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SUMMARY

ANP RADIATION DAMAGE

MTR in-pile loop 3 has been disassembied, and
all components except the pump impeller have
been examined metallographically. Loop 5, which
could not be filled, has been disassembied. No
evidence of a mechanical or metallic plug was
Fuel samples were
obtained from various sections of the fuel system

found in the fuel system.

for chemical analysis.

Chemical analyses of samples from MTR loop 3
indicated that the amber material from the pump
was probably an oil decomposition product. Con-
siderable amounts of Cs 37 and Sr8% were found in
the off-gas line and less abundantly in the fission-
gas-adsorber trap. lron, chromium, and nickel
analyses of the fuel confirmed that little corrosion
had occurred.

Irradiation of static corrosion capsules in the
MTR has been continued. Two Inconel capsules
containing the fuel mixture NaF-ZrF -UF, were
irradiated at & kw/cm? for over nine weeks. One
of them leaked fission activity after a temperature
excursion, but contamination control by freezing
the fuel made reactor power interruption unneces-
sary. Two other capsules are being irradiated at
6 kw/cm3. Preparation of Hastelloy B capsules
containing an NaF-KF-LiF-UF , fuel mixture con-
tinued. The present design of the MTR fused salt
capsule facility is illustrated.

The cause of pump failure in the LITR vertical
in-pile loop was found to be a loose shear pin
which had lodged in the impeller, throwing it out
of balance and bending the shaft until it rubbed
against the impeller housing. Future internal loop
parts will be fastened by welding. Thermal
mockup and bearing tests have been run on a
modified shaft which is shorter and stiffer and
which has better bearings. Pump performance
tests were run with water to optimize impeller
clearances, and the results were interpreted in
terms of fuel Reynolds number in the loop using
the optimized pump. A full-scale bench test pump
is being assembled, and in-pile loop parts are
being modified to conform with the improved pump
design.

Tests are being prepared for determining the
effect of the unusual geometry on resolution,

sensitivity, and general performance of scintilla-
tion gamma-ray spectrometers of the type to be
used on the ART off-gas system.

A new electronic analog circuit has been de-
veloped for simulation of the thermal behavior of
the vertical miniature in-pile fuel loop. A series
of calculations has been made which illustrates
the behavior of the loop when circulating fluoride
fuel composition 41 in position C-46 of the LITR.

Electronic analog simulation has been used to
investigate the possibility that fluctuations in the
efficiency of removal of xenon from the fuel by
the pumps might cause troublesome reactivity
transients. It was found that no transient of a
period short enough to cause concern for the
controllability of the ART exists.

The fission yield of 65-day Zr?% has been de-
termined in enriched U,0, and in fluoride fuel
composition 44 by comparison with the yield of
33-year Cs 37, For use in fission monitoring, the
yield found for Zr%5 is 0.0664 + 0.0013 atom/fis-

sion.

HOT METALLOGRAPHY

Metallographic examinations of
coupons, and stress-corrosion specimens submitted
by HRP personnel and of portions of components
from the North Carolina State College Reactor

have been completed, and the results have been

components,

reported elsewhere. Examination of two additional
in-pile loops is now in progress, and sections and
specimens from two additional loops are awaiting
examination.

Postirradiation examination of specimens from
the APPR Program has been initiated. Approxi-
mately one half of the 26 small-size fuel plates
have been examined. Some sections from a full-
size fuel element have also been examined. Work
is continuing on both phases of this program.

Examination of the ANP in-pile loop 3 has been
completed, and a final report will be issued soon.
MTR in-pile loop 5 was disassembled in an attempt
to determine the reason why the loop could not
be filled when it was inserted in the MTR. No
evidence of a mechanical or metallic plug was
found which would account for such a failure.
However, the fill line contained a substance of an

| 1
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extremely different physical appearance from that
of the normal fuel mixture, and samples were ob-
tained for chemical analysis. Disassembly of
in-pile loop 4 is now in progress.

HOT-CELL OPERATIONS

ANP in-pile loop 5 and another LITR vertical
in-pile loop were disassembled and then examined
in the hot cells. The disassembly of ANP in-pile
loop 4 was started. The new analytical balance
was placed into remote operation. The cell-use
data for the first six months of 1956 did not differ
appreciably from those for 1955.

RADIATION METALLURGY

The time to rupture of internally stressed, thin-
walled Inconel tubes was found to be reduced by
irradiation at 1500°F in the LITR.

Creep and compression tests on copper—boron
carbide compacts have been operated at elevated
temperatures. High-temperature deformation was
found to strengthen the material.

ENGINEERING PROPERTIES
High-Temperature Ceramic Fuels

Static irradiations were completed on four SiC-
Si-UO, fuel plates containing 4 wt % UO,. The
plates were thermally cycled many times, and
maximum temperatures of 1740°F were obtained by
self-fission heating. Postirradiation examinations
of property changes have been started. The
samples remained dimensionally stable. Samples

of ThO,-UO, containing 21/2% UO, were irradiated

to a total thermal-neutron dosage of up to 1 x
102° 7yt and at temperatures up to 1925°F. These
samples also remained dimensionally stable.

A method was developed for making autoradio-
graph pictures of the irradiated fuel plates by use
of a lead pinhole camera. The location of the
fission products in the core of the plate was de-
termined and was compared with x-ray photographs
of the plate before irradiation.

High-Temperature Shield Materials

The results of the irradiation survey of several
boron carbide bodies are reported. With one ex-
ception, samples retained favorable bulk properties
when they were irradiated to a thermal-neutron
dosage of up to 6 x 10" nvt. Boron nitride powder
samples were obtained and analyzed. lrradiations
are planned on pressed bodies of this material.

Metallographic data were obtained on a stainless-
steel-clad CaB ,-Fe sample that had been irradiated
in the LITR. Additional samples were inserted
for further irradiations. lIrradiation tests were
started on a stainless-steel-clad boron-nitride—
nickel cermet. One exposure is being carried out
at room temperature in a water-cooled facility in
the LITR; the other exposure is being carried out
in a high-temperature facility, which maintains the
sample at 1600°F in a vacuum.

An experiment was developed and shipped to the
MTR for the irradiation of neutron shield materials
at elevated temperatures. The first material to be
tested is a stainless-steel-clad copper—boron car-
bide cermet. The planned temperature of irradi-

ation is 1600°F.




PERIOD ENDING AUGUST 30, 1956

ANP RADIATION DAMAGE
G. W. Keilholtz

EXAMINATION OF DISASSEMBLED MTR
IN-PILE LOOPS 3, 4, AND 5

A. E. Richt
E. J. Manthos C. Ellis
W. B. Parsley R. M. Wallace
E. D. Sims R. N. Ramsey

Examination of loop 3 has been completed except
for metallographic examination of the pump im-
peller.  Corrosion of the nose coil varied from
1 mil near the inlet side to a maximum of 3 mils of
intergranular attack near the outlet side (Fig. 1).
Comparisons of the inner wall of the nose-coil
tubing on the compression side of the coil with the
opposite inner wall on the tension side showed no
differences in the depth of attack. The depths of

UNCLASSIFIED
ORNL-LR-DWG {6188

264 260
1455°F 1395°F
2 mils
INLET 26!
263 ( ) 1 mil
262
1'/2 mils
( 269
2 mils
273
270 1490°F
1435°F 3 mils
2 mils
274
1390-1490°F
2 mils
274
1415°F
2~3 mils

QUTLET

Fig. 1. Diagram of Sectioned Nose Coil of MTR
In-Pile Loop 3 Showing Locations from Which
Metallographic Samples Were Taken, the Maximum
Temperature Which Occurred at the Particular Lo-
cation During Operation, and the Depth of Cor-
rosive Attack Found by Subsequent Metallographic
Examination of the Samples.

attack found on the straight sections of the fuel
tube are compared in Fig. 2. Figures 3 through 8
show the attack found on specimens from various
points in the loop. No mass-transferred crystals
were found on any of the specimens.

Disassembly of loop 4 has begun, but as yet no
results are available,

Loop 5, which was inserted in the MTR but
could not be filled, was shipped to ORNL for
disassembly after the section behind the pump
motor was removed at the MTR. Several other
operating difficulties encountered during the at-
tempt to fill the loop were chattering of the fuel-
circulating pump, improper functioning of some of
the thermocouples, leakage occurring through the
pump bulkhead, and failure of a fill-line Calrod
heater aofter it had been raised to higher than
normal operating temperatures.

Fuel was found in the nose inlet fuel line
24‘/2 in. from the face, and a shallow layer of fuel
was found in the outlet line from the nose coil at
the same distance from the pump. The fuel in the
inlet and outlet lines at a point 223/4 in. from the
face of the pump is shown in Fig. 9.

ORNL-LR-0OWG 16189

TO NOSE COIL
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FROM O TO 0.5 mil

FUEL LINE

a
=
ol
FROM NOSE COIL o
DISTANCE FROM PUMP (in.)
42 37 3 28 22 4‘2 FUEL LINE

It | | | I
1 T 1 T T T

295 296 303

SAMPLE NO. 284 287 29

DEPTH OF ATTACK (mils)
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Fig. 2. Comparison of Depths of Attack on
Straight Sections of Fuel Tubing from In-Pile Loop
3.
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Fig. 20. Performance Curves with Water for Modified Pump for LITR Vertical In-Pile Loop Before and

After Impeller Clearances Were Increased.

water before and after the increase in clearance
for various pump speeds. Figure 20 also shows
the resistance curve representing the loop for
water. Both sets of curves are for pumps having a
larger exit port than was formerly used. The re-
sults of the two changes are approximately equal
and opposite at the design point; so the pump is
still operated at about the same speed.

The pressure vs flow dota obtained with water
were converted to fuel conditions by the method
described by Willis et al.# Recent values for the
viscosity of the fuel were used to obtain the data
in Fig. 21, which gives the Reynolds number for
the fuel in the LITR vertical in-pile loop as a
function of the pump speed.

A full-scale Inconel pump has been assembled
that is identical to pumps to be used in the Inconel
in-pile loops. It will be filled with depleted fuel
and run in the laboratory under conditions as

4W. R. Willis et al., Solid State Semiann. Prog. Rep.
Aug. 31, 1955, ORNL-1944, p 16.

REYNOLDS NUMBER

ORN L—L!—DWG 16191

9000 T T T
_ | //4 [
5000 | —- e ! ————— S
- — i - } ‘ — ,,,‘Tg&f

| | i o
» .
;

2000 | —— St ‘ -

\ 1 |

i i I

! |

1000 : ‘ Lo !

1000 2000 5000 10,000

PUMP SPEED (rpm}

Fig. 21. Estimated Reynolds Number of the Fuel
Mixture in LITR Vertical In-Pile Loop as a Function
of Pump Speed.




nearly like those in the reactor as possible.
Existing parts for in-pile loops are being modified
to incorporate these recent changes.

ART OFF-GAS SYSTEM
INSTRUMENTATION ANALYSIS

W. E. Browning R. P. Shields

Preparations are being made for investigating the
resolution, sensitivity, and general performance of
scintillation gamma-ray spectrometers of the type
to be used on the ART off-gas system. The pur-
pose of the tests will be to determine the limita-
tions that might result from the rather drastic de-
parture which must be made from conventional
spectrometer geometry because of the high inten-
sity of the source.

DESIGN CALCULATIONS FOR THE
VERTICAL MINIATURE IN-PILE LOOP

M. T. Robinson J. E. Krause’

An extensive series of design calculations for the
LITR vertical miniature in-pile fuel loop was previ-
ously reported.® In an appendix to that report,’
a method was presented for making such calcula-
tions by electronic analog simulation. The method
was based on partial analytical solution of the
differential equations describing the heat balance
in the loop, followed by analog computation, sup-
ported by some desk machine computation. The
correct solutions were then found by interpolation
among a family of analog computer results. A
much-improved method of analog computation is
presented here which eliminates the interpolation
procedure and the desk machine work, as well as
substantially shortening the amount of analog
computation required to obtain correct solutions.

50n loan from Pratt & Whitney.

M. T. Robinson and D. F. Weekes, Design Calcula-
tions for a Miniature High-Temperature In-Pile Circu-
lating Fuel Loop, ORNL-1808 (Sept. 19, 1955).

7E. R. Mann, F. P. Green, and R. S. Stone, An Ap-
pendix on Analog Simulation, Appendix B, ORNL-1808.

PERIOD ENDING AUGUST 30, 1956

The differential equations employed are

4T, Big - agy
0 r_o_v Y

ds  (Ref) "
dT at
3Y S
(2a) . , for0 < 2
ds (Rea) or s < 2’
dT —a'y
3 S
2b) ‘. ,  for =
( ds (Rea) or2 SR ’
(3) T/ - T] =Yy
(4) T, - T, = Yoy
(S) T2 - Ta = Y3y .

where all symbols have been previously defined,®
except that the factor (Ref)~! has been removed
from ,3] and @, and the factor (Rea)=" from ay to
form the primed quantities. The initial and
boundary conditions may be expressed as

(a constant) ,

(6) Tys =0) = Tls = 8) = T?

(7) T(s=0)=T/(s =395) = Tg (a constant) ,

I

A \)
® LT&T/(S -39 - LL":,T/<S -39

Since the flux function ¢(s) is symmetrical about
$/2, the discontinuities in the functions Ty Ty
T,, and y at the point $/2 may be calculated when
the values of all quantities on one side of the
discontinuity are known. This calculation was
done on a desk machine in the previous work.
However, the work may be simplified by reversing
the direction of integration in the region §/2 <
s < §, making use of boundary condition (Eq. 8)
to establish the correctness of a result, rather
than using Eqs. 6 and 7 as was done before. Elim-
ination of the extrapolation procedure results from
using Eqgs. 1 through 5 directly, rather than solving
them to find a differential equation in y and estab-
lishing the analog in terms of the new equation.
The analog is established by replacing the space
coordinate, s, in Eqs. 1 through 5 by time coordi-
nates, t, and t,, such that for 0 < s < §/2,
0<ty< 7 and for 5/2555517'21220_

15
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The equations then become:
S

Region 0 < s <—
2

dT, Bl - ajy

ar| (Re/) a, (Ref)
aT a:;y dT , a:;y
“dt,  (Rea) dt,  (Rea)
T, = T, =yp T, = Ty = yy
Ty =Ty =y Ty =Ty =vy
Ty =T, =y Ty~ Ta = vy

~
-
-
]

- _ _ 70
0) = T/t = 0) = T?

N]

I

i
N]

||
e

"
N]
(=]

0)

For a given value of (Ref), the fuel Reynolds
number, computations are repeated, with succes-
sive values of (Rea), the air Reynolds number,
being used, until

The block diagram of the electronic analog simu-
lator is shown in Fig. 22. Scale factors are chosen
such that the voltages are related to the physical
variables by the relations:

V(T2 00 = 197,02, 00 a -
Vig) = ¢ ,
y
vy =2 .
(y) .

The last choice is required in order that the calcu-
lation will be sufficiently flexible for all combina-
tions of (Ref) and (Rea) to be made accessible.

A voltage proportional to the neutron flux is avail-
able from the output of the potentiometer labeled
““n”’. Variation in this voltage allows simulation
of variations in the flux depression caused by the
loop.
ometer

The circuit elements preceding potenti-
n’’ determine the time scale and amplitude

[ X1

16

The flux-
voltage is fed through a potentiometer to one input
of amplifier 1, producing there a voltage propor-
tional to B¢. Signals proportional to —y and +y
are available from the outputs of amplifiers 4 and
The former is fed through two
potentiometers to the second input of amplifier 1,

of the variation of the flux with time.

11, respectively.

producing there a voltage proportional to —ajy.
The output of amplifier 1 may be taken directly,
corresponding to the first half of the loop
(0 < s < §/2), or may be reversed by amplifier 13,
corresponding to the other half (S/2 < s < §). This
choice is made by the function switch F,, the
appropriate signal being fed through a potenti-
ometer to the input of amplifier 2, where it pro-
[ Since am-
plifier 2 is an integrator, a time-dependent device,
its time constant must be chosen to correspond
with the desired value of 7.
inputs are used in parallel as a convenient choice
Thus 7 is determined as
S/4 sec, where S is the total length of the loop in

The output of amplifier 2 is propor-
r Amplifiers 6 and 8 perform the

duces a voltage proportional to —T .

In this case, two
of this time constant.

centimeters.
tional to T
operations

T/ - Yy = T]
and
T] — Y¥Y = T2 ’

respectively. The output of amplifier 11 is fed
through three potentiometers to the input of ampli-
fier 5, producing there a signal proportional to T .
This amplifier, with the same time constant as
amplifier 2, produces a voltage proportional to
~T,. Amplifier 10 and the following potentiometer
perform the operation

Amplifier 11 is required to prevent variations in
the behavior of the potentiometer labeled *“10/ky ;"'
Amplifiers 3, 7, 9,
and 12 provide zero suppression for convenient
recording of T/, T, Ty and y, respectively.

by other parts of the circuit.

This new circuit has been used to make calcula-
tions of the behavior of the Mark V!II loop® when
circulating fluoride fuel No. 41 in position C-46 of
the LITR.

The flux data are those previously
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Fig. 22. Block Diagram of Electronic Analog for Heat Transfer Simulation of the Miniature Vertical

In-Pile Loop.

reported® for that position. The physical property
data for air are the same as before.® The physical
property data for fuel 41 are given below:

Composition NcF-ZrF4~UF4
(63-25-12 mole %)

Viscosity 4.3 centipoises

1.0 joule/g-°C

0.014 watt/cm°C

Specific heat
Thermal conductivity

Density 3.38 g/cm3

The loop was considered to be located with its
tip at the mid-plane of the LITR. The flux was
assumed to be depressed 50% by the presence of
the loop. The initial air temperature, Tg, was

always taken as 30°C.

M. T. Robinson, Solid State Semiann. Prog. Rep.
Feb. 28, 1954, ORNL-1677, p 27.

Some results of the calculations are summarized
in Tables 1 and 2 and in Figs. 23 and 24. Figure
23 shows typical profiles of the temperatures T
(mixed-mean fuel temperature), T (fuel-metal in-
terface temperature), and T2 (metal-air interface
temperature), and Fig. 24 shows profiles of T (air
temperature)and of y (heat transfer function). The
discontinuities occurring in the plots of T,, T,,
T, and y result from the use of two separate
cooling-air streams. Local heat flow would be
expected to remove these discontinuities in the
real loop. The very different shapes of T, and of
T, and T, are notable (Fig. 23). This feature is
important in analyzing experimental data, since T,
is the only quantity which can be directly meas-
ured. The effect of initial fuel temperature (T?)
on other quantities is shown in Table 1. As was
realized before,6 AT, is very little affected by
changes in TY It should be noted, however, that

!
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TABLE 1. EFFECT OF INITIAL FUEL TEMPERATURE ON COOLING-AIR REQUIREMENTS FOR (Re/) = 4000
Fuel composition 41 at 50% of flux, LITR position C-46

T? (°C) (Rea) T? T-g AT/ (°C) AT, (°C) AT, (°C)
750 34,500 659 641 87 81 83
800 31,500 708 690 88 83 85
850 29,750 756 738 89 85 86
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Fig. 23. Calculated Temperature Profiles for LITR Vertical In-Pile Loop (Mark Vill).

18



PERIOD ENDING AUGUST 30, 1956

TABLE 2, EFFECTS OF FUEL FLOW RATE ON COOLING-AIR REQUIREMENTS FOR T? = 800°C
Fuel composition 41 at 50% of flux, LITR position C-46

(Ref) (Rea) T? (°c) Tg (°C) AT/(°C) AT, (°C) AT, (°C)
2,000 46,000 477 460 163 134 139
3,000 34,000 650 632 114 104 106
4,000 31,500 708 690 88 83 85
6,000 29,500 751 732 59 57 58
8,000 29,000 764 746 44 43 45
10,000 29,000 770 752 36 35 36
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appreciable changes in cooling-air requirements
are associated with changes in T9. Table 2 illus-
trates the effect of fuel flow rate on other quanti-
ties, The important points to notice are the close
similarity of the values AT. and AT, except at
the lowest fuel Reynolds numbers; the small dif-
ference between T9 and Tg; and the large dif-
ference between TY and T,, especially at lower
flow rates. The first point suggests that experi-
mental values of AT, may be used without correc-
tion to characterize fuel '*AT’’. The second point
results from the fairly small heat extraction rate,
around 30 w/cm? or less. The third point is most
important in assessing corrosion results.

ART REACTIVITY TRANSIENTS ASSOCIATED
WITH FLUCTUATIONS IN XENON-REMOV AL
A EFFICIENCY

M. T. Robinson J. F. Krause

The possibility has been investigated that fluc-
tuations in efficiency of the ART xenon-removal
equipment might lead to troublesome transients in
reactivity. The calculations previously reported?
have been extended for this purpose.
short times are of interest here, the equations may
be simplified to

Since only

= )‘/(az}’ - x),

where
x = Xe!33 poisoning in the fuel,
y = "‘equivalent poisoning’’ in the gas phase,

a, = RTS, the product of the universal gas
constant, R, times the absolute tempera-
ture, T, times the solubility coefficient of
xenon in fuel, §,

B = ratio of volume of fuel to volume of gas
phase,

A, = rate constant for transfer of xenon from

/

fuel to gas,

>
oo
i

rate constant for removal of xenon from
system by off-gas flow.

Equations 1 and 2 were solved with an electronic
analog computer by using the block diagram shown
in Fig. 25. The output of amplifier 1 is a voltage

IM. T. Robinson, A Theoretical Study of Xel35
Poisoning Kinetics in Fluid-fueled, Gas-sparged Nu-
clear Reactors, ORNL-1924 (Feb. 6, 1956).
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proportional to %. This voltage is integrated in
amplifier 2, the initial condition on the integration
being set by the potentiometer ““0.2x,."" A voltage
proportional to x is fed to the recorder and to one
input of the summing amplifier 4. The output of
amplifier 1 is also fed through the potentiometer
labeled “‘a,B'" to one input of the summer-inte-
grator, amplifier 3. The output of amplifier 3 is
fed back through the potentiometer labeled ‘‘A,"

to a second input of amplifier 3. This amplifier
thus performs the operation
azﬁa'c + az)\gy = —0,y

and then integrates y, subject to the initial con-
dition set by the potentiometer ”0.2a2y0." A
voltage proportional to a,y is fed from amplifier 3
to the second input of amplifier 4. The output
of amplifier 4, proportional to (ayy — x), is fed
through potentiometer ‘'A.” to the input of ampli-
fier 1. In analyzing Fig. 25, it should be noted
that, in addition to performing the appropriate
mathematical operation, each amplifier inverts the
phase of the input voltage.

Scale factors for the computation were selected
such that all constants had their true values. The
scale chosen for x and y was such that 1% poi-
soning was represented by 20 v. The recorder
could be used with either 20 v {1%) or 100 v (5%)
full-scale settings. Real time was used throughout
the computation. The data employed were taken
from the previous report,? subsequent modifica-
tions in ART design being considered more or less
irrelevant. It was assumed that the reactor had
reached xenon equilibrium under conditions speci-
fied by selected values of A, and A, which al-
lowed calculation of x4 and y, from the steady-
state relations given before.’ At the start of a
calculation, either A;or Ag was assumed to change
very rapidly to a new value, and the change in x
was plotted during an interval of time up to 2 min.
The results obtained are given in Table 3. For
each case the initial slope, —(dx/dt)o, and the
initial period, xo/(dx/dt)o, are given. Some typical
results are plotted in Fig. 26.

Examination of Table 3 shows that the initial
period is essentially independent of )\g and of
The period de-
creases with increasing )\/, whether the disturbance
is a change in A, or in A . In no case is the period
sufficiently short to cause concern for the con-
trollability of the ART. The compensating effects

changes in )\g, however large.
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UNCLASSIFIED
ORNL-LR-DWG 15244
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Fig. 25. Block Diagram of an Electronic Analog Simulator for the Equations & = Af(azy - x) and

).' = BA/(X - azy) - Ag)’.
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TABLE 3. INITIAL INCREASES IN ART REACTIVITY FOLLOWING FLUCTUATIONS
IN XENON-REMOVAL EFFICIENCY

-1 -1
A/ (sec™ ) Ag (sec™ )* Initial Slope Initial Period
%o (%) (%/sec) (sec)
t <0 t>0 t <0 t>0 ersec ©
3.98 1 1 0 0.025 1.44 3
3.98 0.5 0.5 0 0.025 1.54 3
3.98 0.1 0.1 0 0.025 0.35 11
3.98 0.05 0.05 0 0.025 0.19 21
3.98 0.01 0.01 0 0.025 0.037 106
3.98 0.005 0.005 0 0.025 0.019 206
0.74 0.001 0.01 0.025 0.025 0.0069 106
0.74 0.001 0.1 0.025 0.025 0.063 12
0.74 0.001 1 0.025 0.025 0.27 3
0.75 0.001 0.01 0.015 0.015 0.0072 105
0.75 0.001 0.1 0.015 0.015 0.067 1
0.75 0.001 1 0.015 0.015 0.27 3
0.82 0.001 0.01 0,005 0.005 0.0075 109
0.82 0.001 0.1 0.005 0.005 0.071 12
0.82 0.001 1 0.005 0.005 0.27 3
0.97 0.001 0.01 0.002 0.002 0.0095 102
0.97 0.001 0.1 0.002 0.002 0.080 12
0.97 0.001 1 0.002 0.002 0.26 4
3.98 0.001 0.01 0 0 0.038 104
3.98 0.001 0.1 0 0 0.35 11
3.98 0.001 1 0 0 1.44 3

*The sparging gas flow rate is Vg (STP liters /day) = 2,27 X 10° )\g (sec"']).
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of the delayed neutrons and of the negative tem-
perature coefficient of the reactor are sufficient to
overcome fluctuating behavior of xenon-removal
equipment,

PERIOD ENDING AUGUST 30, 1956

USE OF Zr?5 AS A FISSION MONITOR
W. A. Brooksbank, Jr.10

It has been found that the use of Cs'37 as a
monitor for U235 fission in ANP fluoride fuels is
not entirely satisfactory because of possible loss
of its parent, 3.9-min Xe'37. As a substitute,
65-day Zr?5 has been suggested. In order to cali-
brate the use of this isotope, two samples of en-
riched uranium were irradiated as solutions for
2.375 days in hole 10 of the ORNL Graphite
Reactor. One solution was prepared from U308'
the other from fluoride fuel composition. After
the samples were allowed to decay for ten days,
radiochemical determinations were made of Cs!37
and of Zr?5. From these results the fission yield
of Zr95 was calculated to be 0.0664 + 0.0013
atom/fission. If the fission yield is calculated
from the radiochemical Zr?5 analyses and from the
cobalt activation neutron flux observed from a
monitor irradiated with the samples, the result
obtained is 0.0632 £ 0.002]1 atom/fission. The
discrepancy between the two results is removed
when the cobalt activation flux is corrected for the
cadmium ratio prevailing in hole 10 (about 30),
The fission yield recommended for use in fission
monitoring with Zr%5 is 0.0664 + 0.0013 atom/

fission.

mAnulyﬁcul Chemistry Division.
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HOT METALLOGRXVAY

A. E. Richt
E. J. Manthos W. B. Parsley
J. O. Stiegler E. D. Sims
R. M. Wallace R. N. Ramsey
C. Ellis

Metallographic examination of specimens sub-
mitted by the Radiation Corrosion Group of the
Homogeneous Reactor Project has continued. Ex-
amination of the Zircaloy-2 corrosion coupons from
loop FF has been completed, and the
have been reported.]

in-pile
results Examination of
components, coupons, and stress-corrosion spec-
imens from HRP in-pile loop EE has been com-
pleted,
Examination of components from the North Carolina
State College Reactor has been completed and

reported.3+4

and the results have been reported.?

Additional specimens consisting of

in-pile loop control valves and corrosion pins

from in-pile static bomb tests have also been
examined and the results reported.’ Metallographic
examination of in-pile loops L-4-8 and L-4-11 is
now in progress. Two additional loops (GG and
L-4-12) have been disassembled and are being
held for future metallographic examination.
Postirradiation examination of a series of small
fuel plates for the APPR Project has begun.® At
the present time, examination of 14 of the total
of 26 plates in this phase of the experiment has

been completed. Examination of the remaining

A, E. Richt and J. O. Stiegler, Metallographic Ex-
amination 06 Zircaloy 11 Coupons from H.R.P, In-Pile
Loop (FF), ORNL CF.56-8-48 (Aug. 8, 1956).

2A. E. Richt, Metallographic Examination of H.R.P.
In-Pile Loop (EE) Components and Coupons, ORNL CF.
56-7-17 (July 6, 1956).

3A.E. Richt, Metallographic Examination of Components
from the North Carolina State College Reactor, ORNL
CF.56-3-158 (March 30, 1956).

4A. R. Olsen and A. E. Richt, Examination of the
North Carolina State College Reactor Core, ORNL CF-
56-6-115 (July 20, 1956).

Sw. B. Parsley, A. E. Richt, and E. D. Sims, Metallo-
graphic Examination of H.R.P. In-Pile Loop Valves
V.2, V-15, and Zircaloy Il Pin from Bomb Z-14, ORNL
CF-56-7-2 (July 3, 1956).

SF. H. Neill, Irradiation of Stainless Steel Fuel
Element Samples in MTR.Irradiation Request ORNL.21,
ORNL CF-55-4-153 (April 26, 1955).
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plates is contemplated in the near future. Ex-
amination of sections of fuel plates from a full-
size APPR-type fuel element which was irradiated
in the MTR has also been initiated, and completion
is contemplated shortly.

Examination of ANP in-pile loop 3 has been com-

pleted, and preliminary
d.7’8

results have been re-

porte A final report is now being compiled
and will be issued in the near future. Failure of
in-pile loop 5 resulted in the request for dis-
assembly in order to determine why the loop could
not be filled successfully after it was inserted in
the MTR, No evidence of a mechanical or metallic
plug was noted in disassembly. However, the fill
line contained a substance entirely different in
physical appearance from that of the normal fuel
mixture.” Chemical analysis of samples of this
material indicated that the fuel contained a high
percentage of zirconium oxide. No metallographic
examination was attempted on this loop, since it
had not been operated. Disassembly and metallo-
graphic examination of specimens from ANP in-

pile loop 4 are now in process.

A recent breakdown of the remotely controlled
metallographic cutoff machine drastically dem-

onstrated the need for more reliable and more
easily decontaminated hot-cell equipment. Failure
of this machine resulted, essentially, in the

remote preparation of metallographic specimens
being halted for six weeks while attempts were
being made to decontaminate this instrument to
repairs could be made.

a level that mechanical

M. J. Feldman et al., ANP Quar. Prog. Rep. March 10,
1956, ORNL.2061, p 183187,

8E. J. Manthos et al., ANP Quar. Prog. Rep. June 10,
1956, ORNL.-2106, p 234.

9¢C. Ellis et al., Examination of ANP In-Pile Loop 5,
ORNL CF.56-7-48 (July 16, 1956).
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HOT-CELL OPERATION

S. E. Dismuke

Postirradiation testing and metallographic anal-
ysis were continued on APPR-type fuel eiement
samples. The details of this analysis will be
published at a later date.

The LITR vertical

viously1 was not operated at full power in the

in-pile loop reported pre-

LITR because of mechanical failure of the pump.
The loop was sectioned and examined, and the
fuel salt was melted out in the Solid State Di-
vision hot cells. The results of that examination
are discussed in ‘‘LITR Vertical In-Pile Loop’’
of this report,

Work also continued on the opening and sampling
This work

was facilitated by the modification of much of

of MTR static corrosion capsules.?

the experimental equipment in the cell.

Work has started on dismantling ANP in-pile
loop 4 (ORNL-20-4). It is believed that the cell
time required for the disassembly and analysis of
this loop will be somewhat decreased by the use
of improved tools and techniaues. These include
tools
operate on the General Mills manipulator, such as
shears, clamps, etc.
retain fue! salt released during cutting operations

small specially designed or modified to

A device to capture and

has also been constructed and installed.

ANP in-pile loop 5 (ORNL-20-5), which could
not be operated in the MTR because the loop could
not be filled successfully, was sectioned and
in the cells. The results of this ex-
amination have been reported.®

examined

A great deal of supporting work for General
Electric and other Solid State Division projects
This included

dismantling of irradiction containers, removal of

was also performed in the cells.

W. R. Willis e al., Solid State Semiann. Prog. Rep.
Feb. 29, 1956, ORNL-2052, p 24.

2w, E. Browning and H. L. Hemphill, Solid State
Semiann. Prog. Rep. Feb. 29, 1956, ORNL.2052, p 20.

3C. Ellis et al., Examination of ANP In-Pile Loop 5,
ORNL CF-56-7-48 (July 16, 1956).

E. S. Schwartz

measurements, and
In this
a pinhole camera was successfully
developed and operated by R. M. Carroll for auto-
radiographs of ceramic fuel element cores (dis-

specimens, remote impact
various physical tests and measurements.

connection

cussed in ‘‘Autoradiography of Fuel Plates’’ of
this report).

The Voland model 750-D analytical balance?* was
modified

into operation in the cells.

for density measurements and placed
It was found to be
quite satisfactory in all respects.

One of the Tell manipulators, used very little
since the installation of the General Mills manip-
ulators, was removed from the cell for a complete
overhaul and modification of the electrical circuitry,
It is felt that the Tell manipulator can still be
quite useful after such modifications are made.

A concrete pad has been constructed north of
Building 3025 for the storage of lead shipping
containers, transfer casks, and other heavy equip-
ment, thereby alleviating some of the congestion
in the hot-cell loading area.

Initial
being formulated for a proposed hot-cell facility at
the Laboratory, but no definite plans have yet

layout drawings and design criteria are

been made.

Cell-use data for the first six months of 1956
exhibited no appreciable change from those for
1955,4 with actual experimental operation accounting
for 25% of the total cell time avatlable and other
associated operations requiring the remaining 75%.

The previously reported? effort to lower the
radiation exposures to Hot Lab Section personnel
has continued. At the current rate the average
weekly dosage received per man during 1956 should
be considerably less than that received during

1955, which was well below accepted ORNL

tolerances.

4s. E. Dismuke, M. J. Feldman, and E. S. Schwartz,
Solid State Semiann. Prog. Rep. Feb. 29, 1956, ORNL.
2052, p 40.
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RADIATION METALLURGY
J. C. Wilson

CREEP AND STRESS-CORROSION
TESTS OF INCONEL

W. W, Davis J. C. Zukas
N. E. Hinkle J. C. Wilson

A series of tube-burst tests on Inconel tubing at
a stress of 2000 psi in helium at 1450 to 1500°F
has been essentially completed on the bench and
in the LITR. lInsufficient data and scatter at
1450 and 1550°F prevented any quantitative in-
At 1500°F,
however, ten tests were completed, and two more
are under way. Specimens irradiated in HB-3 of
the LITR broke at times varying from 113 to 560 hr;
the arithmetic mean time for rupture was 260 hr.

terpretations at those temperatures.

The bench-test specimens fractured at times vary-
ing from 350 to 1270 hr (with two specimens still
in test at 407 and 490 hr), with a mean rupture
time of at least 760 hr.
ture life of thin-walled tubes appears to have
resulted from irradiation.

Thus a decrease in rup-

As was reported earlier,! the tubing stock used
gave many indications of defects during non-
destructive testing, but attempts to find the indi-
cated defects metallographically were seldom
successful. The presence of defects in the tubing
may have influenced the radiation data. The
rupture time obtained in a single test in argon
by the Metallurgy Division? is about twice as high
as the rupture times given above for the same
stress. Extrapolation of the Metallurgy Division
data at higher stresses shows a spread of about
2:1 in rupture times at 1500°F and 2000 psi. The
data reported here showed spreads of about 4:1 in
The spread could be attributed to
the presence of defects or differences in the
structure of the material.

Carefully inspected tubing of the type to be used
in the ART NaK-to-air radiators has been received

for tube-burst tests in helium and in fused salt

rupture time.

fuel mixtures. Added temperature controllers and
pneumatic gaging equipment have been received

with which to expedite the tests.

]W. W. Davis et al., Solid State Semiann. Prog. Rep.
Feb. 29, 1956, ORNL-2052, p 5.

2), W, Weir, Met. Semiann. Prog. Rep. Oct. 10, 1955,
ORNL-1988, p 36.
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Another in-pile test (HB-3 of LITR)of the stress-
corrosion rig was operated with fused salt fuel
mixture No. 46 containing 25 mole % UF,. Bench
tests, improved heater design, and a reduction in
the number of fins permitted the previous maximum
operating temperature of 1200°F to be extended to
1500°F. Improved instrumentation has been built
to reduce fission gas hazard and to record con-
tinuously all test variables.
improved

Work continues on
safety systems for the high-pressure
circuit to assure approval by MTR, Furnace ar-
rangements for the MTR irradiations are also being
tested, and modifications of an existing plug
design are under way.

Two bench tests duplicating the tensile-creep
test in HB-3 of the MTR were operated at 1500°F
and a stress of 1500 psi in helium. Both bench
specimens fractured out of gage at 542 and 614 hr,
and the elongations were 1.0 and 1.9%, respec-
tively.  Preliminary examination suggested ‘that
local overheating outside the gage length had
caused premature fracture. The in-pile test showed
1.7% elongation after 760 hr.

MTR STRESS-CORROSION APPARATUS
C. D. Baumann W. E. Brundage

Final assembly of the equipment for the stress-
corros ion experiment has been held up by a delay
in shipment of the proper high-temperature, high-
pressure hermetic seals. The fused salt fuel mix-
ture has been received and loaded in the specimen
tube. Molybdenum wire heaters for the apparatus
have been successfully fabricated inside a tubular
ceramic form.

IRRADIATION OF SHIELDING MATERIALS
W. E. Brundage W. W. Davis J. C. Wilson

Testing equipment for the irradiation of a 1 wt %
boron—stainless steel alloy is nearly completed
and calibrated. Creep of the specimens under
compression loading will be measured during the
tests by a Bourdon-tube deflectometer. Pres-
surizing a bellows and lever arm system will
impose a compressive stress on the specimen,.

Short-time compression tests on copper—boron
carbide cylinders were run at elevated tempera-
tures for the Metallurgy Division. A special setup
in an Instron testing machine permitted load-




deformation curves to be recorded directly. Yield
stresses were determined for copper and copper
plus 20 and 40 wt % B ,C at 1300°F. Creep tests
were run at the same temperature at a stress of
500 psi. Unloading and reloading of short-time

PERIOD ENDING AUGUST 30, 1956

compression or creep specimens have improved
resistance to deformation. This suggests that
hot-pressing or hot-working improves the strength
of the materials. Creep tests were also run at

1450 and 1500°F at a stress of 50 psi.
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ENGINEERING PROPERTIES

O. Sisman

HIGH-TEMPERATURE CERAMIC FUELS

J. G. Morgan M. T. Morgan
R. M. Carroll P. E. Reagan

Fuel lrradiations

Four SiC-Si-UO, fuel plates, previously de-
scribed,! have been exposed in the LITR at
temperatures up to 1740°F. These fuel elements
fabricated? by the Ceramic
Metallurgy Division, as follows:

1. The body components were mixed without
fuel and put through a 12-mesh sieve. The com-
position of the body was 100 g of SiC, ~1000 mesh,
with an average particle size of ~10 y; 3 g of
Bakelite resin in powder form; 15 cc of pine oil.

2. A measured amount of the unfueled mixture
was placed in a steel die 3/4 x ]3/4 in. and leveled
off, forming the bottom layer of the plate; 0.2 g of
UO2 was placed in a monolayer on the bottom
A mask was used to center the UO, so
that there would be ]/]6-in. clearance on all sides,
final
The fuel was then covered by a top

were Laboratory,

layer.

taking into consideration the machined
dimensions.
layer of unfueled mixture and a plate formed by
pressing at 200 psi. The pressed plate was
approximately 3/16 in. thick.

3. The plate was covered with lampblack and
heated to 200°C, driving off the pine oil and
‘‘setting’’ the binder.

4. The plate was then dipped in molten silicon
at 1800°C, the volatiles from the resin binder
being driven off as the plate entered the crucible.
The silicon was soaked up in wicklike fashion by
the porous SiC structure, forming a body of SiC
in a silicon matrix.

5. The piece was machined to the final di-
mensions of ]/2>< ]]/2 x ]/8 in. and x-rayed to check
for flaws and placement of fuel. The fuel plate
composition was 0.2 g of UO2 per plate, ~70 +100
mesh, with an average particle size of 149 to 210 p.

The appearance of typical specimens irradiated
and unirradiated is compared in Fig. 27. The

5. G. Morgan, R. M. Carroll, and M. T. Morgan, Solid
State Semiann. Prog. Rep. Feb, 29, 1956, ORNL.2052,
p 1l

2], R. Johnson et al., High-temperature Ceramic Power
Reactors Using SiC-Si Fuel Elements, p 111, TID-2022
(June 1956).
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light-colored lines on the irradiated fuel plate are
not cracks but regions of pure silicon resulting
from the method of fabrication. The bulk properties
of the fuel plates were not adversely affected
under these irradiations.

Four ThO,-UQ, fuel rods have been irradiated
in the LITR at temperatures up to 1840°F. These
bodies were fabricated by the ORNL Ceramic
Laboratory as follows:® Steam-oxidized UO2 was
thoroughly mixed with precalcined Tho2 containing
]/2 wt % Ca0; 1 wt % Carbowax 4000 was added as
a binder, and the mixture was pressed into the
desired shapes at 8000 psi. The pieces were fired
in a helium atmosphere to 1750°C and then machined
to the final size.

A comparison of the appearance of typical spec-
imens irradiated and unirradiated is shown in
Fig. 28. The bulk properties of the fuel material
were not adversely affected under these irradiations.

A summary of the results of the postirradiation
examinations is given in Table 4. Density changes
under irradiation fell within the experimental error
limit of 10.2%.

fission, and the temperature cycles were caused

The samples were self-heated by

by the reactor power cycles. The maximum heating
or cooling rate experienced by the fuel elements
was of the order of 200°C per minute.

Autoradiography of Fuel Plates

A pinhole camera was developed for taking
autoradiographs of the ceramic fuel elements after
reactor irradiation.  Pictures obtained by this
method show the location of the core fission
products in relation to the clad material. While
the radiation emitted from the core is primarily
due to fission products, it was assumed that the
disposition of the fission fragments corresponds
to that of the uranium oxide. This assumption was
strengthened when it was observed that the areas
of greater density of fuel, as revealed by the
radiograph, corresponded to areas of greatest
The unchanged proportions of
the core indicated both that the clad is successful
in retaining the great majority of the solid fission

products and that the uranium oxide does not

radiation intensity.

3L. M. Doney, private communication.
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A :
TABLE 4, RESULTS OF POSTIRRADIATION EXAMINATIONS OF SIiC-Si-U0,
FUEL PLATES AND Th0,-U0, FUEL RODS
Thermal-Neutron Average ) Dhimensional
Sample Materiai? Dosage Temperature Hours at Therma; Density Change Aftzr
No. o Temperature  Cycles (g/cc) lrradiation
(nvi) (°F)
(in./in.)
A-2 $iC-$i-U0, 2.4 x 10'7 1740 3 1 2.840 0 + 0.0007
A3 SiCSi-UO, 3.5 x 107 1475 533 9 2.835 0 * 0.0007
B-6 $iC-$i-U0, 4.3 % 10'8 1645 418 19 2.833 0 + 0.0007
5 Tho,-UO, 5% 10'7 1385 557 13 9.135 0 + 0.001
6 Tho,,-UO, 5x 109 1385 557 13 9.118 0 + 0.0008
1 ThO,-UO, 1 x 1020 1840 780 33 8.929 0 * 0.0008
1475 400 20
3 Tho,-UO, 1 x 1020 1840 780 33 9.087  Sample broken
1475 400 20 in handling

aSiC-Si-U02 material contained 4 wt % uranium enriched 94%; T|'102-U02 material contained 2.5 wt % uranium en-

riched 94%.

bEach cycle was from reactor water temperature to full operating temperature and return,

©Maximum deviation includes irregularities in the samples.
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counting cans in sufficiently small quantities to
allow handling outside the hot cell. Radicactive
argon was used for calibrating the sampling pro-
cedure so that the activity data could be extrap-
olated back in terms of total activity of gas in the
otiginal sample container.

Gamma-ray curves were recorded
at three- to five-day intervals on the counting can,
which contained 5% of the gas volume in the
irradiated capsule.  The only significant peak
appeared at 0.081 Mev, which is the gamma energy
of Xe133. The decay of the amplitude of this peak
is shown in Fig. 31.
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Fig. 31. Decay Curve of Xe!35,

The activity of 5% of the gas in the irradiated
capsule was measured 22 days after reactor shut-
down. At 1 photon/d this fraction showed an
activity of 8.7 x 10° d/sec, which corresponds to
1.7 x 107 d/sec in the total gas volume in the
capsule. The Xe'33 activity released from the
two samples is then 3.14 x 108 d/sec at the end
of the irradiation period; 99.8% of the total Xe!33
produced remained in the sampies. Based on the
assumption that there was uniform production of
fission products throughout the sample, the maximum
depth from which the Xe'33 escaped is 5 x 10~5in.

REACTOR SHIELD MATERIALS

J. G. Morgan M. T. Morgan
P. E. Reagan R. M. Carroll

For ART application a desirable thermal-neutron
shield should have a high absorption cross section,
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be compatible with adjacent reactor materials, be
able tc withstand elevated temperatures, and retain
its bulk structure under irradiation. Gas release
from the material should be at a minimum. For
use at temperatures up to 1600°F, clad cermets
are one of the groups of materials of interest.

Two cermet shield materials (prepared by the
Metallurgy Division) are CaB,-Fe and BN-Ni,
both clad with type 304 stainless steel. The
cermets were fabricated as follows:®

1. The powders were mixed for 2 hr in an offset
rotary blender.

2. The mixed powders were
33 tsi ina 2x 2]/4 in. steel die.

3. The cold-pressed compacts were sintered for
1 hr ot 2000°F in a hydrogen atmosphere.

4. The sintered compacts were coined at 33 tsi
to 0.250 in. thickness in a 2 x 2]/4 in. steel die.

5. The cermet cores were encapsulated in type

cold-pressed at

304 stainless steel picture frames.

6. The picture frames were hot-rolled at 2000° F
to a total reduction in thickness of 7:1.

7. The
composite sheet.

The specimens were 0.1875 x 0.500 x 0.050 in.
thick; the powder particle sizes and compositions
of the cermet core materials are given in Table 5.

A CaB,-Fe sample was irradiated in helium in
the LITR to a thermal-neutron dosage of 5.2 x
10" nut.  The sample, sealed in quartz, was
cooled by the LITR water. Metallographic ex-
amination’ after irradiation (Fig. 32) showed that
the clad-core interface had retained its continuity.

specimens were machined from rolled

The core material was clad to ensure its compat-
ibility with the Inconel to be used as the structural
material in a reactor. Many of the CaB crystals
are observed in the core matrix, although some have
been removed in sample preparation. The samples
shown in Fig. 32 are shown again in Fig. 33 at
a lower magnification so that the cladding on both
faces of the sample can be seen. There is no
evidence of gross cracking in the core or of
deformation of the sample. Because of the in-
homogeneity of the core, hardness tests were
inconclusive; however, a slight increase in hardness
was observed.

Samples of BN-Ni are being irradiated in the
LITR for six weeks and will be examined after

6J. H. Coobs, private communication.

7A. E. Richt, private communication.









Sample C-N
Hot-pressed and fired at above 2000°C

Fabricated from 60-mesh, and finer, technical-
grade boron carbide

Boron analysis, 62.4 £ 0.4 wt %

Hard, strong, and nearly impervious

Sample A-C
Cast and sintered and then bonded with SiC

Porous and friable

Sample B-C
Cast, then fired at 1350° C and refired at 2000°C

Fabricated from basic mixture of 90% B4C grain
and 10% 20-mesh silicon metal

Porous and friable

Boron analysis, 64.7 £ 0.5 wt %

Sample C.C
Cast, then fired at 1350° C and refired at 2000°C
Fabricated from basic mixture of 80% B4C, 10%

PERIOD ENDING AUGUST 30, 1956

The trace impurities determined by spectrographic
analysis are listed in Table 6. The results of the
tests are given in Table 7.

X-ray examination of irradiated specimen A-C
showed an increase in disordering and the sub-
sequent appearance of a lessening of the degree
of x-ray crystallinity. No particle-size broadening
was indicated.®

MTR lrradiations

Six samples of copper—boron carbide were pre-
pared for irradiation and shipped to the MTR, The
capsules will be inserted in an ‘A’ piece and
irradiated
1020 ppt.
1600°F.
has been constructed and shipped to the site.
The test will be operoted to attain a maximum
boron burnup equivalent to that expected in the
ART.? The samples'? are 0.1875 x 0.500 x 0.102
in. thick and are clad on two faces. The com-
position is 6.6 wt % B4C, ~325 mesh, clad with a
3-mil copper barrier over which is clad 7 mils of
type 430 stainless steel. The samples are mounted

to a thermal-neutron dosage of 3 x
The samples will be irradiated at
The instrumentation for the experiment

200-mesh, and finer, boron metal powder, and in two capsules, three samples per capsule.
10% 200-mesh, and finer, silicon metal powder
= . 8G, E. Klein, private communication.
orous and friable A, M. Perry, private communication.
Boron analysis, 67.8 £ 0.4 wt % 100, R. D! Amore, private communication.
TABLE 6. SPECTROGRAPHIC ANALYSIS OF B4C SAMPLES
Limit of Amount of Impurity (%)
Impurity  Detection* Sample Sample Sample Sample Sample Sample
(%) AN B-N C-N A-C B-C c-C
Al 0.01-~0.1 1-10 0.1-1 0.1~1 0.1-1 0.1-1
Ca 0.001~0.01 0.01-0,1 0.001-0.01 0.001-0.01  0.001-0.01 0.001-0,01
Cr 0.004 * * * 0,01-0.1 0.01-0.1 0.01-0.1
Cu 0.0001 * 0.01-0.1 * * * *
Fe 0.01-0.1 0.1-1 0.1-1 1-10 0.1=1 1-10
Mg 0.0001-0.001 0.001-0,01 0.0001-0,001 0.001-0.01 0.001-0.01 0.001-0.01
Mn 0.001 * 0.01-0.1 * 0.01-0.1 0.01-0.1 0.01-0.1
Ni 0.02 * * * 0.1~1 0.01-0.1 0.01-0.1
Ti 0.04 * 0.1=1 0.1=1 0.1~1 0.1-1 0.1-1
Zr 0.03 * 0.1-1 0.1-1 1-10 1-10 1-10

*Element sought but not found.
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