3 759 <2 290 30 200 17

276 16 219 29
302 13

84 16
3 40

32 44

4 284 5 28 14 30 23

5 207 2 6 8 14 23

6 230 4 5 9 33 31
11 3 41 38

19 31
47 26
34 38

Phosphorus Decontamination

It is evident from the values listed in Table

6.3 that decontamination in the two high -phos-

phorus lots (2 and 3) was lower than predicted by

the laboratory data.

It is thought that the higher HF excess used

after Lot 2 did not improve decontamination. The

set temperatures in Talcum C were raised to

11000 F in all zones at about the same time, and

this change was apparently effective in increasing

the decontamination factor. It is likely that re -

sults during the first part of the test would have

been much better had the revised temperature pro-

file been used at that time. Although the labora-

tory data had indicated that increasing the dehy-

dration temperature from 1000 to 11000 F greatly

increases decontamination, originally only the

fourth zone of Talcum C was set at 1100F, since

the possibility that the green salt will sinter and

plug the reactors increases rapidly above this

temperature. Plugging did not, however, prove to

be a problem when the temperatures were raised.

The change to higher reactor temperatures cor-

responded with the change to lower phosphorus

levels in the feed. After this point, phosphorus

values were generally less than 50, and a decon -

tamination factor of about 8 was observed.

Nickel Pickup

As can be seen in Table 6.3, if the first lot of

product is excluded, the average nickel content

of the remaining eight lots is 37 ppm. It is be-

lieved that the high impurity content of the first

lot was due in part to contamination with material

in the system at the beginning of the run. The

green salt that had last been processed through the

bank contained very high concentrations of im-

purities, and material balance calculations indi -
cated that the system contained about 800 lb of

material at startup. A further indication that mix-

ing with extraneous material occurred is that

nickel values found in the first grab samples were

relatively low as compared with the nickel in the

first lot of product.

SECOND PLANT TEST

Process Conditions

Startup and shutdown procedures were the same

as those prescribed in the previous plant test.
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The temperature profiles of the reactors were the

same as those used during the last part of the

preceding test. About halfway through the test,

the last two zones in Talcum B were raised from

10000 to 1100 F to determine whether phosphorus

decontamination could be improved. The con -

sumption of anhydrous HF was controlled so that

the off -gas contained about 50% HF.

The average feed rate for this test was 786 lb

UF4 hydrate/hr.

Feed and Product Analyses

Ten lots of hydrated Winlo green salt were

processed during the test period. The phosphorus

content of these lots ranged from 62 to 134 ppm

and averaged 97 ppm. The average chemical

analyses of these lots are presented in Table

6.4. The average chemical analyses of the 12

lots of dehydrated salt produced during the test

period are also given in Table 6.4. As in the

previous test, grab samples of the product were

taken at regular intervals. Results from these

samples were generally in accord with results from

the corresponding lot samples.

TABLE 6.4 Analysis of Winlo Green Salt

For Second Plant Test

Feed Lots Product Lots

Average Range Average Range

UF4 (%) 95.82 95.28 - 96.07 98.62 96.50 - 99.53

U02 F2 (%) 0.35 0.26-0.44 0.69 0.41- 1.76

AOI (%) 0.31 0.01-0.98 0.62 0.01-1.71

H2O (%) 3.46 3.16-3.72 0.06 0.01-0.10
P (ppm) 97 62- 134 36 12-66

Ni (ppm) 3 <2-7 45 15-115

Fe (ppm) 29 7-48 40 18-80

Cr (ppm) <5 - 9 5-18

Phosphorus Decontamination

The average phosphorus content of the product

was 36 ppm. In all but two lots, the concentration

was less than 50 ppm. The first lot produced

contained 66 ppm phosphorus, about the same

level as was contained in the feed being used.

It appears that the cause for the high phosphorus

in the other lot (64 ppm) might have been a tem -

porary interruption in HF flow which occurred

during the production of this lot.

On the basis of results from grab samples taken

during normal operating periods, decontamination

factors ranged up to 14. The highest decontamina-

tion factor observed from lot results was about 7.

The over -all decontamination factor for phos -

phorus was about 3.

There was no apparent improvement in decon-

tamination after the third and fourth zones of Tal-

cum B were raised to 11000F, but it is possible

that any effects were masked by upsets in pro-

duction which occurred after this change was

made.

Nickel Pickup

The average nickel content of the twelve product

lots was 45 ppm. The nickel specification of 80

ppm maximum was exceeded in three lots. In the

first lot the higher nickel content was the result

of startup operations. During the production of

the second lot high in nickel, the seal in the No.

1 seal hopper was lost and some HF condensed

in the upper part of the feed system. The cause

for the higher nickel content of the other lot was

not determined.

Production After the Test Period

The second plant campaign continued for ap-

proximately 1 month after the test period. During

this time, 41 lots of dehydrated salt were produced

from 38 lots of Winlo hydrate. Average nickel and

phosphorus concentrations in the feed and in the

product are listed in Table 6.5. The over-all

phosphorus decontamination factor calculated from

these figures is about 3. Most of the higher phos-

phorus and nickel values can be associated with

shutting down the operation on weekends or during

operational difficulties.
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TABLE 6.5 Phosphorus Decontamination and

Nickel Pickup Winlo UF4 Produced After the
Second Test Period

Feed Lots Product Lots

Phosphorus Concentrations (ppm)

Range 12-284 5-71
Average 77 28

Nickel Concentrations (ppm)

Range <2-8 10- 145
Average 3 38

Discussion

Although the phosphorus content of several of

the lots produced in the second campaign was

higher than the maximum of 35 ppm, it is obvious

that the product lots could be easily blended to

meet this specification. In routine operations with

the type of feed used in this campaign (average

phosphorus content of 81 ppm), it appears that an

over-all phosphorus decontamination factor of

about 3 will be obtained. On this basis, a limit

of about 100 ppm phosphorus in the feed would be

necessary to ensure consistent production of an

acceptable product. Higher decontamination fac -

tors were demonstrated on several occasions dur -

ing the test period, however, and it is probable

that by blending the product lots phosphorus

levels up to about 300 ppm could be tolerated on

occasion. These conclusions are also in accord

with the results of the first plant campaign.

It is clear from the results of both campaigns

that it is possible to effect dehydration of Winlo

green salt in HF and maintain the average nickel

content of the product well below the specifica-

tion limit of 80 ppm. This level may occasionally

be exceeded during startup and shutdown opera -
tions, but, with care, it is possible to minimize

the necessity to blend product lots because of

nickel contamination.
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