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THE IODIDE METHOD OF REFINING ZIRCONIUM. :
THE TRANSFER OF NONMETALLIC ADDITIONS DURING REFINING

V. S. Yemel'yanov
A. I. Yevstyukhin
D. D. Abanin .

sence of ¢ blein

In the last ten years the iodide method of refining has become the
most important final stage in the production of reactor-purity.zirconium.
Iodide zirconium, a new structural metal, has been adopted and is being
used successfully in various new technologies. It is better than unre-~
fined metal obtained by the methods of metallothermy and electrolysis with
respect to purity and properties. The advantages of iodide zirconium over
other sorts of metal ere espscially manifest in its high corrosion resis-
tance (approaching the noble metals) and high plasticity which makes it
possible to fabricate articles of very complex configuration from it. A
number of papers have been published in connection with the industrial
use of the iodide method of refining zirconium / 1-4 /. They are devoted
to a study of this process and the equipment that is used.

However, some details of the process and some of the possibilities
of the method have not been clarified fully as yet. One of these questions
is the transfer of additions from the starting metal into the refined
metal during iodide deposition of zirconium on a hot filament. The data
that are given in this paper were obtained in experiments on obtaining
sirconium of especially high purity in our laboratory.

Iodide sirconium of industrial purity normally contains the follow-
ing nonmetallic additions: 0.01-0.02% oxygen, 0.01% nitrogen, 0.003%
hydrogen, and 0,01% carbon. The zirconium for physical research must have
considerably less nonmetallic additions. It was proposed to reduce the
content of nonmetallic additions by repeated iodide refining.




Our laboratory experiments showed that 2-fold and 3-fold refining
of zirconium by the iodide method reduces the content of these additions,
but less than could be expected. Table 1 shows the results of analyses
for the content of nonmetallic additions of industrial iodide zirconium an
metal after 2-fold and 3-fold iodide refining. :

Table 1

Content of Nonmetallic Additions in Iodide Zirconium

Number of Iodide - 3$ﬁ? Addition Conﬁ;pt, wt, &
Refining Repetitions NLEY |oxygen! Y9I~ carbon
Initial electrolytic, | | |
stngtocread | 1 |48 | o | oms | aus
ingle-fold A 0,010 | '0.025 | 0.0028 | 0,03

bosa; 2 ]| | | cke ) o
Two-fold, 2 | 0003 . 0019 | 00015 | 0008

eord 1 Poiid | sad | daw) o
Three-fold .....| |} 0.0015 | 0,010 | 00011 | 0,003

> Ll 3 | 0001 | 0009 | 00000 | 0,004

It is seen from the data in Table 1 that the nitrogen content in
zirconium with one-time refining is reduced approximately ten times and
the oxygen content is reduced twenty times. Upon two-fold refining the
nitrogen content is reduced by about three times and the oxygen only by
1.2 times. In three-fold iodide refining the nitrogen and oxygen content
in the zirconium is reduced even more in comparison with two-fold refining
but it is of the same order of magnitude as observed in two-fold refining.

The carbon content in zirconium in one~time iodide refining is re-
duced by about five times and in two-fold refining it is reduced by three
times; in three-fold refining it is reduced by only about two times. The
hydrogen content in zirconium in two-fold and three-fold refining almost
does not change. There is some basis to assume that the content of addi-
tions in zirconium will be reduced still less upon further increase in the
number of repetitions of the iodide refining process.
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It ig pointed out in works studying the iodide process of refining
metals [15_} that at relatively low temperatures oxides, nitrides, and
carbides of zirconium do not interact with the iodirie and do not form
volatile compounds, and do not breakdown into component parts. In ac~
cordance with thermodynamic data, these additions should not transfer from
the initial metal and deposit on the filament. However, in practice these
additions do transfer and the transfer mechanism to this point is unex-
plained. The phenomenon of transfer of nonmetallic additions in the iodide
refining process was demonstrated especially graphically in one of our
works 4_7 when zirconium carbide was used as the initisl raw material.
We observed the deposition of zirconium carbide on the filament (but not
metallic zirconium) and could not explain this phenomenon.

However, in the work of the Australian researchers, Sciefe and

Wylie / 6_/ it is reported that very pure thorium was obtained from its
carbide using the iodide method (carbide had an oxygen content of less
than 0.001% and carbon less than 0.005%). The authors indicate that the
transfer agents of the carbon and hydrogen during iodide refining can be
CoHy and CO which will breakdown (disassociate) on the hot filament with’
a generation of C, Oz, and Hp. The latter do not react with the filament
and once again interact with the carbon in the raw material.

Acetylene and carbon dioxide vapors can accumulate during the re-
fining process as & result of the interaction of the adsorbed water vapors
(not completely eliminated from the raw material during degasification
with hydrogen and_carbon that are also in the raw material. The authors
of this work [r6;7 calculate that when the iodide thorium is contaminated
with oxygen in the amount of 0.001% and with carbon in the amount of 0.005%
the pressure of the CoHy in the equipment should be of the order of 0.5 mm
of mercury and the pressure of the CO should be about 1 mm of mercury.

. Lunem /[ 7_/ also points to the interaction of carbides and oxides
as the source of the CO vapors that form in the hood. He says that the
formation reaction of CO occurs when the initial metal is superheated,
particularly due to the radiation of the filament, to a temperature above

In our work we set ourselves the task of explaining experimentally
the possible transfer of nonmetallic additions in repeated refining of
zirconium and establishing the effect of varying degreeas of degasification
of the raw material on the transfer of additions.

8 h ‘ h
At first the experiments on repeated refining of sirconium were con-
ducted in hoods made from molybdenum glass 100 mm in diamster and 200-800 mm

long. The degasification of the raw zirconium before iodide refining was
done at 350-4000C at a vacuum of no less than 104 mm of mercury. During
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the refining process zirconium rods weighing 350-450 grams and 8-9 mm in
diameter were obtained. . It was noted that in obtaining rods of this
thickness the raw material was superheated to 500-5300C due to the radia-
tion of the filament (in comparison with 300-320°C for normal conditions)
and the temperature of the outer walls of the hood reached 4509C. Under
these conditions, as is known, the glass begins to give off oxygen which
can serve as an additional source of contamination. Therefore, other con-
ditions and methodology were selected which precluded the possibility of
transfer of additions and contamination of the metal. The initial metal
was degasified at a higher temperature and during the refining process the
hood was heated to a lower temperature. To avold superheating of the raw
metal from the radiation of the filament the zirconium rods were kept to

a thickness of 4-5 mm.

During the course of the work the raw zirconium was separately de-
gasified and refined. Pre-degasified zirconium was put into the refining
hood in quartz ampules at a high temperature. Then the hood was heated
and worked at a lower temperature (300-320°C). The refining hood 1 (see
the drawing) was made from molybdenum glass and was 100 mm in diameter and
500 mm long. On one end of the hood current-conducting electrodes 2 were
soldered. They served two molybdenum rods 8 mm in diameter. A tungsten
filament 3 that was 0.05 mm in diameter was fastened to them. The zirco-
nium was deposited on the filament. On the other end of the hood a tri~
angular joint 4 with two seals was fastened. Into this the ampule 5 with
the iodide was placed. A quartz branch & was let off the main tube into
which the raw metal was placed during degasification.

2 3

Zr
v VA Pumping
1 s

Equipment for Iodide Refining of Zirconium With High-Temperature
Degasification of the Metal.

During degasification the hood was heated to 350°C and the quarts
branch with the metal was heated to 850°C. The tungsten filament was
heated at 1500°C., The vacuum in the hood was maintained at no less than
1074 mn of mercury. After degasification the hood was separated from the
vacuum system, the iodime was distilled into the hood, and the sirconium
from the branch also dropped into the hood.
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In subsequent experiments the degasification of the raw metal was
done separately in quartz ampules at 900-950°C and at a vacuum of 10-4 mm
of mercury for 20-25 hours. After this, the zirconium was placed in the
hood without the quartz branch and the evacuation was done at 350°C. Then
the hood was placed in a furnace and heated to 250°C. After the formation
of zirconium iodide the filament heating was begun.

During the deposition of zirconium the temperature of the filament
was maintained in the range 1200-1300°C and the temperature of the hood
did not exceed 300~320°C. The deposition of the zirconium lasted 15-20
hours. The yield of zirconium was more than 95%. At the point of the raw
metal a fluffy residue was left which consists basically of oxide films
and zirconium nitrides. The final diameter of the rods of zirconium did
- not excead 4-5 mm.

An electrolysis zirconium with a low content of metallic additions
was used as the raw materisl for refining. In the first experiments this
zirconium was used as a powder. In subsequent experimants it was remelted
in an arc furnace and chips were made from the ingots. The iodide was
premixed with Ca0 and NaJ to bind moisture and chlorine. Then it was taken
out of this mixture in a vacuum. Then the iodide was subjected again to
2-fold resublimation in a vacuum and distilled in ampules.

A Discussion of the Results of the Experiment

Table 2 gives the typical analyses of the initial electrolytic
zirconium for carbon, nitrogen, oxygen, and hydrogen content and also
analyses of tnis metal aiter singie lodide refining using the methodology
described above.

Table 2

Content of Nonmetallic Additions (in wt.%)
in Electrolysis and Iodide Zirconium

| z’ | N ] | OI l c ". |
Electrolytic . | 0006 | 0.400 0008 | 0008
Jodide .. .... 0,002 0,002 0,004 0,0004

It is seen from these data that as a result of single iodide re-
fining using the methodology described zirconium was obtained with very
low hydrogen and oxygen content. Such low contents were not achieved




before by using three-fold iodide refining by the nermal method. However,
the nitrogen content in the iodide zirconium was reduced by only 2.5 times
and the carbon content by only 2 times. The low extent to which the nitro-
gen and carbon contents are reduced in comparison with the hydrogen and
especially the oxygen content can be explained by the insignificant con-
tent of these additions in the initial zirconium.

The rodscf the iocdide zirconium were extremely plastic (Brinell
hardness 40-45 kg/mm?) with very clean grain boundaries and had excep-
tionally high corrosion resistance.

From the data that have been given it can be concluded that in
iodide refining of zirconium using the methodology that has been described
.a very high purity of metal with respect to nonmetallic additions (carbon,
oxygen, nitrogen, and hydrogen) can be attained. Besides, it also follows
from these dats that the mechanism of the transfer of additions durin
iodide refining that was proposed in the work of Sciefe and Wylie [1657
is very close to the truth., However, direct proof can be obtained only
by analysis of the gas phase in the hood.
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THE EFFECT OF HYDROGEN AND NITROGEN ON THE CORROSION
RESISTANCE OF ZIRCONIUM IN WATER AND STEAM

V. N. Yemel'yenov
N. V. Borkov

l. The Effects of Hydrogen

Many papers [Pl-4_7 have been devoted to the interaction of
zirconium with hydrogen. Many authors have made special studies of the
effects of hydrogen on the corrosion resistance of zirconium in water and
steam. Hydrogen contained in the metal as an addition before the begin-
ning of the corrosion process and hydrogen which gets into the metal during
the corrosion process have an effect on the corrosion resistance of
zirconium.

In this paper we are attempting to obtain direct proof of the effect
of the hydrogen in the metal on the corrosion resistance of zirconium in a
water vapor medium. Therefore, we prepared zirconium specimens with
various predetermined amounts of hydrogen and subjected these specimens to
corrosion tests. Two series of experiments were ¢tonducted in order to
obtain more reliable results. In both series the tests were conducted in
a water vapur medium at 3500C and a pressure of 170 atmospheres.

Ereparation of Specimens

The initial material with iodide zirconium refined in an are fur-
nace with a consumable electrode and rolled into & sheet 1 mm thick. The
typical content of additions in the initial metal is shown in Table 1.




Table 1

Additions in the Initial Metal

Addition Content, wt. ¥ Addition Content, wt. %
N, | 0,002 N
! 0, 0,006—0,009 r | o 0.0&%.@6
|t 0.0 S 000 | Ti 0.0013—0,0016
Si 0.02—0.03 " | o 0.0006
Fe 0,035-0,075 | ' 0.015-008 ,
|
T

Specimens of the first series were prepared on & special die and
had the shape and dimensions shown in Figure l. Specimens of the second -
series were rectangles 30 x 8 mm.

10
|
1

Figure 1. The Shape of the Specimens of Zirconium in the First
Series of Tests

Before the specimens were alloyed with given amounts of hydrogen
they were given the following preliminary treatment. Each specimen was
cleaned with emery paper to r-emove the oxide film that formed during
rolling. A hole 1.5 mm in diameter was drilled in one end of the speci-
men 80 that the specimen coul.d be hung in the installation for alloying
and later in an autoclave foir the corrosion tests. A number was written
on the specimen by the electiric spark method. Then the specimens were
etched in weak hydrofluoric acid (20% HF, 80% H30), washed in tap water
and scetone, and dried in air, After this, each specimen was weighed on
scales with an accuracy to the fourth power. After this treatment the
specimens were considered 1ready for alloying with hydrogen.




Equipment for Alloying Zirconium Specimens with Hydrogen

We designed laboratory equipment for alloying zirconium specimens
with given amounts of hydrogen. It is a high vacuum system made chiefly
of glass and mounted on a vertical lattice support. A drawing of the
basics of equipment is given in Figure 2. The following basic assemblies
and parts are in the equipment.

1. The reaction chamber (in which the zirconium absorbs the
hydrogen) is a quarts hood 11 with a vacuum slide 10. A glass crossbar
is welded onto the slide inside the hood. This is used to suspend a long
quartz hook 12 on which the zirconium specimen 13 is hung.

2. The measuring assembly which includes a measuring vessel 7
calibrated for the difference in weights in the dry form and filled with
distilled water corrected for the density of air; two taps 6 and 8 to
limit the volume; & mercury manometer 4; an oil manometer 1; and taps 2,
3, 5, and 14. The mercury manometer is used to make a rough estimate of.
the hydrogen pressure in this measuring vessel. The surface of the mer-
cury (wvith a vapor elasticity at normal temperature of 1 x 103 mm of
mercury) is covered with a small layer of vacuum oil which, under the same
conditions, has a vapor elasticity of 1 x 108 mm of mercury. The oil
manometer, covered with vacuum oil D1, is put into the measuring vessel by
opening one of the taps (2 or 3). When this is done the opened elbow of
this manometer is filled with hydrogen and the other is under the deep
vacuum that was achieved earlier. The use of an 0il manometer makes it
possible to increase the accuracy of the estimate by 14 times in compari-
son with a mercury manometer. This is very important when alloying
lightweight specimens with small amounts of hydrogen. The pressure of the
hydrogen in the measuring vessel can be controlled with an accuracy up to
5 x 102 mm mercury. ~

3. The pumping system consists of two vacuum pumpss a rough
vacuum (of the VN-461 type) 24 and a diffusion steam-oil pump (of the
SDN-1 type) 20; a trap 16; a ballast vessel 22; and taps 15, 18, 19, 21,
and 23. By turning on the taps 18, 19, and 21 the vacuum can be created
with either one rough pump or two pumps--the rough pump and the diffusion
pump--connected in sequence.

4. An instrument for measuring the vacuum of the VIT-1 type (not
shown in the drawing) with a thermocouple (of the LT-2 type) 9 and an
ionization thermocouple (of the IN~2 type) 17.

5. The system for retaining and releasing the hydrogen into the
equipment consists of a flask with hydrogen 29; a reducer 30; a rubber
chamber 31 which acts as an indicator of the rate of feed of hydrogen into
the equipment; & trap 28 and taps 25 and 27. Using the trap to remove
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water vapor and oxygen from the hydrogen that enters equipment makes it
possible to avoid these additions.

6. A heating assembly (not shown in the drawing) consists of
furnaces with nickel-chromium spirals on the quartz hood; this furnace is
fed by a transformer of the type RNO-250-5 and an amperemeter which regu-
lates the current in the furnace.

7. A device for measuring the temperature in the furnace——a thermo-
couple galvanometer of the MPB-46 type and a& Chromel-aluminum thermocouple
which forms & hot junction with the bottom of the quarts hood when it is
in its working position. .

Figure 2. Drawing of the Laboratory Equipment for Alloying
Zirconium With Given Amounts of Hydrogen.

Atmospheric air is let into the equipment by the tap 26. The equip~
ment is taken from atmospheric pressure to a pressure of 1 x 10~1 mm of -
mercury by & rough vacuum pump. Then the diffusion pump is turned on and
25-30 minutes later a vacuum reaches 1 x 10~4-8 x 105 mm of mercury.

Using the trap 16 makes it possible to improve the vacuum to (1-3) x 10~
mn of mercury.




A vellspumped setup can retain a deep vacuym for a long time. Thus,
after 48 hours the vacuum is reduced from 2 x 10°° mm of mercury to
1 x 1074 mm of mercury. That is, the leakage was 1.7 x 10~6 mm of mercury
per hour. In test runs to check the retention of the vacuum when the hood
had a furnace heated to 700°C the leakage in the part of the equipment
opened by tap 1) was somewhat greater. us, in two hours of holding at
this temperature the leakage was 5 x 10™3-2 x 10~2 mm of mercury. Conse-
quently, to obtain reliable results when alloying specimens with hydrogen
there should be minimum holding time at high temperature, very accurate
observation of all the parts of equipment, and thorough observation of all
the moving parts of it (the slide, the taps). The laboratory equipment is
shown in Figure 3.

Alloying Zirconium With Hydrogen

The amount of hydrogen necessary for alloying the specimen is cal-
culated using the Mendeleyev-Klapeyron equation

P = mRT
w

where p 18 the pressure of the hydrogen in the measuring vessel in mm of
mercury; m is the weight of the hydrogen necessary to alloy the specimen
in grams; R is the gas constant, 62360 mm of mercury cubic cm per degree;
P is the absolute temperature in degrees kelvin; M is the molecular weight
of hydrogen; V is the volume of hydrogen in cubic cm (in our case the
measuring vessel had a volume of V = 73 cubic cm).

-

The zirconium specimen 13, prepared for alloying, is hung on the
quartz hook 12 in the quartsz hood 11 which is firmly pressed against
slide 10 by a vacuum well. The tap 26 is closed and the equipment is
~evacuated by the rough vacuum pump. As the rough vacuum is reached the
diffusion steam-oil pump is turned on and a Dewar flask with liquid nitro-
gen is put on the trap 16.

At the moment when the vacuum is reached in the equipment (including
in the mercury manometer and in both elbows of the oil manometer) taps 2,
3, and 5 are opened, a tubular furnace is put on the quartz hood, and the
hood is heated to 800°C. Heating at this temperature for 1 hour with con-
tinuous pumping is done to degas the specimen and to dissolve the thin
oxide £film on it. After this roasting the furnace is taken away from the
quarts hood, a Dewar flask with liquid nitrogen is put on a trap 28, tap 8
of the measuring vessel is closed, and the intermediate taps 14 and 15 and
tap 25 on the trap 28 are closed. By slowly turning tap 27 180° hydrogen
is fed into trap 28 from the rubber bulb 31.

Thus, the hydrogen in the trap 28 is at atmospheric preasure. Here

the oxygen and water vapors are frozen out. Then tap 25 is also turned
180°. When this is done part of the hydrogen ococupies the volume limited

-12-




Figure 3.

Y )

The Laboratory Equipment for Alloying Zirconium With
Given Amounts of Hydrogen
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by taps 14, 15, and 25 where it is under a pressure below atmospheric
pressure. The next turn of taps 14 and 15 opens the passage so that the
hydrogen can enter the measuring vessel 7 and the mercury manometer 4
which shows the pressure of the hydrogen in the measuring veasel. Depend-
ing on whether or not the pressure of the hydrogen in the measuring vessel
is too high or too low, it can be raised or lowered by turning the taps.
For better accuracy of estimating pressure an 0il msnometer 1 opened by
one of the taps 2 or 3 is connected to the measuring vessel.

After the hydrogen pressure reaches the right level tap 6 is closed
and tap 8 is opened. As a result, the hydrogen enters the quartz hood 1l.
Now a furnace is once again put on the hood and heating is begun. Mean~
while hydrogen is pumped from the remainder of the equirment (above the
' closed tap 6).

The furnace is put on the hood so that the specimen is in the cen-
ter of the furnace. The temperature in the center of the furnace is raised
to 680-700° and held at this level for 30-40 minutes. After this time the
heating is stopped and the specimen is slowly cooled (with the furnace).
At room temperature the residual pressure in the hood is 6 x 10-3-1 x 10~
mm of mercury which indicates the practically complete absorption of hydro-
gen by the specimen.

The data that are characteristic for the process of hydrogen ab~
sorption by zirconium are given in Table 2.

It followed from Tsble 2 that at 700° there is a rapid absorption of
hydrogen by the zirconium. Holding at this temperature for 30-40 minutes
is sufficient for uniform distribution of hydrogen over the cross section
of the specimen. We checked this in a special series of experiments which
were controlled by metallographic inspection of specimens alloyed with
hydrogen. Figure 4 shows microphotographs of specimens of pure zirconium
and zirconium alloyed with hydrogen.

Table 3 gives the results of chemical analysis for hydrogen content
in zirconium specimens alloyed by the described method. There is very
close agreement between the results of the analysis and the desired amounts
of alloying.

- 14 -




Table 2

Typical Process of Hydrogen Absorption by a
Zirconium Specimen Weighing 1 Gram

Time, Hydrogen Pressure | Furnace
minutes | in Quartz Hood, Temperature, Remarks
mn of mercury oC
0 1-10-4 20
5 85 2 This pressure was observed in the
measuring ressel, After the tap
between the measuring ressel and
the hood was opened the pressure’
was lowered., The furnace was
| turned on.
\ The beginning of hydrogen absorp-
5 109 680 tion by the specimen was read
from the vacuumeter,
20 8102 700 = :
2 2-1073 ;% The heating current of the fur-
50 1-10 nace was turned on; Stands with
70 6-10-? 20 the furnace,
- 15 -




Table 3

The Results of Chemical Analysis of Zirconium
Specimens Alloyed With Hydrogen

Specimen | Amount of Hy in the Specimen After Alloying, wt. %
No. Predicted (considering H, From Results of Chemical

in starting metal) Analysis
] i

1 - ' HUcxoanuit metaan 0,0018

) : 0,0028 - 0,0023

3 - 0,0048 0,0042

1 i 00068 0.0059

5 ; 0,008 0.0074

6 0,01 0,0101

7 0,015 00127

8 ; 0,02 00165

Figure 4. Microphotographs of Zirconium Specimens: a--specimen of
pure zirconium ennealed at t = 800° for 1 hour (X600);
b--a zirconium specimen alloyed with hydrogen in an
amount of 0.0l weight # (X136). The unifo.. oistribution
of the hydrides is evident.,
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Corrosion Tests of the First Series of Zirconium Specimens With Differsnt
Hydrogen Content :

Zirconium specimens alloyed with hydrogen using the described
methodology were subjected to corrosion tests in a steam atmosphere.
Three groups of specimens with the following hydrogen content (%) were
tested in the series:s 0.001 (initial metal),.0.01, and 0.015. - Each group
consisted of three specimens. :

The specimens were hung on hooks of a special suspension made from
stainless steel 1 KHI18N9T and were placed in an autoclave of the same
steel. Twice~distilled water was poured into the autoclave in an amount
that was calculated, at a test temperature of 350°, to create a pressure
in the autoclave of 170 atmospheres. The water was changed every week.
After certain time intervals, 100, 200, 440, 670, and 925 hours, the
specimens were taken from the autoclave, examined, and weighed, the kine-
ties of the corrosion process were determined from the weight of the
specimens. Average data on this test are given in Table 4.

Table 4

Average Data on the Welght of Zirconium
Specimens in Time

Hydrogen Content Average Weight Gain (mg/decimeter?) in time
in Specimens,
wt, & 100 200 LLO 670 925
hours hours hours hours hours
’ - - ! ’ #
0,001 | 316 5.8 9.44 11,8 16,28
0,01 ' 17,85 25.0 27,3 28,4 38,3
0015 | %7 | 260 || 4 B4 52,0
. i

On the basis of the data in this table curves of the corrosion
process were drawn in the coordinates weight-time. These curves are shown

in Figure 5.

as the hydrogen content is increased.

g

They show that zirconium's corrosion resistance is reduced
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Figure 5. Corrosion of Specimens With Different Hp Content.
Medium -= twice-distilled water at t = 350° C and p = 170 atms
1 == Zr + 0,001 wt, % Hy; 2 == 2r + 0,01 wt. £ Hp3 3 == 2r +
+ 00015 “o % HZ. -

Corrosion Tests of the Second Series of Zirconium Specimens With Various
Hydrogen Contents

In these experiments the corrosion medium and the test procedure
were the same as for the specimens of the first series. However, there
were some differences in the conduct of the experiment. First, ezch speci-
men was tested in a separate ampule made from stainless steel 1Kh18N9T.
The working volume of the ampule was 6 cubic cm. The ampule was sealed by
using a "ball on cone" seal. Second, the test lasted considerably longer.
Four groups of specimens with hydrogen contents of 0.005, 0.01, 0.02, and
0.025 weight % were tested. Each group had five specimens. The examina-
tion and weighing of the specimens was done after 250, 500, 1000, 1500,
2000, and 2500 hours. All of the specimens showed high absolute corrosion
reslstance and the tests were not stopped because the specimens failed.
Their external appearance was of very good quality. However, their rela-
tive corrosion resistance, which we judged as in the preceding case from
the corrosion kinetics of an increase in the weight of the specimens,
showed the same pattern as in the first series of tests. That is, an in-
erease in the hydrogen content in the zirconium reduced its corrosion
resistance.

Average data on the increase in the weight of the specimens during
the corrosion process are given in Table 5.
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Table §

The Average Data on the Weight of Zirconium Spscimens in Time

Hydrogen Content Average Weight Gain
in Specimens,
wt, % 250 500 1000 | 1500 2000 2500
hours hours hours hours hours hours
o g = N - e ——
" 0,005 {363 85 61 | 17e 18.2 | 102 |
0,01 | 4.3 10.9 189 20,3 22,7 | B9 |
0,02 | 4,84 10,0 20.9 22,5 26.7 | 28,78
0.025 498 1.8 22,52 24,5 27,3 | 303

logarithmic coordinates.

These data were used to plot curves of the corrosion process in

The curves are seen in Figure 6. These curves

also show that the hydrogen present in the zirconium has a negative ef-
fect on the corrosion resistance of this metal in a steam vapor.

Figure 6.

30
2§/ L
Ns 20 ///5”? >
g 15 / 41
[3] 10 //
¥\
p ‘V/
]
jé, .
. 250 500 1000 1500 2000 2500
- Time, hours .
Corrosion of Zirconium Specimens With Varying Hydrogen
Content. Corrosion medium--twice distilled water at t =

350° and p = 170 atm; 1-%1'47 0.005 wt.% H2; 2—-%1'00.01
wt.% H2; 3--2r+0.02 wt.% H<; 4~=Zr+ 0,025 wt.§ HZ,

e 19 -




2, The Effect of Nitrogen

Literature / 1, 2, 5, 6 and others_/ shows that a number of ele-
ments present in zirconium as additions noticeably reduce the corrosion
resistance of zirconium in a steam atmosphere. Such elements are carbon,
titanium, nitrogen, and others. Nitrogen especially reduces the corrosion
resistance of zirconium. Additions of certain elements, for example, iron,
chromium, nickel, tin, have a positive effect on the corrosion resistance
of zirconium; they can reduce the harmful effect of other additions.

It seemed advisable to study the corrosion resistance of unalloyed
zirconium with additions characteristic for metal of domestic production
in relation to the nitrogen content. 2irconium refined by the iodide
' method, remelted in an arc furnace in an inert gas, and rolled into a
strip 0.75-1.0 mm thick was the initial material.

Table 6 shows the typical chemical composition of the metal alloyed
with nitrogen in different amounts and then subjected to corrosion tests
in steam.

The specimens for the corrosion tests were rectangles 30x10 om, .
Each specimen was alloyed with nitrogen in a predetermined amount ranging
from 0.006 to 0.055 wt.%. The alloying was done in the laboratory egui
ment using the methodology described in the paper by N. V. Borokov ZQZ_7:

Table 6
The Typical Chemical Composition of
Initial Zirconium Specimens
Element Content, wt. % Element Content, wt, %
| s
COHE | 0.045 Si 0.0
W | <o Fe 0015
Ni . <0,001 Ti 0,002
Cr <<0,003 C 0.05
K <0,003 Cu 0,0013
Ca <0.008 0, 0.06
i

The corrosion tests were made in twice~distilled water which was
poured into small ampules from stainless steel 1Khl8N9T with a working
volume of 6 cubic cm. Each ampule contained one specimen. Several series
of specimens were tested under different conditionss t = 300° and p = 88
atmospheres; t = 3500 and p = 170 atmospheres; t = 400 and p = 280 at-
mos egen. Three specimens in each series were tested for each nitrogen
content.
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The corrosion resistance was evaluated from the change in the ex-
ternal appearance and chiefly by the change in the weight of the specimens.
The tests were stopped when a white fluffy oxide film formed on the speci-
mens. Tables are given below of the change in the weight of zirconium
specimens with various nitrogen contents during corrosion tests under the
indicated conditions. The kinetic curves of the corrosion process, plotted
using these data, are also given. The specimens were taken out and weighad
after the time intervals indicated in the tables. The nitrogen content in
the test specimens is also shown,

The specimens with & nitrogen content of 0.006 wt.$ after 2000 hours
of testing were in good condition with a dark firm oxide film. On the
basis of the results collected in Table 7 curves were plotted in logarith-
mic coordinates. The curves are shown in Figure 7.
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Figure 7. Corrosion of Zirconium Specimens Containing Nitrogen
in a Steam Atmosphere at t = 300° and p = 80 atmospheres:
l—-ZI‘+ 0-006 Vt.% N2; 2—-2.1‘0 0.015 'to% NZ; B”Zr +
0.025 wt.® Np; 4=~Zr + 0.045 wt.% No; 5--2r + 0,055 wt.%
Nzo

We conducted a repetition of the experiment to determine the effect
of nitrogen on the corrosion resistance of zirconium under the same testing
conditions but with another series of specimens with a nitrogen content of
0.007, 0.015, 0.02, and 0.03 wt.%. The results were similar to those in
Table 7 and in Figure 7. The specimens with a nitrogen content of 0.007
wt.% were tested for 4000 hours and showed no signs of failure after this
time. Specimens with a nitrogen content of 0.015 wt.% were covered with a
fluffy white film just as in the first case and were taken out of the
test after 1000 hours. Specimens with a nitrogen content of 0.02 and 0.03

wt.% had very poor corrosion resistance {they were taken out of the tests
after 200 and 100 hours respectively).




Table 7

Average Values of the Weight of Zirconium
Specimens per Unit of Surface During Tests
at t = 300° and p = 88 atmospheres.

Nitrogen Content
in Swecimens | Average Weight Gain (in mg/decimeter2) in Time
wt. % 2, | 48 |72 |120 |200 [s00 |1000 | 2000
hours| hoursjhours| hours | hours | hours| hours hours
! T : o ‘ |
; 0.006 5.4 — 6J6| 7.70 | 8.50 8.50 IIGJ7 16,2
0.015 692(| 692 — 10,00 | 13,00 1460 1117.70| Film crumbles;
| 1 } Specimens taken
] e out of tests
0.025 5.4 816 | o8| 1322] | 1741 13.10 | | F11m crumbles; Speci-
mens taken out of
0,045 1430:| 2100 ] 26.60/| tests
- Film crumbles; Specimens taken out of
tests
0.055 15,37 Iz&ss 32,30 |

Specimens of the third series contained 0.007, 0.02, and 0.03 wt.%
nitrogen; specimens in the fourth series contained 0.007, 0.015, 0.025,
and 0.045 wt.% nitrogen. Both series were tested at 3506 under a pressure
of 170 atmospheres. The tests showed that the corrosion resistance of the
spscimens under these conditions was lowered. Table 8 gives the average
values of the weight ol specimens of the third series psr unit of surface.
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Table 8

Average Values of the Weight of Zirconium
Specimens per Unit of Surface During Tests
at t = 350° and p = 170 atmospheres.

Nitrogen Content

Average Weight Gain (im mg/decimeter2) in Time

in Specimens,
wte & 24 50 100 150 200 250 450
hours| hours| hours| hours | hours | hours hours
0,007 6 13 16 3 3 23 |Film crumbles;
specimens taken
out of tests,
0,02 b TN 37 33 Film crumbles; specimens taken
out of tests,
0,03 54  |Film crumbles; specimens taken out of tests, .

Curves were plotted from these data in logarithmic coordinates.
They are shown in Figure 8. :
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| Figure 8. The Corrosion of Zirconium Specimens Containing Nitrogen

in a Steam Atmosphere at t = 350° and p = 170 atmospheres:
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The fifth series of specimens were given a more severe test:
temperature 400° and pressure 280 atmospheres. The specimens had a nitro-
gen content of 0,007, 0,015, 0.02, and 0.03 wt.$. As seen from Table 9
and Figure 9 in such tests the specimens have no corrosion resistance
because even at a minimal nitrogen content (0.007 wt.%) the film begins
to flake off after 100 hours. Specimens with higher nitrogen concentra-
tions did not last 24 hours.

Table 9

Average Values of the Weight of Zirconium
Specimens per Unit of Surface During Tests
at t = 4000 and p = 280 atmospheres.

Nitrogen Content .
in Specimente, Average Weight Gain (in mg/decimeter<) in Time
wt. % 2, 50 100 150
hours hours hours hours
0,007 28 L6 78 Film crumbles;
. specimens taken out
' of tests.
-~. 0,015 143 Film crumbles; specimens taken|out of tests,
0,02 163 " '
0,03 202 "
Y,
3 r
200 4
'g ‘3‘
o \ |
3 .100}-2 '
E ' / A
§ A
S o |
=
X % 2 50 100 150
- Time, hours
Figure 9. The Corrosion of Zirconium Specimens Containing Nitrogen ia

a Steam Atmosphere at t = 400° and p = 280 atmt 1l~=Zr +
0.007 wt.% N2; 2-~Zr + 0,015 wt.% N2; 3--2r+ 0.02 wt.% Ny;
4”&"‘ 0003 H‘t.$ Nzo




Conclusions

1. It was shown that it is possible using the equipment and
methodology described in this paper to obtain zirconium specimens with
different preassigned hydrogen contents. .

2. It was also shown that an increase.in the hydrogen content in
the zirconium specimens reduces its corrosion resistance in a steam “
atmosphere.

3. The corrosion resistance of zirconium is sharply reduced with
an increase in the nitrogen content in it.

. 4. 1In an atmosphere of superheated steam at t = 400° and p = 280
atmospheres zirconium containing 0.007 wt.% nitrogen and more is not a
corrosion-resistant material since even with a nitrogen content of 0.007

wt.% specimens did not withstand tests lasting more than 100 hours.

5. In a steam atmosphere at t = 3500 and p = 170 atmospheres
zirconium containing 0.007 wt. % nitrogen and more also is not a corrosion-
resistant material although the testing time for specimens containing 0.007
wt. % nitrogen was somewhat increased.

6. In a steam atmosphere at t = 300° and p = 88 atmospheres the
corrosion resistance of zirconium with small additions of nitrogen is
considerably higher: specimens with 0,015 wt.® nitrogen withstood -
tests lasting 1000 hours and specimens with 0.007 wt.# nitrogen lasted
4000 hours.

7. Nitrogen reduces corrosion resistance much more than hydrogen.
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THE FORMATION OF SCALE WITH A STRUCTURE 6Zr03°+Nby0s5
ON ALIOYS OF ZIRCONIUM WITH NIOBIUM

Yu. F. Bychkov
V. A, Ivanov
A. N. Rozanov

The heat resistance of zirconium and its alloys and also of niobium
alloys has been studied by a number of researchers. Most alloying elements
reduced the oxidation resistance of zirconium. However, certain additionms,
for example, Fe, Ni, Cr, Cu, Ag introduced in an amount less than 1 at.%,
somewhat improved the heat resistance_of iodide zirconium. However, they
do form low melting eutectics /1, 2;7. Niobium and tantalum in an amount
up to 0.25% increase the heat resistance of iodide zirconium. In larger
amounts they reduce the heat resistance [Pl_7.

At present several heat resistant and scale resistant in water
zirconium alloys have been developed and are being used in water-cooled
‘nuclear reactors: the well-known Zircaloy~2 containing 1.2-1.7% Sn, 0.07-
0.2% Fe, 0.05-0.15% Cr, and 0.03-0.08% Ni; the alloy that is less used,
Zircalloy-3 containing 0.15-0.0% Sn, 0.25% Fe, and the remaining additions
the same as in Zircalloy-2; the recently created Zircalloy-4 containing
1.2-1.7% Sn, 0.12-0.18 Fe, 0.05-0.15% Cr and less than 0.002% Ni;
Ozhennite containing 0.1-0.3% Sn, 0.1-0.3% Fe, 0,1-0.3% Ni, and 0.1-0.3%
Nb, and finally the alloy N-1 with 1% Nb / 2, 3_/. Binary alloys with
0.5% Ta and W have also been recommended. A4ll these low-alloyed alloys
have coriparatively low heat resistance close to the heat resistance of
zirconium.

Recently attention has been given to the development of more heate
resistant alloys of zirconium with an increased content of alloying ele-
ments. Interest is being shown in the highly-alloyed 2r-Nb alloys. For
example, when studying the scale resistance in air at 300, 400, and 5000C
of alloys of the Zr-Nb system annealed for 24 hours at 5oo°c After
quenching from the beta-region it was revealed [-1_7 that the minimum
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addition in weight of these alloys of the system was the alloy with 25%

Nb. This alloy was equivalent to zirconium with respect to heat resis-

tance at 400° or was better than it. The weight addition for this alloy

after 300-hour soaking at 400° was less than 1 mm/sq cm and for alloys

containing about 10% Nb it was 3 mm/sq cm. Alloys containing 10-20% Nb

2;527§howed high scale resistance in longstime tests in water at 400°C
1/.

It was shown still earlier / 4_/ that alloys containing 12-20% Nb
have considerably higher scale resistance in air at 570°C than alloys
with 2-7% Nb. When the Nb content in the alloys with zirconium is in-
creased above 25% the heat resistance is lowered.

The scale resistance of alloys Zr-Nb on a niobium base (up to 45
wt.% Zr) was studied at 1000 and 1200°C / 5_/. Additions of up to 20%
Zr greatly in-rease the linear rate of oxidation of Nb at 1000°C, but
reduce it at 12009C. Alloys of Nb with 25-45% Zr had 2-5 times less
addition of weight than Nb under the same conditions; but they oxidize
more strongly.

The authors of reference 1—5_7 think that in alloys of Nb with
small amounts of Zr the oxidation rate increases as a result of a large
size of the zirconium ions and the lower valence of zirconium in compari-
son with niobium which cause a reduction in the stability of Nbz0s and
an increesse in the rate of diffusion of oxygen through the Nbz0s.

. The corrosion of alloys of zirconium with different contents of
niobium (from 2 to 80 wt.%) in a current of water vapor at atmospheric
pressure and_at temperatures of 300, 350, 400, 450, and 5000C was
studied / 6 /. The alloys containing 20-50 wi.% Nb were better than the
Zircalloy-2 in corrosion resistance at temperatures above 400°C.

Thus, in several works data have been obtained that agree with
respect to the high heat resistance of Zr-Nb alloys containing 20-30% Nb
and it is admitted that these alloys merit further study due to their
higher heat resistance. In the works referenced above, with the excep-
tion of the work of Klopp and others [75_7, relating to alloys whose
compositions are far from optimal with respect to heat resistance,
data on the structure and properties of oxide films formed on these alloys
are not given. '

As is known ZP2_7, in the oxidation of zirconium and itd low alloyed
alloys in air and in oxygen zirconium dioxide film forms on the surfacs.
At temperatures below 1000°C a modification of the dioxide with a single~
wedge lattice is formed and at temperatures above 1000°C a mixture of th
modification with tetragonal and a single-wedge structure is formed Z'z
It is indicated in the work of Klopp and others / 5_/ that the scale that
formed in the Zr-55% Nb alloy during oxidation at 1000 and 1200°C contained
some amount of 6Z2rO; x Nb0s and 2rO2 in addition to Nb20s5.
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Research Methodology

In this work there is an x-ray investigation of the oxide film .
that forms at 600-1200°C in air on the surface of the two alloys of zir-
conium Zr-25% Nb and Zr-15% Nb-10% Mo which have high scale resistance
compared with the heat resistance of zirconium. Certain properties of
the ternary alloy of zirconium with 15% Nb and 10% Mo are given in the
article of Yu. F. Bychkov and others 7;7. It should be noted that the
niobium content in the alloy of Zr with 25% Nb corresponds to the niobium
content in the compound 6Zr0; x Nby05 of stoichiometric composition.

The initial materials for melting the specimens were iodide zirco-
nium (99.5% Zr) and pieces of niobium and molybdenum of technical purity.
From these materials alloys of Zr-25% Nb and Zr-15% Nb-10% Mo were pre-
pared with ten ingots of each composition and also ingots of zirconium.
All the ingots weighed about 30 grams, Melting was done in an arc furnace
MIFI-9-3 in an argon atmosphere in a copper water-cooled bottom. To
achieve homogeneity the alloys were remelted three or four times during .
the melting. The ingots in which the structure of the oxide formed at
600°C was studied were rolled at about 900°C into a sheet about 2 mm thick.
The other specimens were studied in the cast state. Disks about 20-25 mm
in diameter and about 4 mm high were cut out of the ingots. The surface
of the specimens was polished.

To obtain a sufficiently thick oxide film at 600°C the specimens
were held in air more than 24 hours, at 800°C they were held 20 hours and
at 1000 and 1200°C they were held 5 and 3 hours respectively. The dif~
ferent lengths of holding at the various temperatures was caused by the
need of obtaining sufficient amount of oxide film., The black oxide film
obtained at 600 and 800°C was taken off by etching the base metal (alloys
and also the zirconium) in a 50%-hydrofluoric acid. The white scale formed
at 1000 and 1200°C was separated mechanically without etching. The scale
was crushed into a powder.

The x-ray photographs were taken in a camera RKD-57 on a C
radiation with a nickel filter. The photography was done with the fo
lowing parameters: 25 kw, 10 miliamps, 3-6 hours. The x-ray photographs
were measured on a comparer. The intensity of the lines was messured on
a microphotometer MP-4. The intensity of the line was evaluated using a
five-point system.

‘ The fine black oxide film in an atmosphere of oxygen st 1200°C
obtained as follows. The specimens were washed in scetone and placed
a quarts hood. After evacuation and £1lling the hood with argom to
sure of 250 mm of mercury it was placed in a tubular furnace hested
12000C. After holding for 10 minutes in the hood & mixture of oxygen
argon with portions of oxygen every 25 cubic cm was pumped into the bood.
The argon created favorable conditions for slov approsch of the oxypea to
the surface of the specimen as a result of vhich the resulting fils we

£ 35t
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homogeneous. Without preintroduction of argon the specimen oxidized
nonuniformly. After the oxygen was fed in the hood with the specimen was
held in the furnace for two minutes and cooled in air. As a result of
oxidation in oxygen the addition in weight of the specimens was 0.5-1 mil-
ligrams per square centimeter.

The black oxide film in air was obtained in a similar way but argon
was not fed into the hood; the pressure of air in the hood at the moment
of oxidation was 1 atmosphere. As the process of feeding air into the
hood was finished the hood was taken from the furnace and cooled in air.

' For kinetic investigations the specimens were weighed and put into B
porcelain crucibles. The crucibles were tightly covered with lids of
- gtainless steel and were placed on a support of steel for oxidation in a
muffle furnace MP-2 heated to 700°C. The temperature in the furnace was .
regulated by a temperature regulator MRShchPr-54. During the oxidation
process the specimens were weighed on analytical scales every hour. We
also investigated the compound 6ZrOy x Nby05. This compound was melted -
from powders of ZrO, and Nby05 in the following manner. First, buttons
of Zr0O, and Nby05 were placed in an arc furnace which were then melted
in a proportion of 6:l. Niobium Dentoxide was obtained as a result of
oxidation of the metallic niobium in air. The Zr0O2 powder that was used
to make the compound was of technical purity. ‘

A Discussion of the Results

As indicated above, the separation of the oxide film from the
specimens oxidized at 600 and 800°C was done by dissolving the specimens
in hydrofluoric acid. The possibility of using this etching agent was
checked in zirconium. Zirconium specimens oxidized at 600 and 8000C were
held in acid until the metal was completely dissolved. There remained a
powder-like black oxide which did not dissolve in the acid. The structure
of these powders coincided with the single-wedge structure of technically
pure ZrO2 powder (Figure 1). Some lines on the x-ray photos correspond to .
the tetragonal modification. The lack of a noticeable effect of the acid
on the zirconium oxide was confirmed by the following experiments the
powder of white zirconium oxide after 2.5 hours holding in acid in which -
there was simultaneously dissolved metallic zirconium changed its weight

by only 0.0045 grams (by 1.5%).

In the oxlidation of the specimens there is first formed a homo-
geneous black dense film and a parabolic relation of the weight to time
is observed. After the break on the oxidation curve a white oxide film
appears which corresponds to the beginning of accelerated oxidation.

The structure of the scale that forms on alloys Zr-25% Wb and Zr-

15% Nb-10% mo depends upon the tempsrature of oxidation in air. At 600°C
the basic oxidation product of these alloys is a black film consisting of
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zirconium oxide in the single-wedge modification (Figure 2). The white
scale which formed on the alloy Zr-/5% Nb-5% Ti after oxidation at 600°C
for 145 hours that was separated mechanically also consisted practically
only of Zr0. Thus, the white and the black oxide films that form on the
alloys Zr-Nb at 600°C consist of 2r0, and contain only a small amount of
the new phase (see Figure 2). It can be concluded from this that the high
heat resistance of alloys Zr-25% Nb at 400-5000C is not due to the forma-
tion of a new productive oxide film but to other unknown factors.
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Figure 1. Lines on the X-Ray Photographs of the Oxidation
: Products of Zr at 600 and 800°C (a, b) of a
Technical Zirconium Oxide (c), a Cast Compound
6Zr0s x Nbo0s5 (d) and Niobium Oxide (e).
(H-ZrN, T—tetragonal modification of Zr0,)

-31-




Zre25% Nb

600°C
LLIJIIIILJI][ILLLJ J._ 1 -
1215202428623640“¢85256606¢6672160
i 800 .
Adie byt e e fofoad
[ 1000 °C
1216 20 2 26 32 36 40 4% &8 52 56 60 67 68 1 %&°
{ 1200°C
g i ln hullu.JhlJ l Ll Lty
Zr+I5%Ne+10 %Mo
600 °c

__JM_LJ_J_JIJLII]L Ll 1 1

2 120 2% 28323 40 4 48 52 56 60 66 68 n Ne°
800°c

u__.l_ll‘u_Lﬂmmﬁ.JLHLlh Ill IJJ 1J

1000 ¢

2 16 20 26 28 32 36 40 44 48 52 56 60 6 68 2 MO

Mlﬂl_uﬂlefmc[ L L

Figure 2. X-Ray Photographs of Oxide Films Formed on Alloys of

Zr-25% Nb and Zr-15% Nb-104 Mo During Oxidation in
Air at 600, 800, 1000, and 1200°C.

Upon an increase in the oxidation temperature from 600 to- 1200°C
the amount of 2r02 in the scale drops and the smount of the new phase

differing from Zr0O, and from NbyOs increases (see Figures 2 and 3). Inas-
mich as the new phase has & different structure from a zirconium oxide snd

from the ni.obium oxide it can be assumed that it is s complex compound

these oxides.

In studying the phase diagrams of the alloy koz-nlzo’

the compound 6Zr0O2 x Nb205 on the basis of which the region of
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solid solutions is formed was revealed. This compound melts at 1670°C.

Lo,
Ty

500 800 1000 t,°C

Figure 3. The Relation of the Intensity of Two Lines 2r02
(@ = 3.194 and 2.857 A) to the Intensity of Lines
62r0p x Nbz05 (d = 2,982 A) to the Temperature of
Oxidation of the Alloyss 1, 2—for Alloy Zr-25% Wo;
3, 4~—for Alloy 2r-15% Nb-10% Mo. '

Rot and Kofanur [ 8_7 investigated the structure of this compound
and determined the interplanular distances. The interplamlar distences
for the compound 6Zr02 x Nb0s5 which we melted [{a table) coincide With
the values given in the work of these authors 85 except for seversl
lines relating to Zr0; which can be due to a deviation in the composition
of the alloy from the stoichiometric composition during melting. The
interplanular distances for the new phase that forms during oxidstiom of
alloys Zr-Nb and Zr-Nb-Mo at high temperatures coincide with the inter-
planular distances for the melted compound which is seen from & compsriscm
of Figures 1 and 2.
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Table of Interplanular Distances for Compounds
of 6Zr03 x NboOs Melted in an Arc Furnace

|

I N d. A | ! N d, A ! N d, A '

! - - - A - — e ]
0803 | 3 15 162 | 2 | 200 1,82 | 3 °
! lz 081 | 1 1 16 1,222 ! 30 1929 | 1
3 0815 : 3 | 17 1,290 l 31 2,009 1
Ly 0861 @ 3 18 1,328 1 32 2,101 2
¢ 5 0.880 ' 1 19 1.401 1 33 2227 | 2 i
I 6 0893 . 4 i 20 1,430 2 34 2.492 2
7 0954 | 3 21 1,480 2 35 2598 | 3 !
8 0965 | 3 22 1,512 3 3% 2,662 1|
9 0991 | 2| 23 1,553 4 37* 2,866 2 !
10 1015 | 1 1 240 1.588 | 2 38 2995 | 5 |
T 1.031 | 2 25¢ 1,669 3 39¢ 3,178 3 |
12 1,048 | 2 26* 1713 | 2 40 3438 | 2

13 1094 | 3 27 1,775 | 3

14 1.144 | 3 28* 1.817 4
* Zr02 lines. I

The amount of the compound 6ZrO; x NbyO5 increases with an increase
in the oxidation temperature and at 12009C for the alloy Zr-25% Nb it is
close to 100%. The ratio between the amerate cf Zrl; oxnd £2r02 x szgg
in the scale can be judged from the ratio of the intensities for the lines
that are close together and are stronger for these phases (see Figure 3).
From the data in Figure 3 it can be concluded that at 1200°C a sufficiently
oxidized alloy contains a maximum amount of the new phase and at lower
temperatures the scale contains considerable amounts of Zr03. In view of.
the fact that the compound 6Zr02 x Nby05 has no transformations and is
refractory (melts at about 1670°C) , we assumed that the oxide film cor-
responding in composition to this compound will have better protective
properties than the films with a different structure. It was also assumed
that such a film can be obtained at high oxidation temperatures.

To evaluate the protective properties of the films that form at
high temperature oxide films were obtained on specimens in an stmosphere
of oxygen and also in air at 1200°C using the method described above and
the kinetics of oxidation at 700°C of the initial and at 12000C of the
pre-oxidized alloys was studied.

The results are given in Figures 4 and 5 from which it is seen thet
the alloy Zr-15% Nb-10% Mo in the initial state and also after pre-oxidising
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is close with respect to heat resistance to the alloy Zr-25% Nb (the weight
values are practically the same). The kinetic curves of oxidation at
7000C for different melts of the same composition are not identical and

the weights are somewhat scattered which, probably, is due to the speci-
mens having different contents of additions.

1 -
/2
/ |

N, g

R e

&0 "
8, ,
5

%

!

2 2

0 ? * 3 7T, Bours

Figure 4. Oxidation Kinetics of Alloy Zr-25% Nb in Air at
700°C; 1, 2-~Specimens Pre-Oxidized in Air; 1', 2w
Specimens Pre-Oxidized in Oxygen; 1'', 2!''-——Speci~
mens Without Preliminary Oxidationm.

Preliminary oxidation of any of the specimens at 1200°C always
increases the scale resistame. The weights in this case were lowver
without preliminary oxidation. , :

In Figure 4, in which the kinetic curves for alloy Zr-25% WMo are
given, it is seen that the oxidation of specimen No. 1 in the initisl
state (Curve 1'') first occurs according to the parabolic lav and sfter
sbout 3 hours there is a break--acceleration of corrosion. The ssme
specimen after preliminary oxidation in oxygen (Curve 1') and in air
(Curve 1) oxidiszed according to the parabolic law for s longsr time
(6 hours and more) and had less of an increase in weight. For ‘Secimew
. 2 a similar occurence was observed—specimens preoxidised st 1200°C
(Curves 2 and 2') were oxidized at 700°C considersbly more slowly thes
the initial specimen. The slight sdvantage of the pre-oxidised specimens
wvas retained through the entire 10-howr period of testing.




Weight gain, mg/em2

0 2 4 § 8§ t. hours

Figure 5. Oxidation Kinetics of Alloy 2Zr-15% No-10% Mo in Air
at 700°C:s 1,2,3--Specimens Pre-Oxidized in Air;
1t,2%,3'~-Specimens Pre-Oxidized in Oxygen; 1'‘,
2'' 3''__Specimens Without Preliminary Oxidation.

The kinetic curves for specimens of the alloy Zr-15% Nb-10% Mo in
the initial state (Curves 1'',2'!,3'!, see Figure 5) followed the para-
bolic law for the first three to four hours and the subsequent part of
the curves corresponded to oxidation accelerating in time and not sub~
ordinate to the parabolic law. The specimens pre-oxidized at 1200°C
(besides Specimen 3!'') were oxidized by the parabolic law throughout the
entire test time which lasted 10 hours (Curves 1, 1!, 2, 2', 3). The
influonce of the preliminary oxidation at 1200°C on the oxidation rate of
the alloy Zr-15% Nb-10% Mo is somewhat less than for alloy Zr-25% W.

X-ray investigation of the black oxide film obtained in oxygen at
1200°C (a weight gain of 0.5 milligrams/sq cm) which was sepsrated by
etching the specimen in a 50%~hydrofluoric acid showed that this film does
not contain & noticeable amount of the compound 6Zr0O; x Nb205. That is,
the slight increase in heat resistance that was observed after preliminary
oxidation is not due to the formation of this complex compound. The forme~
tion of the compound 62r0; x Nby0s5 occurs only in the later stages of oxi-

dation at high temperatures after the beginning of the formation of the
white oxide.
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Conclusions

1. It was shown that unon oxidation in sir of alloys Zr-25% Nb and
Zr-15% Nb-10% Mo a compound 6Zr02 + Nb20g5 appears on the surface along with
Zr0p. The amount of the 6Z2r02 « Nb20g5 during strong oxidation at 1200 °C
of alloy Zr-25% Nb reaches almost 100% and close to 100% for the second
alloy.

2. Preliminary oxidation of these alloys at 1200° C at lowered pres-
sure in oxygen and in air before the formation of the black oxide film
somewhat increases their resistance to oxidation at 700° C which is not due,
however, to the formation of 6Zr0 ¢ NbOs.

3. The elevated resistance to oxidation of alloy Zr-25% Nb at
temperatures below 00° C, evidently, cznnot be exnlained only by the for-
mation of the comnound 6Zr0p * Nb;0g since even after oxidation at 600° C
the content of this compound in the oxide film is low,.
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OBTAINING MOLYBDENUM SINGLE CRYSTALS AND THEIR PROPERTIES

V. S. Yemel'yanov, A. I. Yevstyukhin,
G. A. Leont'yev, and A. N. Semenikhin

Modern technology requires high melting metals and alloys based
on them. It is necessary that there be broad research conducted on these
metals and alloys. The most interesting results can be obtained in the
study of pure single crystals.

For most metals with a comparatively low melting temperature the
methodsof obtaining single crystals have been well developed and described
in literature / 1 /. But the obtaining of pure monocrystals of refractory
metals such as molybdenum, tungsten, niobium, and tantalum has certain
experimental difficulties. In this connection we attempted to grow single
crystals of molybdenum from the gaseous phase using the method of thermsl
dissociation.

The possibility of obtaining single crystals from the gaseous phase
vas mentioned by Van Arkel / 2_/. To grow the monocrystal it is necessary
to have a monocrystal base. Then the growing deposit of metal will repest
the structure of the base. Single crystal filaments were obtained by re-
crystallization of polycrystal wires from molybdemum mounted in sn sppers~
tus for deposition. The methodology and the equipment used in ?ﬂ- ,
ment were described in the work of V. S. Yemel'yanov and othu'lt?B o
After heating at 1550-1650°C for 2-4 hours on a molybdemm wire 0.1 mm in
diamster it was possible to obtain single crystal segmemts from 10-950 mm

lmo

The features of obtaining molybdenum deposits from the gaseous
phase by thermal dissociation of MoCls required thst deposition begin st
1500-1600°C. After a certain time the temperature was reduced to 1280~
1300°C. At temperatures below 1280°C the deposition procesded more slowly
but the deposit had a mirror finish with smooth ribs. Upom an increass in
the temperature of the filament the rate of deposition incressed snd the
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definition of the crystals became more clearly expressed. In this way
filaments up to 3 mm thick consisting of monocrystal segments up to 90 mm
long were obtained. The external appearance of such segments is shown in
Figure 1. The content of gas additions in the single crystal and alsc in
the base material are given in Table 1.

Uy oot oo s e
I

ﬂ"mthm"'—r—-'—t:.y-?:!-r"-***r-n :: v .v"i:‘".;»'l-.

Figure 1. External Appearance of Molybdenus Single Crystsls.

Teble I
Gas Content in Metallic Molybdemum (in %)

Material . L& W, I &
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The single crystals that were obtzined had high plasticity at room
temperature. They bent easily at a large angle end were cold rolled while
the polycrystalline deposit obteined from the gas phase broke easily during
bending due to the poor bonds between the individual crystals. The ap-
pearance of the bent single crystal is shown in Figure 2. The molybdenum
single crystals have considerably less hardness ithan the normal metal
(Table 2).

Figure 2. Molybdenum Single Crystals Bent at Room Temperature

Table 2

Hardness of Various Molybdernum Specimens

Hardness arter
Material Brinell, kg/mm2
Single crystal A 82.86
Single crystal B 76-85
Industrial shect, 0.95 mm thick
deformed :237-247
amealed at 1000° C l 209

The microbsrdness of the single crystals was in the range 180-200
kg/m” (load of 200 grame} amd for normsl industrial metal in the anresled
state it is 230-260 kg/am~.

Other properties that were studied were ths modulus of elasticity
snd the intermal frictiom. For thess purposes whols singls orywtals 90 mw

lomg wvere cut from rods. In order t6 be convinced whstler tle

consists of a single monocrystsal, &t several pointe off cne faas b o
vere Saken which turmed out to be Identical., One of theses photogruphs is
show in Figure 3.
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Figure 3. A Typical Lavergram Taken From the Reflection of a
Face of the Single Crystal

The modulus of elasticity and the internal friction were measured
on equipment deecribed in the work of A. I. Dashkovskiy, A. N. Semenikihn,
and P. L. Gruzin (see page 41 of this collection). The modvlus of elas-
ticity was calculated from the resonance frequency of bend oacinatiog&
of a freely supported cylindrical specimen. The internal friction ¢~4
was determined from the dampening of the bend oscillations. For comparis
son the same measurements were made in polycrystalline specimens from
normal molybdenum serving as the raw material for obteining ithe singie
crystels. The measurement showed that the modulus of elssticity of the -
single crystals is somevhst greater than in specimens from the nermsl
metal (Pigure 4, Table 3).

Tstls 3

The EBlasticity Modulus at Room Tempersturs
for Various Types of Kolybdemun

Material B, kg/mm?
-1
Single crystal A 33,30
Single crystal B 33,900
Industrial metal 37 600
] ] ”'m
. » [ 32,600
!




i
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Ih

oo 200 300 400 500 6007°K

Figure 4. Change in the Modulus of Elasticity E for Molybdenum
Single Crystals in Relation to Temperatures l--single
crystal B; 2--single crystal A (O--in the initial stats,
X--after annealing at 600°C for 2 hours); 3--industrial
molybdenum; 4-—industrial molybdemum from the work of
Freerman and others [ 1._7.

The internal friction in molybdenum single crystals monctonously
increases in the measured range of temperatures from 1.6 x 10"5 st ~190%C
to 3.8 x 1072 at plus 200°C.

In quenched and then wrought single crystals there was s regrsseion
of the values of the internal friction Q1. Quenching wes done in the
equipment to balance the crystals with a temperature of sbout 1300°C. The
quenched single crystals had a low internal friction. After slight
bmm(mmmmofmiln)mmmrm
increased sharply. At heating to 909C ™ in the deformed singis erystal
began to drop sharply (FPigure 5). As a result of hesting to 130°C the
internal friction was reduced by three times; additional smmesling st
wrwzmwuw.matmwmumm
QL.
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Figure 5. Change in the Internal Friction of a Molybdenum Single
Crystal in Relation to Temperatures l»quenched and
then bent monocrystal; 2--annealed at 600°C for 2 hours;
3--annealed at 600°C for 2 hours and then bent.

Crystals annealed at 600°C were subjected to tho same deformation
as the quenched crystals but the regression in the Q1 in the temperature
range 100-200°C did not occur in them.

According to the theory of Granato and Lucke [ 6], the internsl
friction can be attributed to the dislocation motion under the applied
stresses. In plastic bending the er of dislocations incresases which
leads to an increase in the value Q™*. If the crystal contains an exces~
sive number of point defects which are fixed by quenching, then the lstter
can migrate toward the dislocations and amplify them reducing thereby the
. level of internal friction.

.Conelusiong

1. A methodology was developed for growing molybdemm single
' crystals from the gaseous phase using the method of thermal dissocistion.

-“.




2. Preliminary investigations of hardness, modulus of elasticity,

and internal friction were conducted in the single crystals that were
obtained.

1.
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INVESTIGATION OF THE DISTRIBUTION OF ADDITIONS
IN NIOBIUM AFTER ZONE REFINING

A. I. Yevstyukhin
V. V. Nikishanov
I. V. Milov '

dntroduction

In published works [ 1-3_/ the growing interest in niobium and its
importance for the development of certain branches of new technology are
pointed out. It is also noted that the methods of refining niocbium of the
additions which accompany it determine to a large degree the level of its
production and use. :

- At present various methods of refining niobium have been developed.
Zone refining of niobium and its melting using the electron-besm method
have the best prospects / 4-6_/. Remelting nicbium in modern puent
with electron-beam heating makes ii possible to obtain niobium in the form
of ingots of different size / 7-9_/. The remelted ingots of niobium can dbe
pressure -worked and worked by other methods. For example, they cap be
rolled into a foil 0.013 mm thick without intermediate annealing ? 10] .

Research has shown that the remelting of niobium by the electron~
bean method causes considerable vaporation of certain sdditions including
Pe, Cr, A1, N4, V, ¥, C, and B /11 /.

However, the equipment for electron-beam melting in production is
still quite complex. In this sense, the equipment for arc snd induction
melting are most reliable in production. The melting and sone recrystel~
lization of niobium in this case occurs in crucibles and without ecrucibles
Elsctric arc melting of niobium, from our point of view, is most suiteble

and productive in production.




The method of arc zone recrystallization in a copper cooled crucible
in a vacuum (or in an atmosphere of clean inert gas) makes it possible with
the use of comparativaly simple equipment to obtain niobium_in the form of
ingots with large single crystals of very high purity [ 12_7. The use of
induction heating in zc.ne recrystallization in the variation without the
crucible also makes it possible to grow single crystals of niobium of very

. high purity /8, 12_/, but this method has low productivity and is less
~-economical.

The Theoretical Possibility of Refining Niobium by Zone Rec t. tio

Study of binary phase diagrams of alloys of niobium with other

" elements makes it possible qualitatively,and in some instances when the

factor of distribution of additions in the niobium is known, quanti-
tatively to describe the degree of refining of niobium of additions by
zone recrystallization.

Three types of interaction of additions with this metal can be
selected from the aet of phase diagrams of alloys of niobium with other
elements.

The first type of additions include the elements forming & series
of solid solutions with niobium. They include Mo, Ta, Ti, W, V, U, and
Zr. The second type of addition includes the elements that form limited
zones of solid solutions and they ares: C, Cr, Ce, Fe, Si, B, Be, 'l,

N, Sn, Re, Cu, Mg, and La. The third type of addition includes the ele-
ments that practically do not dissolve in the sv1lid niobium. Such ele~
ments are, for example, hydrogen and thorium. Since microquantities of
these additions have a large effect on the properties of niobiul, rdiniu
it of additions has great practical importance.

The degree of refining and the direction of movement of additions
in zone recrystallization basically are determined by the value of the
factor distribution of an eddition in the solvent.

When K is greater than 1 the addition is moved in the direction op-
posite to the motion of the szone; if K is less than 1 the addition moves
in the direction of the zone movement. The greater the difference between
the distribution factor and 1 the higher the degree of refining will be.

Table 1 gives the characteristics of binary systems of niobium. is
it follows from the table, the degree of refining and the nature of trane-
fer of all the additions can be divided into three groups. :

The first group includes additions in vhich K is grester them 1.

. A typical metal in this group is W. The second group of sdditions is

formed by ”’ &, ﬁ, I‘v, ﬂ, Th, W’ b, ﬁ', U, cl', c.’ " ’.' n 0’ "'
Al, B, and C. Por these elements Kk is less than 1. Mm,tgo
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effectiveness of niobium refining is increased upon a reduction in K and
is greatest for thorium and hydrogen. Additions of this group during re-~
fining should be concentrated in the last zone of the ingot. The third
group includes such additions as Ta, Re, and Mg. Thesé slements have a
factor of distribution K that is close to 1. This makes their redistri-
bution during sone recrystallization difficult. In this case magnesium
is separated from the niobium by vaporization while Ta and Re remain in
the ingot.

Table 1
Characteristics of Binary Systems of Niobium Alloys

Eutectic , :
tur.. Oc "t. % B
\u; - Cont., ser. of solid sol.*| 39 19] '
Ta — Same 1,2 13
o om | S|
N —  [Cont, ser. of solid sol. | 08 - 16
u — Same 0,78 17 .
.. Po - - 0,71-0.8 | according to.
authors' data
V- - JCont. ser. of solid sol. 0,72 {8
Zr - Same 04—0,6 119
g | Men 049 03 2
oo = |Cont. ser. of solid sol.| 03 2 -
Si | 1880 1,56 0,28
Fe i ~1660 2.44 J7—02
Cr 1660 12.25 0,2
Cs 1580 160 01702
Sn 2000+ 28 130 ' 0,043
0o s 0.72 . 013
N P - 0.07 <} ;
C 1 23% 0.03 <l
Ce 2370220 20 <l '
La M00 0,1-02 <
Th 4% 0 <} i
H - 0 <) i

~ * Cont. ser. of solid sol. — Continuous series of solid solutiows.




On the basis of these data it can be expected that during zone
recrystallization niobium should be cleaned of additions and almost all of
them except Ta and W should be concentrated in the last part of the ingot.
When there are large numbers of zone passes and corresponding rates of zone
movement the middle part of the ingot should be freest of additions. The.
factor of vaporization of additions should also play a very important role
in the refining process [ 7_7.

A Discussion of the Results of the Investigation

In this section we describe the experiments and the results of
refining niobium of technical purity of carbon, iron, lead, and tungsten
" in a specialized laboratory arc furnace using the method of szone re-
crystallization. The methodology and the equipment in which the experiments
were conducted were described earlier by the authors [ 3_/.

The experiments were conducted in an atmosphere of clean helium at-
low pressures. An axial-symmetric constant magnetic field concentric to
the arc tongue was used to stabilize the arc tongue during melting. Care-
ful stabilization of the arc is necessary to create more balanced conditions
of metal crystallization. An unstable thermal feed in the molten szone
causes rapid solidification of the layers that are enriched with additions
near the crystallization front (concentration peak) arising in the liquid
zone due to insufficient mixing of the melt which reduces the éffectiveness
of the process of addition redistribution. The melting regime for the ex~
periments described above was as followss current--500 amp, voltage==24.%
volts, length of molten zone—-25 mm.

Before the begimning of the zone recrystallization the ingots were
about 230 mm long (about 10 zones) and weighed 150 grams. It should be
noted that in the melting process all of the ingots were shortened to
200 mm (8 zones) as a result of the transfer of metal to meet the movement
of the zone (its effect can be eliminated using proper angle of the
crucible). Variations in the current fed into the sone did not excesd
1-3%. The mmber of zone passes for all the ingots besides the
studied for the transfer of lead was ten. The rate of movemsut of ihe
moltent zone in the experiment was 0.75 mm per minute. For the ingots in
wvhich the transfer of lead was studied 2 rates were useds 30 and 0.75 ma
per minute. The length of the molten zone was the same as in the other
experiments-——25 mm.

The experiments were conducted with niobium of industrisl purity.
The initial content of additions in niobius is given in Tsble 2.




Table 2

Additions in Industrial Purity Niobium

! Content, ! Content,
Muum! wt. % BMﬁum Wt %
, ;
o l 0,008 il Cr 0,04
H L0007 Ti 0.15
C ? 0,05 i Si 0,08
Fe © 0,08 | Pb 0,03
N ‘ 0,012 ll

For study of the redistribution of carbon, iron, and tungsten
their radicactive isotopes were used. There was parallel chemical
analysis of control ingots (without isotopes) recrystallized under the
same conditions.

In one ingot of industrial purity with an initial carbon content
of 0.9 wt.%, 0.005 wt.% of the isctops Cl4 was introduced; in another
ingot with an initial iron content of 0.08 wt.%, 0.0l wt.% of the Nb5?
isotope was introduced; in a third ingot with an initial tungsten content
of 0.03 wt.%, 0.01 wt.% of the Wl82 igotope was introduced. The amount
of isotope was selected with consideration of its specific activity in
such a way that the basic chemical composition of the ingot was not
changed.

After introduction of the radioactive isotopes all the ingots
(including the control ingots) were subjected to zone recrystallization
with a speed of 0.75 mn/min. with four passes (the mmber of passes was
established experimentally). The uniformity of distribution of the iso~
topes was checked by measuring the activity of the individual sections
of the ingots.

Ingots with a balanced composition were subjected to sone re-~
crystallization after which the radiocactivity of the various sections of
the ingot from the side of the arc and from the side of the crucible wss
measured. The measurement was done on a gage of the type T-25-BSL. The
control in active ingots and the ingots in which the lead transfer ws
studied were amalysed in a chemical laboratory.

The distribution factors of carbon, irom, snd tungsten, deternined
from the phase diagrams of the alloys Nb-C, Nb-Fe, and Fb-W (see Tsble 1)
are respectively:s K¢ is greater than 1; kg, = 0.17-0.2; Ky = 3.9. Couse-
quently, in the sone recrystallisation process the tungsten must bs
concentrated in the first part of the ingot; the iron and csxbon mwst be



concentrated in the last part. The experiments confirmed these assumptions.

Transfer of Carbon

Study of the distribution of the radioactive isotope clé after
zone recrystallization showed that the carbon is concentrated in the last
part of the ingot. This is evidence that the distribution factor of the
carbon in the niobium is less than 1. Along the transverse cross section
of the ingot the carbon is distributed uniformly; measurements of activity
along the upper and lower surfaces of the ingot gave coinciding results.
Figure 1 shows a curve of the distribution of the radiocactive isotope cls
along the length of the ingot. The curve shows that the ratio of the
corcentration of carbon in the end and the beginning of the ingot is 8:l.
In the experiment a considerable vaporization of carbon was revealed. Evi-
dently this is in the form of the products CO or CO; since the walls of the
crucible and the chamber showed no activity after melting and the over-all
level of activity of the ingot as a whole was lowered. .
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Figure 1. Change in Radiocactivity Along the Length of an Ingot
of Niobium With the Radioactive Isotope Carbom 14
After 10-fold Zone Recrystallization

The data of chemical analysis (Table 3 and Pigure 2) confirmed thet
the niobium is refined of carbon under the action of z0me recrystellisstiow
and also indicate the vaporization of carbon from the ingot (the esrbom
content is novhere greater than the initial carbon conmtent).
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Figure 2. Change in Carbon Content Along the Length of an Ingot
of Niobium After 10-Fold Zone Recrystallization (From
the Data of Chemical Analysis).

Table 3

Carbon Content in Certain Sections of the Ingot
After Zone Recrystallization

Distance
Numbe from
of r tmg:ln-ﬂ Carbon e;ntmt.
section ning o wt.
ingot,
mR
| 12 | Not revealed .
2 37 » »
3 62 » »
4 & » »
5 112 >0,01
6 137 0.010
7 163 0.028
8 i85 0041

The data of radiometry and chemical analysis are evidence timt the
section equal to 3-4 lengths of the zone, that is, sbout half of the
ingot, is refined of carbon to the greatest extemt.
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. Transfer of Iron

Figure 3 gives a graph of the distribution of the radicactive iso-
tope Fe? in an ingot of niobium of industrial purity after 10-fold zone
. recrystallization. The data of chemical analysis give the same picture of
transfer of iron in the direction of zone movement (Table 14, Figure 4).
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Figure 3. Change in Radioactivity Along the Length of an Ingot
of Niobium With The Radioactive Isotope Fe°? After
10-Fold Recrystallization.
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Figure 4. Change in Iron Content Along the Length of an Ingot
of Niobium After 10-Fold Recrystallisation (Prom Dats
of Chemical Analysis).
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Table 4

Iron Content in Certain Sections of the Ingot’
After Zone Recrystallization

Distance
\ . from | '

Section| begine Iron content,
number | ning of
ingot,

mn

10 Not revealed
35 »
65 »
90 0
110 0,040
135 0,085
161 0,083
186 0.0695

WNDNRN —

,  Along the vertical cross section of the ingot the iron (just as the

carbon) is distributed uniformly. The results of radiometry and chemical
analysis make it possible to say that iron during zone arc recrystalliza=-
tion is vaporised in a significant amount since only the last two sections
have a slightly different iron content from the initial iron content and
the first three sections can be considered to be practically free from
iron. According to the data of radiometric measurements the dogrco of
refining of these section is about 5:l1.

Thus, using the described regime of recrystallization the niocbium is
noticeably refined of ironm.

Iransfor of Lead

Published literature bas no data on the phase diagram of the No-Fb
system and before this experiment we did not know the factor of distribu~
tion of lead in niobium.

Pigure 5 shows three curves of the distribution of lesd in nicbima
for two ingots after 64 and 32 passes with a speed of 30 mw/min. snd for
one ingot after 10 passes with a speed of 0.75 mm/min. Table 5 gives dats
of the chemicsl analysis of specimens in different sections of the fmgot.

.The initial lesd content in industrial niocbium wes 0.03 wt.%.
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Figure 5. Change in the Lead Content Along the Length of an
Ingot After Zone Recrystallization With Different
Speeds and Different Number of Passes n: 1--30 mm/min,
n = 64; 2--30 om/min, n = 32; 3--0,75 mm/min, n = 10.

Table 5

Lead Content (in %) in Various Sections of the
Ingot After Zone Recrystallization

| Specimen Mo, of zone Begine |
. number passes | ning Middle Bnd ‘
o0 | e | oms 0.015 0,078
2 I 2 | om 0.02¢ 0.00
o | 0008 0,006 0.018

It follows from the data in Figure 5 and Table 5 that lead is con-
centrated in the last section of the ingot. As the mumber of passes of the
zone along the ingot is increased the depth of refining of niobius of lesd
is increased. We calculated the effective factor of distribution of lesd
in niobium; it was 0.80 for a specimen after 64 pesses of the sone snd 0.71

for a specimen after 32 passes of the sone. .
A third ingot (Curve 3, see Figure 5) was recrystallized with s

speed of movement of the zone of 0.75 mm/min. Ten passes wers made and it
wvas established that in this regims of melting the vaporisation of the
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lead predominates over the refining effect due to zone recrystallization.
The vaporjszation rate upon a zone movement with a speed of 30 mm/min is

1.8 x 10~© grams/min sq cm and with a speed of 0.75 mm/min it is 7.5 x 10~
grams/min 8q cm. The over-all degree of refining due to recrystallization
and vaporization is considerably higher when the zone moves with a speed

of 0.75 mm/min. But the effect of refining due to only zone recrystelliza-
tion at a speed of 0.75 mm/min is less than when the speed of movement is
30 mx/min. This can be explained by the fact that at low speeds of zone

. movement its rate is comparable with the rate of diffusion of lead from the

liquid phase into the solid phase.
On the basis of these results certain conclusions can be reached.

1. The solubility of lead in niobium can be estimated in several
hundredths of & per cent; the lead addition in technical niobium, probably,
is in the solid solution (metallographic analysis nowhere revealed the
presence of a second phase). The diagram of Nb-Pb in its niobium part,

. probably, should have a eutectic.

2. The lead content in technical niobium can be reduced considerably
by zone recrystallization during arc melting. The vaporization of lead
plays an important role; it can predominate over the effect of zone recry-
atallisation. p

Iransfer of Tungsten

The results of experiments on the transfer of tungsten confirmed the
agsumption that tungsten is concentrated in the first section of the inget
and its factor of distribution is considerably greater than 1.

Table 6 gives the results of measuring the activity of & nmiobimm
ingot with tke rudioactivity isotope W182 and the results of messuring the
radicactivity of the ingot from the side of the crucible and slong the
upper side of the ingot. :

Pigure 6 gives the curve of distribution of the radicective isctops
‘W82 along the length of the ingot; in this case the sctivity wves mesexred
from the side of the crucible.

Study of the distribution of intensity
" shows that the ratio of intensities of the f. nd last
. apper is 4.65 to 1 vhile in the lower laywrs (from
crucible) the qgg%;alcnt ratio is 3.1 to 1. The
. active across the cross section of the nicbium
- Table 6) shows the contimuous increase in the tumgsten comtent
upper to the lower layers of the ingot.
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Table 6

" Change in the jetivity of a Nicbiun Ingot With .
Redioactive Isotope WiB2 Along the Length of the Ingot (1/64)

* " | Distance Radiation intensity,
Section from pulses/minute x cm
number beginning '

of ingot, Top of Bottom of

mm ingot ingot

l 7 812 800
2 18 575 : 710
3 3 408 575
A 65 340 480
5 88 278 410
6 116 232 370
7 138 210 310
8 153 190 - 2%
9 175 175 i 245

Note: Radlation intensity of the inggt after

zone balancing was 625 pulses/minute x cam“.
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Pigure 6. Change in Radioactivity Along the Length of an
Ingot of Miobium With Radiocactive Isotope W1E2
After 10-Fold Recrystallization

f 4

- 57 -

[




- The redistribution of tungsten across the cross section of the
ingot can be explained by the following factors.

1. It can be explained by the presence of a distribution coef-
ficient greater than 1. Such & distribution factor leads to relocation of
tungsten during zone recrystallization counter to the movement of the
sone and also counter to the direction of grain growth. Ia crucible
melting the grains begin to grow from the bottom and the walls of the

"erucible and then they bend and grow along the axis of the ingot.

2. Insufficient mixing of the melt in the liquid zone as a result

- of which the vaporization effect of the tungsten cen cause impoverishment

of the upper layers of the niobium ingot. The vaporization of tungsten is

" confirmed by the fact that the walls of the melting chamber which were

cleaned at the beginning of the melt show considerable activity after sone
recrystallization.

3. It is possible that thers occurs also an accumulation of tung-.
sten in the lower layers of the ingot due to the difference in the specific

weights of tungsten and niobium.

4. Considering the saucer-shape of the liquid zone and the incom-
plete mixing of the melt in it it can be assumed that the capacity of the
zone with respect to additions differs along the height and drops from
top to bottom. This can cause nonuniform distribution of additions along

the height of the ingot and a more significant effect of the refining in
the upper layers of the ingot than in the lower layers.

The refining effect was inspected by chemical analysis and metal=-
lographic methods. Table 7 shows the tungsten content in various sections
of the control ingot (without the radiocactive isotope) after 10 passes of
the zone following the melting regime that has been described.

The initial tungsten content in the niobium was 3 x 1072 wt.%.
Table 7
Change in Tungsten Content in the Niobiwm
Ingot After Zone Recrystallization
Tungsten

Distance from
P gl oF| o3
ingot, m

i 10 42
2 2 42
3 83 3
4 90 1.8
5 110 0.44
6 140 -
7 ¥ -




Figure 7 shows the change in the tungsten content along tlie length
of the ingot from the data of the analysis. The effective factor of dis-
tribution of tungsten in niobium, calculated from the results of experi-
ments on refining niobium of tungsten with inspection using radiocactive
isotopes, is 6, and 25, and using inspection by chemical analysis it is
4.9. The calculation of the factors of distrilution of lead and tungsten
was done using the method described in Paper [ 33_7. .
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Figure 7. Change in Tungsten Content Along the Length of &
Niobium Ingot After 10-Fold Zone Recrystallisation

(From Data of Chemical Analysis)

The difference between the distribution factors that ® toﬁnd and

those that were calculated from the phase diagram of Wb-W [ 9_/ can be
explained by the influence of the vaporization of tungsten on the effect

of zone recrystallization.

Metallographic analysis of the specimen showed that vhen the rate
of movement of the zone is 30 mm/min a clearly expressed colummar structure
is observed. The grains grow from the bottom and the walls of the crueible
toward the axis of the ingot and bend in the direction of the mov
the zone.

ement
‘ When the rate of movement of the sone is 0.75 mw/xin very lsrgs
- grains that are oriented in the same way with a length of 15-20 mn sre
formed; they occupy the entire cross section of the pouring lip of the
crucible., X-ray analysis shoved that these grains are perfect single
crystals (Figure 8). The disorientation of blocks in thex is slight.

.
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Figure 8. A Drawing of Zone Electric Arc Recrystalllization:
1--Single Crystal Grains; 2--Direction of Movement
of the Zone; 3--Arc; 4--Zone; 5--Ingot; 6--Copper
Crucible.

Near the first and the last parts of the ingot the grains are
somewhat finer. The boundaries between them are difficult to perceive.
When the ingot is bent it breaks not along the grain boundaries but
across the grain; the fracture occurs precisely aiong the junction plane.

Investigation of the hardness of these single crystals showed that
some of them, located basically in the middle of the ingot, have a Brinell
hardness of 90-100 kg/sq mm. The initial hardness of the ingot after
balancing zone recrystallization was 180 kg/sq mm.

Conclusions

1. The paper contains a brief examination of the theoretical as-
sumptions of the possibility and effectiveness of refining niobium of
additions by the method of zone recrystallization.

2. The additions in the niobium are classified according to ti.e
degree of effectiveness of their refining using zone recrystallization.

3. The experiments that were conducted on zone recrystallization
of niobium by the arc method in a copper crucible showed that effective
refinement of additions (carbon, iron, lead, and tungsten) with different
distribution factors is achieved.

4Le It was established that in arc zone recrystallization of nio-
bium there is also refinement of additions by means of vaporization
(particularly the volatile additions and also metals that form volatile
compounds).
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ELECTRON DIFFRACTION AND X-RAY PHOTOGRAPHIC
INVESTIGATION OF OXIDE FILMS ON NIOBIUM

I. I. Korobkov
B. N. Revyakin
Chent Khe-Min

The question of the structure and composition of oxide films that
form during heating of niobium in oxygen and in air is of great interest
for an understanding of the mechanism and the kinetics of its oxidation.
Many papers have been devoted to a study of this problem. However, dif-
ferent opinions are held concerning the oxidation products of niobium
which correspond to the different stages of corrosion.

According to data in literature Z-l, 2_7, the stable phases in the
niobium~oxygen system are the oxides NbO, NbOs, and NbyO;. The oxide NbO
has a very limited region of homogeneity [Ti which is in the range from
Nb00.94 to Nb01.04. This oxide melts at 19450C and has a cubic lattice
of the NaCl type with a = 4.210 A. Niobium dioxide NbO, also has a narrow
region of homogeneity which is in the range from Nb01.94 to Nb02.09. The

oxide NbO (tpelting = 1915%C) has a tetragonal crystal lattice of the
rutile type with the parameters: a = 4.844 &, ¢ = 2.99 &, and ¢/a = 0.618.
The melting temperature of the higher nicbium oxide Nby05 is 1495°C.
Synthetic niobium pentoxide can exist in three modifications: a low tem-
perature modification (T) isomorphic to the oxide Ta205 and stable to
900°C; a stable intermediate form (M) between 900 and 1100°C, and a high-
temperature modification (H) above 1100°C.

However, in more recent works [P3—8_7 contradictory data have been
obtained concerning the number of modifications of Nb,05 and the tempera-
ture ranges in which they exist. The work of Gol'dshmidt [77_7 was an
important contribution to the study of the polymorphism of Nb205. This
work is devoted to an x-ray photographic investigation of the oxidation
products of niobium directly at high temperatures. It vas shown that the
low-temperature form of Nb205 (alpha = Nb05 according to Gol'dshmidt)
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that forms at temperatures up to 900°C is a metastable modification since
it is transformed into the high-temperature form (beta-Nb205) with dif-
ferent speeds depending upon temperature. Beta-Nbj0g is formed at tem-
peratures of 900-12300C and does not undergo polymorphic transformations
at any rate of cooling to room temperature. The intermediate modification
(M-Nb05), discovered by Brauer, in the opinion of Gol'dshmidt is a varia-
tion of a structure of the H-form and the transition M to H is associated
with a slight change in structure. Above 1280°C there is still another
modification which cannot be fixed by quenching 178_70

There are also a number of opinions concerning the nature of the
dark sublayer of oxide which always exists between the metal and the
fluffy layer of light-yellow oxide scale amd which determines basically
the rate of oxidation of niobium in the process characterized by the
linear law. Using the same method of x-ray photographic phase analysis
1—7, 9_7 only the Nb,0g phase was observed in this sublayer (with texture
featuress while according to the data of Klopp and others ['1q;7 a mixture
of the phases Nbj05 and NbO was observed in the transitional layer.

Recently data have been obtained on the oxide phases on niobium
that form in the beginning moment of oxidation. As Seybolt .showed 1—11_7,
the ‘solubility of oxygen in the lattice of metallic niobimm increases upon
an increase in temperature from 775_to 1100°C in the rang from 1.38 to
5.52 at.%. Brauer and Muller / 12/ and Gurlen / 13_/ discovered that
under certain oxidation conditions of niobium oxygen can be dissolved in
the lattice of the metal above the range noted by Seybolt., The lattice of
the niobium is distorted toward being tetragonal; it is assumed [PIZ
that thig phase is a suboxide of the Nby0 composition. In addition,
Gurlen [—13_7 noted another phase also closely associated with the stiruc-

ture of niobium. He designated these two phases as NbO, and NbOy. Only

at niobium oxidation temperatures above 600°C and oxygen pressuregé of 1 mm
of mercury are the phases NbO and NbO revealed in the oxide film from his
data obtained by electron diffraction.

It should be noted, however, that no systematic investigations of
the structure and composition of oxide films that form on niobium in the
different periods of oxidation have been conducted. It is also known that
when niobium is heated above 300°C in oxygen or air, depending upon time,
oxidation products can form on the specimens which can be arbitrarily
divided into four groups:

(a) thin films of a golden color up to 1000 A thick that can be
studied only by the electron diffraction method;

(b) thicker black films; they are very strongly linked with the
metal and are difficult to process with abrasives; these films
are thick enough to be investigated by the electron diffraction
and the x-ray photographic method;
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(¢) a white scale that forms after a certain oxidation time that
is characteristic for each temperature; this scale flakes off
the specimen easily upon cooling; '

(d) a black sublayer of oxide located under the white scale.

This paper reports the results of electron diffraction and x-ray
photographic investigation of the phase composition of oxidation products
that form on niobium in relation to temperature and oxidation time with
isothermic soaking in oxygen (150 mm of mercury) in the temperature range
400-1100°C. A metsl was used for the research for which data had already
been obtained under the same conditions on the kinetics of oxidation [FIA

Research Methodology

A study of the phase composition of oxides that form on the sur-
face of niobium specimens during isothermic oxidation was made using the,
elactron diffraction and the x-ray photographic method with reflection.
The scale which separates from the specimens upon cooling is also studied
by the x-ray photographic method (the powder method).

The electron diffraction investigation of oxide films were conducted
with a vertical electron diffractor made at MIFI. The distance L from the
object to the photographic plate in the equipment is 50 cm, the size of
the photographic plate is 9 x 12 (12 photographic plates are loaded simul-
taneously into the device), the accelerating voltage can vary from 40 to
80 kilovolts. The constant of the device lambda L (where lambda is the
wave length of the electrons in A) was determined using a constant standard
--a thin layer of aluminum. The standard was put under the first bundle
of electrons at a fixed distance (12 cm) from the photographic plate. As
a result, two systems of rings were simultsneously photographed: rings
from the specimen investigation and from the standard (Figure 1).

Determination of the constant of the equipment led to measurement
of the diameters of the very clearly expressed lines of the standard using
a comparator and multiplication of the results that were obtained by a
scale factor that was found earlier for each step of accelerating voltage.
The accuracy in determining the interplanular distances in this method was
an average of 0.5%. The x-ray investigation was conducted on copper
radiation with a nickel filter obtained using a clearly focused x-ray tube
at a voltage of 45 kilovolts. The x-ray photographs were taken in a
camera RKU 114 mm in diameter. The research material was technical niobi-
ux remelted in a vacuum of 99.9% purity.

The preparation of the surfaces of the specimens for the study
using_the "reflection" method was the same as for kinetic investigations
14;7- In some cases, mainly when thin oxide films were studied, to
reduce the oxidation rate in the first moment the surface of the specimens
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after being polished with emery paper of different grades was carefully
polished with a cloth. Before oxidatior the s;ecimens were heated in a
vacuum of the order of 1076 mm of mercury to an assigned temperature.
Only then was oxygen permitted in the system. After the exposure the
heating of the specimen was stopped (the furnace was lowered) and oxygen
was simultaneously pumped out of the esquipment.

Figure 1. An Electron Diffraction Photograph Obtained
Simultaneously From the Surface of & Niobium upecimen
Oxidized et 8009C for Five Seccnds and & Standard--
a Thin Film of Aluminum.

Table 1 gives the temperatures and the oxldation times of specimens
and the characteristics of the oxidation procducts that form.,
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‘Table 1

Length of Oxidation of Niobium Specimens at a Given
Temperature Until an Oxide Film of a Definite Type Appears

B Oxidation time until appearance
Temperature . :
? Th}n golden Black White
% filmoup to £ilm scale
1000 £ thick 1

L00 10 minutes 13 hours -

500 80 seconds 5 minutes 120 minutes
600 20 v 1 n 120 ©

700 10 0 LO seconds 120

800 5 30 o 180

900 5 1t 30 " 120 1t
1000 3 20 0 120 ¢
1100 - 10 ¢ 120 ¢ i

L]

A Discussion of the Research Results

The results of electron diffraction and x-ray photographic investi-
gation of the structure and composition of oxide films and of thicker
layers--scale--that form on niobium at different temperatures and with
different oxidation times are given in Tables 2 and 3. In Table 2 data
are given on the interplanular distances of the oxide lattice that forms
in the first moment of oxidation (in the first 5-10 seconds) for the
temperature range 400-1100°C in the form of thin oxide films of a golden
color (Column 1) after some time when the film becomes black (Column 2),
and after a longer time sufficient for transformation of the black oxide
film into a white oxide (Column 3--sublayer, 4--white scale).

Figure 2, a and b, gives the characteristic x~ray photographs ob-
tained using reflection from the surface of oxidized specimens of niobium.
In the sasme figure (c and d) are the x-ray photographs obtained using the
powder method which are characteristic for the white scale which flakes
off the specimens. On the basis of dzta concerning the relative intensities
of the lines and the interplanular distances a number of general conclusions
concerning the structure and the phase composition of the oxides that form
on the surface of niobium during its oxidation in oxygen in relation to
temperature and heating time can be mede.
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Table 2

(o)
Interplanular Disvances d(L) ror Oxides Formed on the Surface
of Niobium in Oxygen (150 mm of mercury)

At temperatures ,00-1100°C (numbers in parentheses are
intensities of lines: I ~ strong; II - average; III - weak).

Colums: 1 and 2 ~ from electron diftraction; 3 and L - from x-ray analysis
(Cu Ko -radiation); 1, 2, and 3 - reflection method; L - powder method.

Nb,O, 400° C
NbO NbO,
(2) (2 « M 3 , .
(n m | m
- — |393() - - 393(h) |394(N)
- - — (376 |373) - -
- - ~ |3ssqin| - - -
- - - —  |362( - -
- - — | 3s7q) - - -
—  |346(1) [348¢I)| — | 348(D) - -
- |3arquny| — {33731y 3340 - -
- — 13145 — |34 |34 |314q)
- — | 3085() - - -
295(1)| — - - - -
282011y — — 282 -
— ja218() |278(1) -

273N | 2731y |  — —

Pl

Po bbb

— Ja2e00l| — - -

2,55 (I) - 2,52(111) | 253(11) 2,50 (111)

244 (111) | 246 (11) — | 247(11) | 246(11) | 244 (1))
242010 — | 24301 -~ - - -
- - - 232(11) | 2.30(i1) - -
- |2n| - - - - -
210(1) [208(1m| 211 a1y - 200(1) | 21411 | 21210
- ~ |201an {205¢1) | 2051 - -
— |98 1,96(11) _ - - -
- heoam} - L91(11) | 1,90 (1) — -
87an|  —~ |erain - 1,87 (111) - -
- ~ |83y | 1823 — 1,82(11) | 1.82(11)
— [uiedy [L190h [ 1,781 | L78(IN) - | =
Lan by {4 | Lrs ) - - -
= |reeqinfreeqny | 168qin | 1.68(H | 16411 | 1,85(11)
— |rer | 1.63¢1) - — - -
— (st LsTan | 1871 | 18810 - -

e Y - 1LS2 (1) | 15211 - 1,54 (1)
1,48 (1) - - s | = - 1,48 (1)
140 (1h { 1.43(11) - 140 (1) | Ldociny | 141 (1) -
- |137an - - 1,39 (1) - -

s an| — | ,32an - - L3111 | 1,33(11)
- - - E U EE U R -
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Table 2 (continued) Part 2

¥
500° C 000° C
t ? l 3 l ‘ i 2 ' s ‘ ‘
- - 394l | 3o |39l - 391 (1 | 391(n
- - 348 (1) - - - 3.49(11N) -
3,46 (111)

4) |33 [ A4 (D |33) |34 | 314 | 314D | 313()
- - —_ 3,08 (111) — - - 3,08 (111)
- - 2.95 (I11) - 295 (111) | 295(11) | 291 (1)) —
- 273(111) | 274 (11D - - - 2,74 (111) -
- -~ 2,60 (111) - - ~ f[asel (I -
- - 2,52(11) - - —_ 2,50 (111) -

246(111) | 246 (11) | 246(1D) - 246 (11) - 245(111) | 245111
- - 2,42(11) | 243¢in) - — 242(111) | 242 (111)
- - 234 () . - _ 2321 —
— -~ 22441 -~ - 227 (1 - —

204(1) | 213an) | 208¢11h | 200 | 20101 | 208(11) | 208(i) | 211 (1)
- . 2,02(111) - — - 2,03(111) | 201 (111)
- 1,96¢11) | 1,97(11) | 1,95(iI) - - 1,971 | 1,96(11)
- - 1,91 (111) -~ - - 1,90 (111) -

182(11) | 1.82(1N) - 18I | n82(tD) | 1,81 (1) - 1.82(I)
- ~ L78 (L) | 1,78 (1H1) - - L,78(h) | 1L,78(11)
- - - - - L75¢11) | 1,70 (111) -

164(11) | 1,66(11) | 1,6A(I) | 1.66(1) | 1,66(H1) | 1,65¢11) | 1,68(1IN) | 1.66(iI)
- - 1,60(11) | 1.62¢HD) - - G TH T -
- - 1,57 (1) | 1,56 (111) - -~ - - L87 (11)
- tLS4¢IIE) | 1,52¢11) | 18311y - LS | ,82(1D) —

148(I1) | 1.48(11) | L46(IT1) | 1,45(11) | 1,48 (1) | 1.46(11) | 1,46 (1LL) | 144 (1D)
- 1.42(11) | L40(l1D) - 1.42(1) | 141 (00) - -

—_ - 137 (11) | 1,374 - 1,37 (111) - L35 (1N
— 133 | 1,33 -~ L 32¢11) | 1321 | 13211 | 1,324
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Table 2 (continued) Part 3

700° C 800° C
1 l 2 ’ 3 4 1 2 3 4
— 393¢11) | 393(HI1) | 391 () - — -—- 391 ()
- 374t | 37501) - - 374 | 374011 —
- - - — 3,68 (1) .- - -
361 (11) —_ - 362(1) |362(1) | 362NN —
349(111) |.3.48 (1)) - - 3,49 (111) | 3,48(11) -
- - - 3,36 (11 | 3,32(1N) - -
34D | 3naqiin) | 314¢) | 313(D) - — |34 | 313¢)
- - - 3,08(11) — - - 3,08 (1)
204(11) | 284y | 290D | — | 294D |294(1) | 294(1D) -
- - - - 2,83 (111) | 2,83 (111) - -
- - — 277 (1 | 277 (111 | 278 (1) —
. - 2,74 (111) - - - - -
2,59 (111) | 261 (111 - — - 2,62 (1) —
252(111) - 2,50 (11) - 250 (11) | 251 (1) | 250 (11 —
245(11) | 246(11) | 244{11) | 245(1D) - - 246(11) | 245(i1)
— - - 2411y | . — - - 24111y -
230 (1N | 23015 | 2.32¢11) - 233 (11D | 2,32(111) | 2,32 (111) —
- — 2,26 (111) - 2,22 (111) | 2,24 (111) - -
_ 241 (H11) | 208¢H) | 210(HN | 210010 [ 2,00(H1) | 208(11) | 210(H)
- — 2,03(111) | 200(H11) - 2,02 (111) | 2,00(11) -
L7(h | LT (in | L8 | 1961 — [wrn | Leran | 196
— - 1,93(11) - 1.90(h | 1,90¢h | 1820 —
187 (11 -- 1,88 (111) - 1,86 (H) | 1,86 (111) | 1.87 (11]) -
. - -- L8I () | 1,81l | 1.82(1n - 1,82(11)
— 1,78¢1) | 178 [ L6011 |77y | 8qn | 1,78(1)
L4 | nan g L73d1 - 1,72 (1) - 1,73 (11 -
169 (11) - L67 (1) | 1,65¢1) | 1L67T(H) | 1,67 (M1 | 1,68 (ILI) | 1,65(1)
A 1L62(11) | 1.62(1) - 1L63(1) | 16211 | 1,62(111)
- 1L.57(1) | 15T | 1571 | 1,58(H1D) - 1,88 (11 | 156 (1)
154 [0St | 15301 | 1531 | ns2th | 151 () | 1521 | 1,83 )
145(1) | 14eql) | 146 AH) | 14510 | 14400 | 14871 14511 | 1,48 (M)
142 (1) - 140 (111) | 1,42(110) | 1,40(11) | 140 (1D) - 1,41 (111)
L3S | 1,37 iy | 1360 | B3 (LD | LST () | 1,38 (11D) - -
1.32¢10) | 1.32(H0N) - 1,32(111) - Lad(ih | 132l | 1,33 )
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Table 2 (continued) Part L

900° C 1000° C 1100° C
L 2 3 4 1 2 3 4 2 4
- - 3,94 (1) - — - - - _ -
375() {373y |373(H [3720) |375(h |372() |373() [373(1) |376() |372(1h
- - - -~ — 3,68 (111) — - - -
- - 360(11) | 3621) -— — — - — -
3585(11) | 35651) — - 3.55(H) - 3,54 (111) - 3,56 (11) =
- — | 34711 | 347 (D) - - - 3,48 (1) - 347(l)
336 (1) | 3350 | 335(1N) | 335(111) | 3,36¢11) | 3.34(11) - 3.35(111) | 3.36 (i11) | 3,33 (1)
- 3461 | 3,04 1D - - 314 (1D - - - -
- - 3,07 (111) - - - - — — -
- 1 = 2,96 (i) - - - 296 (1) — - -
2,81 (11) - - 282(11) | 2.81(ll) - — 2,82(11) — ] 282(i)
- 278(1) | 278(1) | 277 (1) - 278(1) - 276(11) | 278¢1) | 2,76 (l1)
- - - 2,70 (§11) - - — 2,70 (11) - 2,70 (11)
- - 260(111) - - - - - - -
253(110) | 281 (i |.251 (1 | 2531 | 283y | 28231 | 2,521ty | 25311y | 253 (M1l | 283 (1)
- - 2,46 (111) | 2.50(11) - - - 248 (111) - 248 (111)
- - - - - — 2,40(111) - — -
232(111) | 230¢iih | 231 ¢l | 23010 | 232(1) | 233D - 231 (111) § 232(111 | 231 (D)
- _ - - — - 2,24 (111) - - -
— | 20811 | 208 111) - - - 2,08(11) | 2.08(I) — 2,08 (11)
- - 2,02 (1)) — - — 2,02(111) | 203 (1) - -
1,.90() | 1,90 (M) - 190¢) | 190y | 1.90(1) fasrqny | neoy | LSO | 1,90()
187111y | 1,86 (111 | 1,87 (1) - 1,87 111y | 1.86(11) | 1.86(1) - - -
.- — 18311y | 1.82(1NH - L8211 b 1 82¢11ty | 1.8 (1) - 1,81 (1)
L8 | K761 |, 78¢k) | 178 | LT8¢ | WIT(UD) |78ty | 1,78 () | LI8(IN | 1,78 (L)
- - L4 | L73 (11D - — L7411 | 1,73 (1) - 1,73 (11)
1.68¢1) | 1,.68(N) — 1.68(11) | 1,.68(1) | 1.6B() | ye8(11) |1.68(¢11) | 1.68B(1) | 168(1)
- - 1,63 (11D) - - 162(11h | y62 (1) | 1.63 (L) - 1,62 (1)
LB (LIL) | 1,57 (LIE) | 1,88 (111) | 187 (M1) | 1.58(1H) - - 1.56 (1) | L.58() 158 (1)
1L52¢) | 1,810 | 0,82¢in) | 153N | 1521 | 120D | as2an | 152D - 152(1)
- .. 145(111) | 1.45011D) - - LAS(LEL) | 1,481 | 146 HD) | 145D
LA | 1 40(10) | 1401 | 140(ID) [ 140(01) | 1a0¢n) | 1400 | L40(10) | 14000) | 1,40(11)
- 1,33(11) | 1,33 (11D) - - - - _ _ _
1,30 (311) | 1,30(11) - 130111 | 1L,30¢011) | 130 (11D — 1,30 (111) | 1,30 (11D ' 1,30 (§11)
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Oxide Phases That Form on the Surface of Niobium
in Relation to Temperature and Oxidation Time

l Thick oxide film up to 1
Tem- | Thin oxide
pera- film up,.t 10 microns vhick White
ture X . Electron |'  X-ray scale
thick diffraction | photography
100 a’-Nb.O; «'-Nb,O, - -
50 | a-Nb0, « -NbsO, “'_;-_“,2;,((’,: + a-Nb,0,
600 | a'-NbO, iu Nb,0, ¢ NbO* | (ENEOs e a0,
- -Nb . a 'Nb,(‘).‘i‘ -Nb
700 u+N’b%. { \'3?:0;' > ;b.O.,'?.l‘? a-NbyOy
o ol @-Nogy i B .
800 | B-Nb,O, | p-NbO, - NbO i - ’0'-?',,, B-Nb,O
w | g-Noo, | PO ) oG | BNbOs
1000 p’-NbeO, §'-NbsO, B'-NbsO, - NbO* | p-NbsO,
1100 - p’-NbO, - B-NbsOy
# Oxides designated arbitrarily.
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FPigure 2. X-Ray Photographs Obtained From the Surface of
Niobium Specimens Oxidized for Two Hours: a--
800°C, a black sublayer (reflection method);
b--800°C, a white scale (powder method); ¢~-900°C,
a black sublayer (reflection method); d--900°C, a
white scale (powder method).

First, it can be noted that the compositicn of the white scale
that flakes off the specimen corresponds to that of rniobium pentoxide
Mby0s5. Up te 800°C inclusively the structure of this oxide corresponds
to the alpha-modificstion (the low-temperature form) and at 900°C and
above it corresponds to the beta-modification. These data agree well
with the results obtained in the work of Golt'dshmidt [—7_7 on niobium
specimens when they oxidize in air. The values of the relative intensitics
and the interplanular distances that we obtained agree well with the values
given in this work.

' There was not such close agreement between the indicsted tabular
data, however, for oxides in the form of thin oxide films that fcrm on
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niobium in the first moment of oxidation or in the form of a dark sublayer
which always occurs between the metal and the fluffy white scale in the
later stage of oxidation. According to the electron diffraction and x-ray
photographic data obtained by reflection, the composition of the indicated
oxide layers on the niobium correspond also basically to the oxide Nby0s.

However, the structure of this oxide is somewhat different from the
well known phases alpha- and beta-Nby05 in the electron diffraction and
x-ray photographs obtained from the surfaces of specimens oxidized at
temperatures up to 800°C this difference is revealed first of all by the
absence of strong lines with d = 3,08 and, 2.42 A. The ratios of the
intensities of certain lines also can be distorted (see Figure 2). At
900°C and above an oxide phase similar in structure to beta-Nb,05 is
- revealed in these films. As seen from Table 2, this phase can be identified
just as the M-modification of Brauer / 1_/. Considering the data of
Gol'@shmidt / 7_/ the M-phase should be considered to be a variation of
the structure bete-Nby05. Considering the differences in the structure of
the oxide phases observed in the films strongly bound to the metal and the
structure of oxides that flake off the metal (alpha- and beta-modifications
of Nb205), we designated the first oxide as alpha'- and beta'-Nb,0s.
Figure 2 gives the x-ray photographs obtained by reflection from the black
sublayer and by the powder method from the white scale. They illustrate
the differences in the phases at 800°C (a, b) and 900°C (¢, and d).

As seen from Table 2, the structure of the primary oxide films
that form on niobium in the first moment of oxidation undergo a change
during growth in isothermic oxidation. The character of the structural
changes dependbasically on the oxidation temperature. Thus, at 500-800°C
the golden film alpha'-Nb205 that formed in the first moment of oxidation
(see Table 2, Column 1), after a certain time is transformed into alpha-"
Nb205. 1In the electron diffraction photographs corresponding to the dark
films firmly linked to the metal (see Table 2, Column 2), in addition to
the lines corresponding to the alpha prime-modification of Nb05, & num-
ber of lines not inherent to this modification are revealed.

It was not possible to compare the values of the interplanular
distances d from any phase in the niobium-oxygen system. There is only
approximate agreement with the values d published for phases NbQO and NbOj.
In the x-ray photographs obtained from these same specimens but oxidized
for a longer time (see Table 1) similar systems of lines were obtained
(a number of lines appeared as a result of the low thickness of the film
correspond to the cubic lattice of niobium). Judging from the intensity
of the lines on the electron difgraction photographs and the x-ray photo-
graphs the amcunt of phase alpha -Nb,05 in the film is increased as
thickness increases. In the final anafysis, as was noted above, the
structure of the scale that flakes off the specimen which formed at 400-
8000C corresponds to the oxide alpha-Nby05. At a temperature of 8
and above in the first moment of oxidatidn there is formed & thin oxide
film close with respect to structure to the medium-temperature
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. modification beta'-Nb,Og5. With the passage of time of isothermic oxi-
dation at 900°C and above there is observed a gradual transition of beta'-
Nbo05 to the beta-modification. In the dark oxide films that form at
temperatures below 900 C some amount of alpha-modification of NbyOs is
also revealed.

The fact of the formation of the low-temperature form of alpha-
Mb505 on niobium at temperatures above 800°C and its transformation into
the beta-modification agrees with the conclusions of Gol'dshmidt 1_7_7.
' The formation of the high-temperature modification of Nby0g in the first
period of oxidation beginning from 700°C (see Table 3), established in
this research, also does not contradict the results of this work. The
. formation of this modification on the surface of niobium, as ig known
. was normally observed at temperatures only above 800°C [f5, 7;7. The ap-
‘pearance on electron diffraction and x-ray photographs of lines of the
beta!-Nb,05 phase is associated with the short-time increase in the
temperature of the specimens surface in the initial moment of isothermic
oxidation. Measurement of the temperature of the surface of specimens
during their oxidation showed that the oxidation temperature can be 100°C
higher than the temperature of the furnace due to the heat of the forma-
tion of oxides.

T
400 —

700

600

500

300

200

100

50 w N 2 0t
seconds

Figure 3. Graph of the Automatic Recording of the Temperature of

Spegimen From the Moment it 1
Roaboy tgn80588. he Moment it is Placed Into the Furnace
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These data were obtained using a Chromel-Alumel thermocouple O.1 mm
in diameter fastened to the specimen. Figure 3 shows the graph of the
temperature of the specimen inscribed in the equipment EPP-09 in the first
moment of oxidation. As seen from the graph, the overheating of the sur-
face of the specimen at 800°C lasted 10 seconds in all. This overheating
can be explained by the formation of an oxide phase corresponding to higher
temperatures on the surface of niobium at 700°C and above.

It also should be noted that at temperatures above 700°C textured
oxides were revealed in the dark films that are firmly linked to the
metal. In addition, during the process of growth of the oxide films
slight structural changes are observed which are manifest in a change in
the relative intensities, formation of new doublets, and a change in the

- position of certain diffraction lines.

Conclusions

Electron diffracticn and x-ray photographic investigation of the
phase composition of oxides on niobium in contact with metal and flaked
off of it after oxidation in oxygen (150 mm of mercury) in the temperature
range 400-1100C was conducted. As a result, it was established that:

1. The structure of oxide films firmly bonded to the metdl, in
relation to the temperature, more or less are different from
niobium oxides that have already flaked off the specimen.

2. In the temperature range 700-900°C a mixture of the phases
alpha'-Nby05 and beta'!-Nby0s5 is observed in these oxide films.
As the temperature is raised the amount of the phase alpha'-
Nby05 is reduced and the amount of beta'-Nby05 is increased.
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INVESTIGATION OF THE KINETICS OF THE OXIDATION OF
IODIDE N1OBIUM REFINED BY THE ELECTRON-BEAM METHOD

I. I. Korobkov
B. N. Revyakin
Chen' Khe-Min~

In investigating the kinetics of the oxidation of niobium [ 1./ two
phenomena were noted which to some degree can be associated with additions
in the metal. They are the basic scattering of the values of the oxidation
rate in isothermic oxidation of niobium of different melts and the ano-
malous relation of the oxidation rate to temperature in the range 800-900°
C. To clarify these phenomena this problem was examined once again and
experiments were conducted on specimens of purer metal.

Since publication of our first paper, works have appeared which are

devoted to investigation of the oxidation of niobium in oxygen and in air

2-5 /. As a result of these investigations certain features of the
kinetics of metal oxidation were established and partly confirmed. They
include the reduction in the oxidation rate of niobium upon an increase in
temperature in the range 600-650°C 1—2, 3, 5_7 when the metal and the
oxide that forms on it do not undergo polymorphic transformations. The
anomalously high oxidation rate of niobium in air at 800°C that was noted
in the work of Klopp and others [~6_7 was subsequently confirmed when it
was oxidized in oxygen / 1, 4_/. In our opinion, nhcwever, the reduction
in the oxidation rate with an increase in temperature in the range 800-
900°C should be considered an anomaly. _This effect, according to our
data, and also the data of other works / 1, 4_/, is associated with the
formation at these temperatures of different modifications of the oxide
Nba0s:  alpha-Nb,05 at 800°C and beta-Nby05 at 900°C.

This paper reporis the results of research on the oxidation kinetics
of niobium of high purity in the temperature range 350-1200°C in intervals
of 20-30°, Date on the relation of the oxidation rate of niobium to the
oxygen pressure for temperatures 400, 625, and 1000°C are also reported.
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The Research Materials and Methodolgﬂ

To refine the initial nickium (99,9% pure) of additions it wac 3ub-
jected to iodide refining by the methodology developed in the laboratory
of MIFI (7). Then, rods of the iodide niobium were remelted in an
electron-beam furnace in a vacuum of the order of 102 mm of mercury; the
Brinell hardness of the remelted niobium was 4O kg/mm2, That is, it was
considerably lower than in other types of niobium (the hardness of niobium
remelted in an electron-beam furnace without iodide refining was 70-75
kg/mm2). The ingot of metal that was obtained was cold rolled without ine
termediate anneals into a sheet 1 mm thick. Then specimens were cut from
this sheet for kinetic investigations. The specimens were 17x8x0.9 mm,
The kinetics of the oxidation of niocbium were studied using the method of

eontinuous measurements of the gain in weight of the specimens in special

vacuum glass micro-scales in an atmosphere of oxygen.

Basically the research was conducted at an oxygen pressure of 150 mm
of mercury which correspends approximately to the partial pressure in air.
Besides, at 40O, 625, and 1000°C the kinetics of oxidation of niobium were
studied in the range of oxygen pressures from 20 to 760 mm of mercury. The
oxygen was obtained and cleaned using the methodology described earlier
[1]. At temperatures of 350, 4,00, and 450°C a study of the kinetics of
oxidation of niobium was conducted on torsion microscales [1] with a
sensitivity of 2 x 10™° grams and at temperatures of S500° and above-=-
on specially designed quartz spring scales with a sensitivity of 3 x 1076
grams (Figure 1). o

Gas

To vacuum
pump

< ofE==e

o

Figure 1. Drawing of Glass Vacuum Micro-Scales With a Quarts Spring.
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In the temperature range 350-400°C (see Figure 2), on the curves of
the oxidation in the coordinates weight-time ihere are clearly expressed
two sections which characterize the dif{erent yﬁrauus of niobium oxidation.
In the {irst period there 1is a parab. Iv~ tlIic law 17 % very beginning
stage of oxidation which lasts severol soconds is nob considered. This
confirmed by the data presented ir Piw.r % wuere Lhs relation of ire
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After some time the parabolic law bLoucowmes 1i
teristic for the second period of oxineiion. The Lrans-t;on te the linenr
law occurs after a gradual incresse in iLhe cxidation rate over the rate
observed at the end of tne parabolic scgment. Thic so-called transi tienal
stage 18 designated in Figure 2 by aB. Figure © srows that the cduration
of the first period of oxidation an. also cf the .nitial siaze 6cpqnd
basically on the temperature of oxilation. The uime in which the paranol
law is observed (the firsi stage) 1:s shortenad wiin an increace in tempera-
ture (see Figure 5) according Lo the expunential low. Accorcing to this
same law the duration of the tronsit . ras o “iae 15 SLOTLYNGG.  bubl Lha
gain in welight corresponding to thne vepinnins “i.e cccelerated oxidaticn,
in the temperature range 350-5C009C, viouiar o0 so.e and i .5 milligeoas
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Figure 3. Oxidetion of Niobium in the Temperature Range 900-1200°C
in Oxygen st a Pressure of 150 mm of Mercury:

a~--950-9750C;
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From visual observation the parabolic law of oxidation occurs in
the formation on the specimens surface of & continuous oxide film that is
black or dark gray in color and is firmly bonded to the metal. An increase
in the oxidation rate of niobium and the transition to the linear law co-
incide with the appearance on the surface of the specimens of a white oxide
which has a very porous structure. The white oxide is not firmly bonded
to the lower layer of oxide and flakes off the specimen easily when it is
cooled.

We also observed the formation of oxide films of a dark color at
higher temperatures. However, their duration at temperatures above 500°C
was less than 1 minute,

Figure 7 is a microphotograph of a specimen of oxidized niobium. A
sublayer of black oxide film can be clearly seen on the boundary with a
metal. The greatest part of the scale is the exfoliating white oxide.
Therefore, it can be concluded that the cracking of the white scale occurs
parallel to the metal surface. It should be noted that the white oxide
that formed at low temperatures (up to 450°C) is a powdery product and at
higher temperatures (above 700°C) the white oxide flakes off the specimen
in plates of the same size as the oxidized surface of the metal (Figure 8).
With an increase in the oxidation temperature the strength of the layer of
scale that is white is increased. This is especially noticeable at tem-
peratures in the range $00-1200°C.
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Figure 7. Microphotograph of an Obligue
rag que Cross Section of a Niobi
Specimen Oxidized at 6120C for Two Hours: l--metal; -
2--sublayer of oxide; 3--white scale, ’
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At temperatures of 450 and 500°C parabolic segments on the curves
of oxidation, as seen in Figure 3, have short duration. At temperatures
above 500°C, on the oxidation curves neither the parabolic segment nor the
transitional stage which are characteristic for lower temperatures are
revealed. At certain temperatures (550, 650, 675, 700°C and others) the
linear law is established only 40-50 minutes after the beginning of oxi-
dation. During the period before the establishment of the linear law a
periodic increase and reduction in the oxidation rate is observed; these
fluctuations in the oxidation rate are not reproduced accurately from ex-
periment to experiment., However, the over-all character of the oxidation
curves 1s retained. :

Thus, on the basis of what has been given, it can be concluded that
the oxidation process in all of the investigated temperature rsnges (350-
1200°C) can be des~ribed by the linear equation

ADn =kt + ¢

where ZAm is the weight gain, grams/sq cm; t is the time, seconds;
K is the constant of the linear law of oxidation, grams/sq cm x seconds;
2z is the constant characterising the unestablished process.

The table below gives the values of the constant_ K for various
temperatures and Figure 9 shows the relation of 1lgK to 1 uhere T is
absolute temperature. It can be seen from Figure 9 tha? the linear re-
lation of the logarithm of the ccnstant of the linear law to the reverse
absolute temperature which is normal for most metals occurs for niobium
only in the temperature range 400-600°C. The value of the energy of acti-
vation of niobium oxidation computed from this segment of the line was
equal to 13 kilocalories/mol.

Table of the Values of Constant K of the Linear Law of
Oxidation Rate of Iodide Niobium in Oxygen (150 mm of Mercury)

Tempera- | K, ggams/ Tempera~ | X, grams/
ture cm< ¢ ture cm@ o
oC * second °c ¢ second
350 5,5-10-" 800 8,13-10-¢
. 375 3,34-107¢ - 325 89310
400 1,53-10" 7 850 1,07.10-3
450 3.41-10- 900 1.17.10-3
500 6,53-10°7 925 9.17.10"
550 7.92-10°7 950 8.43-10° ¢
600 1,31-10° ¢ 975 1.21-10°3
612 6.9-10°7 1000 1,24-10-3
625 71541077 1050 1.12-10"
650 7.65-10°° 1075 9.91-10-9
675 1,49-10"¢ 1100 7.54-10"
700 3.28-10"* 1150 11,1-10-¢
750 75-10°% 1200 2,42:10-%
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Figure 9. The Relation of the Logarithm of the Constant of the
Linear Law of the OUxidation Rate of Niobium to the
Reverse Absolute Temperature

At temperatures ebove 60C°C the relation cf the oxidation rate of

iobium to temperature is complex. The over-all feature as &t lower tem-
peratures is an increase in the oxidation rate with an increase in the
temperature. However, it is seen from the table that in the temperature
range from 600 to 1200°C there are intervals where the oxidation rate is
reduced with an increase in temperature. Thus, upon asn increase in tem-
perature from 600 to 612°C the oxidation rate is reduced from 1l.31 x 10~
to 6.9 x 10~/ grams/sq cm x second. With an increase in tempersture above
612°C the oxidation rate increases right up to 9C00C and then it once again
begins to drop. This reduction in the oxidation rate is observed in the
temperature range 900-950°C. The slight increzse in the oxidation rate of
niobium upon an increase in temperature above 950°C is once again followed
by a significant reduction in it (from 1,24 x 10-6 1o 7.5 x 10-6 grams/
sq em x second) in the temperature rsnge from 1000 to 11000C.

Thus, in the temperature range 6C0-1200°C there are three intervais
in which an anomslous temperaturs relaticn of the oxidatiocn rate of nicuium
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is observed. As a result of these anomalies in the temperature relation of
the oxidation rate the curve on Figure 9 at temperatures above 60C°C is
jagged with three clearly expressed peaks.

As was pointed out above, there is always a continuous sublayer of
dark oxide on the boundary with the metsl throughout the entire range of
oxidation temperatures. Polished specimens oxidized at various tempera-
tures for a time sufficient to esteblish the linear law of oxidation were
used for metallographic investigation of this sublayer. As a result of the
sublayer being thin its microscopic investigation was dorn~ on oblique cross
sections of specimens and the angle betwecn the surface of the specimen and
the plane of the cross section did not exceed 10°, For convenience of
prepering the slides the specimens were poured with wedges in glass plas-~
ties.

On the basis of these microphotographs of the obligue cross sections
a semi-quantitative evaluation of the average thickness of the sublayer
for the temperature range 400-700°C was made. Analysis of preliminary data
showed that with an increase in oxidation temperature the thickness of the
dark sublayer of oxide is increased. In the temperature range 600-612°
there is a sharp increase in the thickness of the sublayer. At 600°C the
thickness of the sublayer is sbout 12 microns and at 612°C it reaches 23
nicrons. Thus, in this temperature range there is a significant increase
in the thickness of the dark sublayer and a reduction in the oxidation
rate.

Figure 10 shows the relaticn of the oxidation rate of niobium to the
pressure of oxygen at temperatures of 400, 625, and 1000°C. For each of
these temperatures kinetic curves of oxicdation at oxygen pressures of 20,
150, 420, and 760 mm of mercury were drawn. As seen on the graph, as the
oxygen pressure increases at all of the investigated temperatures the
oxidation rate of niobium is increased. However, this is true only for
the stage of oxidation that is characterized by the linear law. VWhen a
protective dark oxide film is formed on the specimens (400°C) whose growth
is subject to the parabolic law an incresse in the oxygen pressure in
these limits has no effect on the oxidation rate of the metal (see Figure
10a). However, the time to the transition from the parabolic law to the
linear law is noticeably reduced.
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Figure 10. Relation of the Oxidation Rate of Niobium to Oxygen
Pressure: a--400°C; b--625°C; c¢--1000°C; 1--20 mm
of mercury; 2--150 mm of mercury; 3--420 mm of
mercury; 4--760 mm of mercury.

Discussion of Results

We note first that iodide refining of technicel niobium and subse-
quent remelting in an electron-beam furnace made it possible to obtain
metal of high purity. Up to now there had been no data on the kinetics
of oxidation of this type of niobium in literature. Also, they are of
definite interest since they can help solve the contradictions arising in
comparisons of results of the work of various researchers who .sed metal
of different purity.

Comparing the results of this work with data obtained by us earlier

it can be concluded that generally the linear rate of oxidation of a purer
niobium is considerably higher than of the initial technical metal with the
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exception of the temperatures 700 and 800°C at which approximately the same
oxidation rates were observed. Consequently, niobium can be classed as &
metal in which additions increase scale resistance in contrast, for ex-~
zgple,-;p zirconium in which additions lower its corrosion resistance

8, 9./.

Published data on the kinetics of niobium oxidation contain contra-
dictions which are evidence to some extent of the complexity of this
process. In addition to them, a number of important moments that agree in
the research of various authors can be noted. Thus, in the oxidation of
niobium in the temperature range 350-450°C in our and in other research

2, 3, 10, ll;7 two periods of oxidation were observed: the first is
characterized by the parabolic law of oxidation and the second by the

* linear law. The transition from the parabolic law of oxidation to the

linear law occurs simultaneously with the transformation of the dark film
into a white porous oxide.

Tho data obtained in our work also confirm the anomalous effect of .
a reduction in the oxidstion rate with an increase in temperature above
600°C which was noted in works / 2, 3, 10,/. According to our data, this
phenomenon is observed at temperatures of 600-612°C. That is, it_is
observed in a smaller range than indicated in other works [PZ, 1;7. A
similsr effect was noted by us earlier in an investigation of technical
niobium in the tempersture range 800-900°C. This effect showed up in
purer niobium at higher temperatures (900-950°C). Also, this work
revealed a third temperature range of 1000-1100°C where there is also
observed a considerable reduction in the oxidation rate with an increase
in temperature. The kinetics of niobium oxidation in this temperature
range has been studied little. Therefore, it is still not clear to what
extent the additions in niobium affect this anomaly.

Thus, comparison of the more important facts of the kinetics of
niobium oxidetion shows that the results published in the various works
are not contradictory tc the extent that might have been thought earlier.
Actually, this work established all the anomalies noted earlier in the
temperature relation of linear oxidation rate of niobium. Depending upon
the purity of the metal the extent to which these anomalies appear varies
and the temperature intervals can be changed. However, the character of
the relation of the linear rate of oxidation to temperature is retained.

In works [~11, 12_7 no anomalies in the temperature relation of the
oxidation rate of niobium were observed. It is true that Sometimes this
was because the temperature ranges of isothermic oxidation which the suthor
seiected were too broad and the kinetics of oxidation were not studied at
the extreme temperatures.

The data in this work on the effect of oxygen preasure on the oxi-
dation process agree well with the results of other works 175, 13_7.
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Now, describing the possible mechanism of niocbium oxidation, we
firet note that the retention of surface defects and special inert indi-
cators (gold and others) after oxidation of the metal indicates mainly
diffusion of oxygen through the oxide film through the metal. The possi~-
bility of such a mechanism is attributed to the nature of the niocbium
pentoxide which is an n~type semiconductor with insufficient anions Z-14J7.

The oxidation rate in the first stage characterized by the para-
bolic law is determined by the growth in the protective oxide film. The
most probable oxidation mechanism at this stage is diffusion of the oxygen
ions through the oxide film and subsequent dissolution of it in the metal.
At a certain oxygen concentration in the metal one of the phase oxides
(NbO, NbO,, and Nb,0s) or a mixture of them is formed.

Depending upon temperature the composition and the protective
properties of the oxide film during alobium oxidatlon can change consider~
ably. After a certain (critical) thickness of the oxide film is reached
it begins to break down due to internal stresses caused by the great dif-
ference ia the amounts of metal and oxide, <

Ths process of breakdown of the oxide film is characterized on the
kinetic curves by the transitional segment. The established oxidstion
process, as noted above, is described by the linear law. This process
occurs when there is simultaneously a dark oxide sublayer firmly bonded to
the metal and & white porous oxide which exfoliates easily from the
specimen. In the oxidation process the amount of porous scale is jncreased
with the passage of time; but the thickness of the dark sublayer is ob-
tained approximately constant. This can be presented as follows. At the
point where the continuous oxide film breaks dowr the metal is exposed
directly to the oxygen. As a result of the interaction of oxygen with the
metal a new segment of new oxide film is formed which grows until it
reaches a certain critical thickness snd then once again breaks down. This
process proceeds along the entire surface of the specimen and &8s & result
a certein average rate of oxidation is established. Naturally, it is pos-
sible in this case to measure only the average thickness of the dark oxide
sublayer. Thus, in our opinion, the dark oxide sublayer observed on the
specimsn in all cases of oxidation basically determines the linear oxida~
tion rate of niobium in the established process. ‘

As the research showed, as the temperature increases the average
thickness of the dark oxide sublayer increases sharply in the temperature
range 600-612°C. The observed anomaly in the temperature relation of the:
linear rate of oxidation of niobium in this temperature range apparently
is caused by this phenomenon,

The question of anomalies in the temperature relation of the oxi-
dation rate is thus reduced to an explanation of the circumstances causing
the nonuniform growth in.the thickness of the oxide sublayer in the
temperature range. This can be that case when an increase in the mobility
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of oxygen in the oxide layer and in the metal is ercessively compensated
by an increase in the thickness of the oxide sublayer which is a barrier
preventing the oxygen from reaching the metal, :

Conclusions

The kinetics of oxidation of iodide niobium remelted in an electron
beam in oxygen at 350-1200°C was studied by the method of continuous
weighing. As a result it was established:

1. In the temperature range 350-400°C the oxidation process in the
initial period it is described by a parabolic law and then there
is a transitional stage which is characterized by an increase
in the oxidation rate.

2. The established process of niobium oxidation in all of the
temperature ranges that were studied corresponds to the
linear law,.

3. In the temperature relation of the constants of the rate of the
linear law of oxidation there are three temperature ranges
(600-6129C, 900-950°C, and 1000-1100°C) in which the oxidation
rate is reduced with an increase in temperature.

L. The enomaly in the temperature relation of the constant of the
oxidation rate of niobium in the temperature range 600-612°C
is associated with the sharp increase in the thickness of the
dark oxide sublayer.

5. The oxidation rate of niobium according to the linear law
increases with an increase in oxygen pressure while the oxygen
pressure has no noticeable effect on the rate of the process
described by the parabolic law.
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REACTION OF AUSTENITE CHROMIUM-NICKEL STEEL
WITH LIQUID LITHIUM

N. M. Beskorovaynyy,
M. T. Zuyev,
V. S. Yeremeyev

Austenite chromium-nickel steel possesses higher heat resistance,
better technical properties -~ deformability and weldability, higher plasti-
citg and indicates good corrosion stability in sodium coolant wp to 700
800" C as compared with ferrite steel.

Attempts to use austenite chromium-nickel steels for lithium coolant
gave negative results: chromium-nickel stainless steel as well as chromium
Zgaif;ess steel with 2% nickel are not resistant to corrosion in lithium

1/

These steels were tested at 800° C for 230 hours in reaction vessels
made of technical iron, containing about 0.04% of carbon. Interaction of
lithium with chromium-nickel steels was intercrystalline in nature and the
depth of corrosion reached 2.78 mm/year. Mechanical properties were also
changing: specific elongation decreasgd from 45-50 to 4-6%; the yield
strength decreased from 69 to 61 kg/mm~ (tests were conducted on flat
specimens 0.7 mm in thickness). It was established that content of nickel,
chromium, silicon and tungsten in these alloys also decreased, i.e., in
liquid lithium leaching of these components of chromium-nickel steel occur=
red. The rate of corrosion calculated fgom the weight loss for different
steels comprised from 0.06 to 0.034 g/mm“<hr. Due to transfer of carbon
from reaction vessels the content of carbon in the investigated steels in
all cases increased to 0.6-0.7%.

The rapid drop of plastic properties after holding in lithium was
also observed_in steel with 174 Cr, 2% Mo and 14 Nb in the presence of
2.0-2.5%6 N1 [71_]. The depth of corrosion was reaching 5.6 mm/year.
Chromium stainless steeles were found 4c bo wore stahle in lithium 1L *hey
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were additionally alloyed with molybdenum, tungsten and niobium. However,
the results of other works do not show strong corrosion destruction of
austenite chromiumenickel steels in lithium.

At 800-1000° C pure chromium and particularly nickel dissolve in

lithiun to a significant extent, which one would think is the cause for
rapid destruction of 1Kh18N9'1‘ steel (Table 1).

Table 1

Solubility of Iron, Chromium, Nickel and
Titanium in Lithium

Testing Content of elements in lithium, weight ¢
tamperature, *
| o¢ Fe | cr R S R

700 - | - 0,15 -

750 - ! 0.5 —

800 — | 0012 = —

850 — ) _ 1,36 —_

900 0,01 i —_ — 0,014

950 — | 08 3.2 —

1000 0,02 : — -~ —

1200 0,35 L 39 — —Z .

R S S, ,__...-_.__-4

However, upon testing 1Kh18N9T steel it was found that transfer of
zhmmi\m)and nickel .atoms into liquid lithium is drastically lowared
Table 2

Table 2

Solubility of Components of 1Kh18N9T Steel in
Lithiwm at 975° C [ 3 .

Testing | Content of elements in
11 .time, | lith um wei t .
; hours | r. T
110 0,0019 l 10-¢ 10-¢
Distilled ‘

240 0,001 I 0,0012 0,029

C 1.0% N, 110 00008 | 048 0,020
C 0,99% O, 110 0,0019 10-¢ 0,031
C1,i12% 9, 240 0,0012 0,0026 0.109




It follows from Table 2 that in distilled lithium after testing
1Kh18N9T steel one finds 100 times less chromium and nickel than after
testing pure metals. Nitrogen impurity i.. lithium increases leaching out
of chromium from 1Khi8N9T steel. Oxygen in lithium increases leaching out
of nickel.

Mechanical properties of 1Kh18NOT steel after testing in lithium
also changed very little. The reaction vessels and specimens were made of

the same meial (zable 3).
Table 3

Mechanical Properties of 1Kh18N9T Steel After Testing
Rods 3 mm in Diameter in Lithium [ 3_/

Testingl Time
temper- of - :
1i ature, | test- b
o¢ ' ing, kg/mz 8 % 1 40 %
hours
975 110 60 63 52 i
. SO S
Distilled 975 240 60.5 58,2 81
1150 81 591 | 596 | 519
C 1,1% O, 975 240 62 52,i 46,9
C0,41% O, 1150 8l 62,6 56,8 49.0
C 1.7% N, 975 120 63,5 52,6 433
C 0.45% N, 1150 8l 65,8 54,2 38

The above data indicate that high strength and plasticity of
1Kh18N9T steel 1s preserved after tests in distilled lithium. Even lithium
contaminated with large quantities of nitrogen and oxygen had little effect
on the plastic propertlies of this type of steel, while in one of the works
f 1_] its plasticity dropped catastrophically.

In the distilled lithium the corrosion boundary layer is almost
completely absent and only after testing in lithium which contained sig-
nificant quantities of nitrogen and oxygen surface destruction and
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intercrystalline corrosion was observed. However, the degree of corrosion
destruction of the structure of 1Kh18N9T steel during contamination of
lithium with oxygen and nitrogen is not so great as to change significantly
the plastic properties under the indicated test conditions.

During analysis of the data in Table 3 one should remember that in
the work of Yu. F. Bychkova et al /[ 3_/ mechanical properties were deter-
mined on rods 3 mm in diameter and in the work of V. S. Lyashenko et al
[71_J on bars 0.7 m in thickness and 3 m wide. If one takes, for
example, that the thickness of the corrosion layer, the properties of which
are significantly poorer, is equal to approximately 0.1 mm, then for circu-
lar cross section specimens the area of corrosion layer comprises 13% of

the total cross sectional area while for bar specimens it comprises 30%.

The results of testing of bars made of 1Kh18N9T steel 1 mm thick and
3 mm wide in reaction vessels made of the same material, in pure lithiumm
are given in Table 4.

Table 4
Mechanical Properties of 1Kh18N9T Steel After

Testing in Argon Atmosphere in Liquid
Helium (bars 1 x 3 x 14 mm)

Testing Time of g/ 5 4 No. of backwa
testing 4 mn' ' and forward bend
[teapgratures | hours (technical test)
Ar i Ar Li Ar Li
1000 100 59.7 | 58.0 | 57.6 | 54.3 28 29
1200 100 52,4 | 50.2 | 4.3 | 54.0 4 AN
Note: Originally ¢y = 65.7 kg/mmz: §= 48,44,

The above results show that in the case of bars the strength of
1Kh18N9T steel after testing in lithium at high temperatures remain suf-
ficiently high and change very little as compared with tests in argon
mediwn. At the indlcated temperatures the grain size increases signi-
ficantly, but the corrosion surface layer with changed structure and also
intercrystalline corrosion are found. Only after testing in lithium at
1200° C the surface layer shows point inclusions and increased microhard-
ness: microhardness on the surface is equal to 244-285 kg/mm“ while in the
interior of the specimen it is equal to 119-185 kg/mm? (Fig. 1).
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)

Mgure 1. Microstructure of 1Kh18N9T stesl. Tests wera conducted in
lithium at 1200° C for 100 hours. The grain size is larse with
%ndicagions of & phase and ths surface shows point inclusions

200 x).

At 800-1000° C the solubility of chromium-nickel steel remains prac-
tically the same and only at 1200° C it sigznificantly increases (Tabls 5).

The welding seams on 1Khi8N9T steel also bshave sufficiently well in
lithium (Table 6).

Table 5

Rate of Corrosion of Chromium-Nickel Steel
in Lithiuwm, Calculated from the
Welight Loss of Specimens

ot ) 7
Temperature, °C Putﬂ'szwprrasio“,
gfm hr
800 0.06-0.03% [ 1]
1000 0,03k
1200 0.388%

* 1Kn18N9T stecl.
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Table 6

Mechanical Properties of Welding Seams of 1Kh18NST Steel
After Testing in Argon Atmosphere and in Liquid Lithium
(specimens are bars and argon arc welding was used)

e of e/ 2 6. 4 Ncol.fof bardckward
t e o Y pn ’ and forward bends
rempgratures | testing, (technical test)
hours Ar ] 11 | Ar | 11 ar | It
Initial state 59.9 27.2 23
1000 100 52.0 | 50.7 | 41.2 | 37.1 17 23
1200 100 , bo.7 | 50.2 | 59.0 | 53.4 29 23
Note: Destruction in all cases occurred not along the welding seaxi.
but along the transition zone.

The welding seam had flowing structure in many cases contaminated
with foreign inclusions which are located along the grain boundaries as
well as in the grains themselves. After annealing in argon at 1000° C the
flowing structure of the welding seam changed little. At 1200° C a sig-
nificant growth of grains occurred. 7The structure of welding seam and the
transition zone after testing in lithium would not show difference in ocome
parison with annealing in argon.

The unsatisfactory corrosion stability of ch um-nickel steels in
1ithium found in the work of V. S. Lyashenko et al / 1_/ is apparently
associated with the fact that tests were conducted in reaction vessels made
of technical iron, containing about 0.04% carbon, as a result of which
chromium-nickel steel was saturated with caruon to the extent of 0.6-0. 71
and resulted in the formation of carbides in the structure.

It was established in [ 4 J that change of structure in technical
iron and carbon steel after testing in lithium is associated with diffusion
of lithiuwn, Lithium destroys iron carbides as a result of which inter-
crystalline corrosion is developed. The higher the content of carbon in
the iron and in carbon steel is the higher the concentration of lithium in
surface layers is.

The same phenomenon is observed in chromium-nickel steel [ 1_7.

Thus in LKh14N14B2 steel (0.4% carbon) the mean content of lithium com-
prised 7°10-2% and in 1Kh18N9T steel (0.1% carbon) — 2°10-34,
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Thus a transfer of warbon f.oa oo 0 Sron Losels into chren
nickel steel may create fuvorable cenaitici . for 4iv¢ . zion of lithium.
Lithium destroys chromium carbides causer svsiognent of interciystallin.
corrosion (Fig. 2).

[ TR

Figure 2, Development of interory:ouaillias corceosion on the
surface of 1Kh18N3T strel afier testing in lithium
at 1000° C for 100 hours in iron vessel (200 x).

Investigations show that diffusion of liibium in 1KhiIBNST steel duiw
ing testing in reaction vessels made of technical iron proceeds yuite
intensely: in 100 hours at 1000° C the concentration of litnium in the
surface layer reaches 0.16% and the depth of its venetration comprises
about 0.2 mm. In 500 hours the concentration of lithium increases to
0.72% and its penetration to 0.3 mm (Fiz. 3).

In addition during testing oi chruamiwr-i:nckel ctecel in reaction ves.
sels made of technical iron due to the differerce in metals leaching of
shromium and nickel from steel is increasea. Thus, after testing tedinical
1ron in lithium in reaction vessels mad: ¢l 1Khi8NOT steel at 1000° C one
abserves transfer of chromium and nickel frum ztainless stasel into the
i+on, which is indicated by the ircrease ¢i microhardness of the Surface
layer in the course of 100 hours of testine frow 109 to 800 kg/mm<.

The weak corresion effect of litlouam win tne stiucture and strenzth
charactgristics of 1Kh18N9T steel obtairsd in tbe work of Yu. F. Bychkova
#y al L 3_7 at 975-1150° C and duration fivm CO-240 hovrs and also tae
results of this work at 1000-1200° ¢ and duwtzon of 100 hours indicate
the possibility of using chromium-nicksl stesl for work in lithium media.
Apparently in the case of identical materizls and in the absence of
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transfer of carbon the stability of austenitic chromiun-nickel steel in
" 1ithium must be significantly higher. The weak corrosion of 1Kh18N9T
steel in lithium, found in this work, may be explained as follows,

080
- g5 Ja)
N
8 ¥
8 soohours
]
o oo
Q 016 100 ours\
=
8 .
0 al a2 03
Depth, mm

Figure 3. Concentratlon curves of the distribution of
lithium in the surface layer of 1Kh18N9T steel
after testing in lithium at 1000° C in iron
vessels.

In the absence of transpori of carbon the prolonged testing of
1Kh18N9T steel at 1000 and 1200° C in lithium aids transfer of carbides,
existing in the steel along the grain boundaries, and also of other ime
purities into solid solution. In this case the grain growth is made
easier, but apparently the diffusion of lithium along the "clean" grain
boundaries is hindered, and intercrystalline corrosion is not developed.
Certain leaching out of chromium and of nickel and also of lithiwr into
the surface layer may, to a certain extent, change its composition and aid
the formation of ferrite structure. However, the change of composition of
only a thin surface layer in the absence of intercrystalline corrosion is
insufficient to change sigidficantly the strength characteristics of
1Kh18N9T steel.

Conclusions

1. After testing 1Ku18N9T steel in lithium contained in vessels made
of the same steel at 1000 and 1200° C no significant changes of mechanical
properties of steel are observed in comparison with identical treatment in
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argon medium. In accordance with these ircication: (Kh18N9T steel pos-
sesses sufficient corrosion resistance in Lithium at 1000 and 12009 ¢ fn:»
a period of 100 hours. :

2. No significant corrosion effects of lithium on welding seams of
1Kh18N9T steel were found.

3. The rate of corrosion of iKhi18HST steel is calculated from
weight losses of specimens (apparently associated with leaching out of
chromium and nickel) at 1000° C comprises 0.034 g/m©-hr and at 1200° C --

0.388 g/mz'hr.

4. During testing of 1Xh18N9T steel in reaction vessels made of
technical iron lithium diffuses into the surface layer of steel to a cig-
nificant depth, which may aid the development of interecrystalline corros..i.
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CORROSION RESISTANCE OF IRON IN LITHIUM

N. M. Beskorovaynyy

V. S. Yeremeyev

M. T. Zuyev

V. K. Ivanov s
Yu. Ya. Tomashpol®skiy

Study of corrosion resistance properties of iron in lithium presents
significant interest since iron is the principal component of stainless
chromium and chromium-nickel steels. These alloys may be used as struc-
tural materials when lithium is used as a coolant.

Iron dissolves little in lithium. Thus, at 1000° C solubility does
not exceed 0,03-0.044 / 1_/. When lithium is contaminated with oxygen and
nitrogen to the extent of 1-24 the solubility of iron in lithium increases
by about 15% / 2_/. The mechanical properties of iron change insignifi-

cantly (Table 1).
Table 1
Effect of Oxygen and Nitrogen Content in Lithiwm

on Mechanical Properties of Technical Iron at
800° C and When Duration of Test Was

152 hrs [ 2]

Li %, kg/mn 8, §
Distilled 30.3 27.2
1% 02 e ®o o ¢ 0 ¢ o o 0@ 29.1 ' 23.6 .
1‘ Nz e e 0 0 9 ¢ o v o 27.2 23.1
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Lithium has significant diffusion mouility in industrial iron.
During tests in liquid lithium surface_layers of industrial iron change
both the structure and properties / 3_f. '

In this work corrosion %ests were conducted on industrial iron and
on iron remelted in 10~! < 10™° mm Hg vacuum (Table 2)._ A significant
effect of carbon was found on diffusion of lithium / 3_7.

Table 2

Chemical Composition of Investigated Iron (in %)

Fe : ¢ wa i Si s P 0,
Industrial , . . . | 0047 ! 0.47 | 017 [0.041|0007] o007
Vacuun fused . . . | 0:009 | 008 | 009 |0.046 |0,008| 0.007—0.010

Reaction vessels with specimens were filled with lithium in argon
atmosphere. To insure minimum contamination of lithium with gas impurities
(oxygen and nitrogen), argon was purified by scrubbing through fused lithium
files. Periodically tests were conducted in lithium contaminated with
oxygen and nitrogen (saturated in air). ‘

During testing in lithium the surface layer of iron dissolves. Dis-
solution occurs predominantly along the grain boundaries and it increases
with increase of temperature and with duration of tests. The purity of
iron also has significant effect on its solubility. For example, the des=
truction of surface and grain boundaries of vacuum fused iron at 600° C in
500 hours is less than destruction of industrial grade iron in 50 hours
(Fig. 1, 2). At 1000° C boundaries of y-iron are dissolved. In the
course of cooling when y-phase new thin boundaries are formed without
traces of corrosion (Fig. 3).

The polished surfaces of specimens become rough due to dissolution.
This roughness is well fixed by profiling the surface (Fig. 4). The
properties of the surface layer of industrial iron are also changing: the
hardness and strength are lowered and plasticity increases (Table 3 and
Fig. 5). The parameter of crystal lattice is also lowersd from 2.8620-
2.8630_to_2.8605-2.8607 kX, which cogresponds to lattice parameter of pure
iron [ 4_J. [Note: 1 kX = 1.00202 A]. The impurities of carbon and
?itrogeg) change most significantly the lattice parameters of a-iron

Table &4).
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Surﬁceofvacuum fused iron
after testing in lithium at aftor testing fa Tithous
-600°% C for 500 hours (270 x). T W0 hours

3. . Surface of industrial iron
after testing in lithium at
1000° € for 50 hours. In
g S
.along the austenits grain -
boundary . thin boundaries , e wha
ate “z VA thout corTeston Fig. 4. iromei l‘f;r;*fiﬁ,’r. .;.»h: S
narks. (270 x). ace ol indashrial mn‘. L
N a « initial «‘.itate; b e afunr

| testing in litalus at 0077
C for 50 hrs. Vervi.ticition
i3 x 2500 x 6.5 apd wowioon.
£2] vagmtiles sion x 200 L G4
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Table 3

Mechanical Properties of Industrial Iron After -
Testing for 100 hours in Argon and in
Liquid Lithium

Temperature 2 8
lof testing, Tp, kg/mm , % |
°C Ar l L Ar ! Li
1000 2,3 ' 24.3 25,6 l 25,7
. 1200 28,2 23,1 18,0 I 26,0
Table &

Effect of Impurities on Crystal Lattice Parameter of
x-iron (the lattice parameter of pure iron is
2.8605-2.8607 kX) [ L

c | Mo Si Np 02
5 ] 2 & 54
- [ [+ - - [ -
Sk a3 [Ew|t [EwE
el 8 (Fali (3|8 t25lE 1Byl
SE 8% IS5 8% SH| 85 85| A% 8% &%
0.004| 2.8605 | 0.47 | 2.8608 | 2.5 | 2.8501 | 0,004 | 2.8605 ‘oosi 2,859
0011 | 2.8609 | — — 0015 28610 | —- | —
0.015| 28612 | — 1 < ooy s | |
’ 150
!
Z
- o /_ 3
E wo L .
(o] {
~4
- 2
50 =% 200 — st hours

Figure 5. Change of microhardness of the surface of specimens of indus-
trial iron after testing it in lithium at 600° C (1), 700° ¢

(2) and 1000° C (3).
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These changes take place due to decrease of the impurity content
in the surface layer of industrial iron, since 2ll impurities (C, Mn, Si,
P, 02, Np), with the exception of sulfur increase the strength and hard-
ness of iron. Sulfur is the only impurity which does not affect the
str_eygth characteristics of iron when its content is as high as 0.175%

s

During testing of vacuum fused iron in lithium despite the overall
dscrease of impurity content, the decrease in hardness also occurs (Fig.
§), which verifies the existence of refining process in vacuum fused iron.
However, after testing of vacuum fused iron in lithium the surface layer
was enriched in sulfur [ 1_]. Sulfur diffuses from deeper lying layers.
In this case the concentration of sulfur at the surface increases while in
. desper lying layers it decreases (Fig. 7). It follows from Fig. 6 that
microhardness does not reflect this process.

150
NE 2 3
& 100 / ,/ %——1
2 <
. !
e o4
50 .
50 200 500t hours

Figure 6. Change of microhardness of the surface of specimens
of vacuum fused iron after testing in lithium at
600° ¢ (1), 700° ¢ (2) and 1000° C (3).

Oxygen and nitrogen impurity in lithium does not affect the surface
properties of the surface layer of vacuum fused iron (Table 5).

Table 5

Effect of Contamination of Lithium with Oxygen and Nitrogen
on the Properties of the Surface Layer of the Vacuum
Fused Iron upon Testing for 50 Hours at 1000° C

Microhardness | Lattice parameter
Li of surface on the surface kﬂ
(kg/mn<)

"Pure" (reaction vessels
were filled in argon

atmosphere) « « « « « « 99 2,864
"Impure" (reaction vessels
were filled in air) . . ok 2.8615

- 110 -




The first results on the siudy of the diffusion of lithium in in-
dustrial iron and carbon steels [ 3_f/ have shown that the most significant
changes in structure and properties of the surface layer, which charac-
terize the corrosive effect of lithium, occur only there where lithium is

present in bulk.

In this work the diffusion of lithium was investigated with cylin-
drical specimens 12-15 mm in diameter and 35 mm high. Layers, 0.02-0.03 mm
thick, were removed from the side surfaces of these rods. Lithium, in the
obtained shavings was determined according to N. M. Beskorovaynyy and
others.

2 2,08
‘;$ .
2
|L 2 15
20 " .
£ 4 M
E 1,2
~ 1 &y \
g o
- P~
.é' 12 * .9[ 0' s 3
o 20 §
o f’ o g i:;:\‘“x;
¢ 4 = 2 M \
8 e
4
0o 071 02 03 8% &S5 46 0 0,1 0,2 63
Depth, mm Depth, mm
Fig. 7. Distribution of S35 in vacuum  Fig. 8. Distribution of lithium
fused iron after testing in vacuum fused iron
1ithiwm at 600° C (1) and after testing for 100 hrs
1000° C (2). at 380 (1), 550 (2), 620

(3) and 670° C (&).

The distribution curves of lithium in vacuum fused iron the particle
size of which was about 0.11-0.14 mm after testing at 380, 550, 620 and
670° C for 100 hours are given in Figure 8. It is apparent from the figure
that 1ithium behaves uniquely. Its diffusion mobility in «~iron does not
increase, but decreases with increase of temperature.

These results show that diffusion of lithium in «&-iron is sig-
nificantly effected by iAmpurities such as carbon and others.

@-iron may dissolve at the most 0.04% of C at 723° C. At lower
temperature solubility of carbon decreases and tertiary cementite is
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ijberated along the grain boundaries of ferrite (Fig. § b). Oxygen be-
naves analogously. Solubility of oxygen in w-iron comprises about 0,114
at 715°2 ¢ [ 6_f. With lowering of temperature solubility of oxygen in
iron falls as a result of which grain boundaries may be enriched with

oxides. Sulfur impurity also distributes itself along the grain boun-
daries. '

Figure 9. Microstructure of industrial iron after tssting in lithium at
400° C for 25 hours (270 x).
8 - 0.2 mn depth where lithium is present: corresion along grain
boundaries; b - 0.3 mm deep without lithium; liberation of
cementite along the grain boundaries is indicated with arrows.

Consequaently, at lower test temperatures the grain boundaries of
ison are enriched with impurities which have a significant chemical simi-
larity to lithium. In addition, grain boundaries are more enriched with
dofects -- vacancies, clusters of vacancles, micropores, ete. Thus favore
avle conditions are established for diffusion of lithium along the '
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intergrain layer, which consists of boundary iayers oi grains emnriched
with impurities and defects. When lithium *nteracts with metals of inicr.
granular layer corrosion products are formed and grain ooundaries are
thickened -- intercrystalline corrosion in iron on "purity" of boundaries
is verified by distribution curves of lithium in industrial iron. The in-
creased content of lithium in it as compared with vacuum fused iron causes
much deeper penetration of lithium and much greater concentrations of the
latter in the surface layer (Fig. 11, compared with Fig. 8).
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Fig. 10. Microstructure of industrial

where lithium is present. in industrial iron afte:s
Tests were conducted at 700° testing at 400° C (1)

C for 200 hours, Inter- and 600° C (2) for 100
crystalline ocorrosion can be hours.

observed along the grain
boundaries. (270 x)

The effect of grain boundaries on the diffusion of lithium is also
shown in Figures 12 and 13. The level of diffusion mobility in iron with °
finer grein size is significantly higher than in large grain iron.

The dependence of the diffusion of lithium on the amount of impurity
along the grain boundary is also verified by tests at higher temperatures,
800-1000° C. At 800° C and to a greater extent at 1000° C (when & ~ Y
transition occurs) the principal mass of impurities along the grain boun-
daries of iron transforms into so0lid solution and boundaries become
Ycleaner." Apparently, a decrease of the number of structural defects
along grein boundaries occurs. As a result of this the diffusion mobility
of lithium is sharply lowered. The penetration depth of lithiwm in vacuum
fusad iron at 800° C and 1000° C decrease approximately by a factor of 2.3
as compared with penetration depth at 620 and 670° C. Lithium distributicn
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curves at 800 and 1000° C practically coincide (Fig. 14). In the indus-
trial iron at 800° C due to large impurity content a large diffusion
mobility of lithium is still preserved, but it is already smaller than at
600° C. At 1000° C the diffusion penetration of lithium is lowered so
much that it becomes equal in the depth to diffusion of lithium in vacuunm
fused iron at 550-670° C.
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Mg. 12, Distribution of lithium in fine Fig. 13. Same as Fig. 12, but

and large grain vacuum fused after testing at
iron after testing at 670° C 380° C.
for 100 hours. 1 - grain size 0.11
1 = grain size 0.11 mm; mm; 2 - grain size
2 - grain size 0.48 mm. 0.48 mm,

Contamination of lithium with oxygen and nitrogen has little effect
on the diffusion of lithium in industrial iron (Fig. 15). In vacuum fused
iron the overall content of impurities is much lower than in industrial
iron. @Grain boundaries are also “"pure." Despite this the surface layer,
about 0.02-0.05 mm in thickness in vacuum fused iron, has about the same
concentration of lithium as in industrial iron. In this layer the corroe
sion in vacuum fused iron developed not only along the grain boundaries,
but also along the boundaries of the substructure -- fractionation of
large grains into smaller ones occurs (Fig. 16).
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¥ig. 14, Distribution of lithium in vacuum Fig. 15, Distribution ¢f
fused and in industrial iron aftsr iithium in induse-
testing at 800 and 1000° C for 100 trial iron after
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{ - vacuum fused iron, 800° C; (1) and in “con-
2 - same iron, 1000° C; 3 - indus- taminated" (2)
trial iron, 800° C; 4 - the same, lithium at 80C° ¢
1000° C. for 25 hours.

Fig. 16. Microstructure of vacuum fused iron at a depth of 0.05 mm after
testing for 200 hours at ?700° C. One may see corrosion destruc-
tion along the grain boundaries and in grains as well as
fractionation of large grains into a large number of smaller
grains (270 x).
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Increase of concentration of lithium on the surface of vacuum fused
iircn and development of intercrystalline and intragranular corrosion in the
surface layer may be caused by redistribution of sulfur from deeper layers
to the surface (see Fig. 7) and by the formation of corrosion products
waich are sufficiently strongly retained on the surface layer.

Thus, it may be considered to have been established that diffusion
cf lithium in iron is determined by the content and distribution of carbon,
oxygzen, sulfur and other impurities in iron which have significant chemical
27inity to lithium., The reaction of lithium with impurities causes inter-
crystalline corrosion and corrosion along the boundaries of substructure.
it is possible that the presence of the indicated impurities in structural
materials, including gases, has greater effect on the corrosion stability of
st ~uctural materials in lithium than contamination of lithium with gases.
Tnis must be thoroughly investigated, but at least it is quite clear that
imorovenent of the production of technology of structural materials for
work in lithium media (vacuum fusion and others) must significantly increase
ine corrosion stability.

Since diffusion of lithium in iron proceeds by interaction with im-

»uritices, the diffusion coefficient calculated by normal methods gives onliy
zn approximate figure for the mobility of lithium in iron (Table 6).

Table 6 °
Diffusion Mobility of Lithium in Iron

Temperature Order of magnitudd
Iron of diffusion | of diffusiog coef
tasting, °C | ficient, em</sec
380 108
250 1o~1 g
20 10~
Vacuum fused £70 10~10
800 10~11
1000 10~11
400 10~8
Industrial 600 10-8
1000 109
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Conclusions

1. During testing of iron in lithium its surface becomes coarse and
dissolution proceeds predominantly along the grain boundaries. Due to the
refining effect of lithium the strength is lowered and plasticity of the
surface layer of iron is increased.

2. Diffusion of lithium in iron proceeds along the grain boundarie
and boundaries of substructure and is directly reia.ed to contamination ¢z
boundaries with impurities of carbon, sulfur, etc., to which lithium has =
significant chemical affinity. The interaction of lithium with the indi-
cated impurities causes intercrystalline corrosion.

3. In vacuum fused as well as industrial iron the diffusion mobili: -
of lithium as a function of temperature is evaluated by quantities which «:u
Siven in Table 60

4. To improve the stability of structural materials in lithium i: -
necessary to direct particular attention to the technology of their produr.
tion -- use of vacuum fusion and other methods which aid in obtaining pur:.
metals and alloys with respect to gaseous and other impurities.
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CORROSION RESISTANCE OF TITANYUM IN LITHIUM

N. M. Beskorovaynyy
M. T. Zuyev

Titanium is an important structural material since it possesses
valuable physical and mechanical properties: strength and good plastic
properties (op,as 55 - 65 kg/mme; 8 2225 - 30%), low density (dpg = 4.5
g/cm?) and high corrosion resistance. However, titanium has sufficiently
significant capture cross section of thermal neutrons (o, = 5.6 barn) and
in connection with this it did not find any special application in reactors.

The corrosion stability of titanium in lithium_was investigated very
little. According to data of Yu. F. Bychkova et al / 1_/, titanium is very
little soluble in lithium at 900° C -= 0.014%, Its stability at 800-900 is
limited [ 2_/. .

In this work tests were conducted on technical titanium with impuri-
ties of 0.12% C and 0.09% Fe, as well as T4 + Al alloy containing 2.2% Al,
1.3% Mn and 0.045% C. Prior to tests in lithium specimens were ~leaned-
from oxides by polishing. Tests were conducted in reaction vessels made of
technical titanium. ,

After testing lithium a change in weight of samples was observed
(Table 1).

Technical titanium after testing in lithium gives changes in mass
which at 800-1000° C increase with time of testing and at 1200° C they
decrease in prolonged tests, since after a certain time dissolution of
titanium in lithium beocomes significant.
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Change in Weight of fyvecimo~s of Titral.. . ;:‘. Lo+ A iy

After Testing in Lithium at 800, 1000 .nz 1200% C
Time of Change 1u weigbt gf
Material testing,|  specimens, mg s
hours ETIR fikh L 1 1200 ¢C
Technical titanium 50 02 | 040 0094
100 (046 . o056 047
T4 + Al alloy 50 -0.09 --2.46 ! -4,12
100 - 023 ~244 | —431

>.. ing air heating titanium is coated with a suificiently strong
v - =itride film which prevents it from further oxidation at 400-500
W ds-craase of temperature the chemical activity of titanium increases
50 7as o high sclubility of oxygen and nitrogsn in titanium tiue dissolu-
b vwde-nijride film is possible and iacrease of Brinell's hardness
LN kgfam® [ 3_f. After testing in lithium specimens of titanium
- «.+foce £1lms and the hardness of the surface increases significantly
SPRNES DU ¥ 5 § this shows the ablility of titanium to absorb gases from
4 300-1200° C.
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Fig. 1. Microstructure of technical Initial ¢ w00 1200
titanium after tosting in lithium state
for 100 hours at 800° C. The sur- Temperature, °C
face displays a film but no other Fig. 2, C(Change of surface micro-
changes in structure are observed hardness as a function of
(200 x). temperaturs after testing in

lithium for 100 hours.
1l - technical titanium; 2 -
T1 + Al alloy.
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T4 + Al alloy displays at all temperziires dissolation processcs of
the surface layer in lithium which progresses wiih increase of temperatu.e
(Fig. 3). The hardness of the surface increases (see Fig. 2).

Fig. 3. Microstructure of Ti + Al alloy after testing in
1ithium at 1000° C for 100 hours. Traces of sur-
face solubility in lithium are apparsnt. The
ztructt)xro is large needle and large grain type

200 x).

The dissolution process of Ti + Al alloy in lithium is aided by the
fact that at 800-1200° C one of the components of the alloy -- aluminum -~
forms an unlimited region of 1iquid solutions with lithium / & /. However,
during static tests an equilibrium condition is rapidly achieved and in-
crease of the duration of testing of Ti + Al alloy in lithium does not
cause increase in solubility.

The mechanical propertles of the investigated alloys after testing
in lithium are given in Tables 2 and J.

Table 2

Mechaniocal Properties of Titanium After Testing for 100 Hours
in Argon Atmosphere and in Liquid Lithium (the specimens
were bars 1 x 3 x 14 mm)

Testing &, kg/m® 6, #
tamperature,
oC Ar Li Ar Li
800 61.1 64.5 23.4 23.1
1000 56,0 57.0 20.7 134
1200 60,7 . 639 16.3 4.3
Note: In the initial state oy, = 61.5 kg/m® and &
= 20.“. 1
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Table 3

Mechanical Properties of Ti + Al Alloy Afctar Testing for 100
Hours in Argon Atmosphere and in Liquid Lithium f the
specimens were bars 1 x 3 x 14 mm)

Testing | S kg/ma? | 6., %
temperature, : - ;
o¢ Ar ! Li Ar | Li
800 664 | 637 20,2 21,7
1000 65.3 ~ 44,2 13.7 8.8
1200 63.4 | 8.5 8.1 100

Note: In the initial state o = 70.6 kg/mm® and
8= 17.54.

The strength characteristics of titam.tm and of T + Al alloy after
muauing in 1ithium for 100 hours at 800° C practically do not change. There
vav: no significant changes found in the microstructure with the exception
7 ~ha thin surface film of increased hardness.

it 1000 and 1200° C titanium and Ti + Al alloy go over into the f
Tnaze ragion and after 100 hours of testing in argon drastic enlargement of
racture occurs:  grains of enlarged to 3-5 mm in cross section and they
hiave large needles (see Fig. 3). In connection with the formation of large
grained structure plastic properties are decreasing (see tests in argon)
particularly in Ti + Al alloy.

After testing in lithium at 1200° C the plastic properties of
tilanium are lowered to a still lower extent since in addition to large
grain structure the lowering of plasticity is effected by gases which are
‘absorbed by titanium from lithium. The strength in comparison with tests
conducted in argon did not change.

The T4 + Al alloy, due to preferential dissolution or aluminum in
metal after testing at 1000 and 1200° C softens and at the same time loses
its plasticity. The welding seam of Ti + Al alloy behaves similarly in
lithium (Table &4).

In the initial state the welding seam had large grain nicrostructure.
After firing in argon and after testing in lithium at 800° C recrystalliza-
tion occurred causing formation of smaller grains. At 1000 and 1200° ¢
again large grain structure was formed.
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Table &

Mechanical Properties of Welding Seam of Ti + Al Alloy After
Testing for 100 Hours in Argon Atmosphere and in
Liquid Lithium (bars 1 x 3 x 14 mm)

Testing ' Gb ’ kg/ m2 . - 8, %
temperature,
oc Ac | Li Ar I ow
800 68.0 l 65,5 12,7 E 12,5
1000 64,7 49,5 7.5 i 59
1200 54,9 ’ 56,6 54 | a8

Note 1: In the initial siate o, = 73.8 kg/mm2,
= 10.4%.

Note 2: Destruction occurred not along the welde
ing seam, but along the transition zons or along the
principal metal.

Conclusions

1. Technical titanium and Ti + Al alloy have satisfactory stability
in lithium at 800° C in the course of 100 hours. :

2. During testing of titanium in lithium the former absorbs dis-
solved gases causing formation of surface films of increaszd hardness and
lowering of plasticity after testing at 1000 and 1200° C. At 1200° C sig-
nificant dissolution of titanium occurs.

3. In the Ti + Al alloy in connection with the presence of aluminum
dissolution processes are developed in the 800-1200° C range. The change
of composition causes drastic lowering of the strength and of plasticity
after testing at 1000 and 1200° C.

4, The welding seam of Ti + Al alloy behaves in lithium analogously
to the alloy itself.
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CHANGES OF PROPERTIES DURING CYCLIC THERMAL TREATMENT, .
DURABILITY AND INTERNAL FRICTION OF SAP

A. I. Dashkovskiy
A. N. Rozanov
Yu. F. Bychkov
I. D. Laptev

Multiple heating and cooling causes residual changes of dimensions of
metals and alloys under conditions that parameters of cycle have .correspond-
ing values.

The changes of shape of metal during cyclic thermal treatment depend
on crystal lattice of metal, composition and phase diagram of alloy as well
as the shape of tested specimens.

According to the data of A. A. Bochvar et al [ 1_J, to obtain a sig-
nificant residual change of dimensions it is insufficient to have a definite
temperature drop, but it is also necessary for the higher temperature of
cycle to be above certain value. This upper temperature must be higher
than the temperature for intense development of diffusion phenomena.

It is known [ 1_7, that aluminum changes significantly its linear
dimensions upon repeated heating and cooling. In deformed aluminum the
direction and the magnitude of residual deformation under the influence of
thermal cycles is practically independent of the degree of deformation and
the ection of cutting of specimen with respect to direction of rolling
[ 1_/, where the length and width of specimen are increasing and thickness
is decreasing.

SAP [Spechennaya Alyuminevaya Pudra; Sintered Aluminum Powder/ above
350° C surpasses in strength characteristics all deformable aluminum alloys.
Consequently it is worthwhile to utilize it as structural material for ele-
vated temperature work. In connection with this the behavior of SAP under
cyclic temperature changes is of interest. ’
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In this work the behavior of SAP-l, SAP-2 and technical aluminum
AD-1 was investigated during cyclic changes of temperature. A

Procedure and Materials

For cyclic thermal treatment flat specimens were used in the form of
100 x 100 mm plates 0.5 - 1 mm in thickness and specimens in the fomm of
#0ds 10 = 11 mm in diameter and approximately 90 mm in length. The plates
ware cut out of rolled sheets and rods were machined from drawn large dia-
water rods.

The average speed of changes of temperature for plate specimens come
rc>22d about 100 C per minute during heating and about 1000° C per second
during cooling in water, and for rod specimens 60° C per minute and 600° C
par seucgnd respectively. Specimens were held at maximum temperature from
10 o nin. .

The chemical composition of investigated materials SAP=1 and SAP-2
ccrrespond to standard specifications (Table 1).

Table 1
Chemical Composition of Materials, %

—— ‘

!Materiall A1L,0, | Fe 0ils [Moisture|
|

SAP=, 6—11 25 25 N

l SAP-]z' TY I %.25 ﬁss ?3.1

In addition to SAP prepared by ordinary means a sheet of SAP pro-
duced by rolling briquet, which was annealed in a vacuum for 2 hours at
700° C, was also invesatigated.

[-) s of Investl on

Dimensional Stability. Plates were subjected to cyclic thermal
treatment with maximum temperature of cycle boi.ng 500, 550 and 600° C, The
minimun temperature in all cases comprised 20° C. During ayclic treatment
the aluminum specimens obtained the form of Maltese cross. Table 2 gives
the average measurements of the length of specimens. Changes of dimensions
near the center of plates were much smaller than near the edges.
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Table 2

Changes of Dimension of Plate Specimens During
Thermal Cyclic Treatment

Tmperatuge of | Number | Mean changes
Matertzl cycle, “C of of dimensions,
(annealing for cycles %
10 min.)
SAP=1 500-20 240 0
" 550=20 120 -0,2
u 600-20 110 -0.5
SAP-1 from vacuum 600-20 110 0,7
fired briquet .
Aluninum 500=20 110 + 7.0
: 2k0 +14.0
" 550=~20 120 + 8.0
" 600-20 110 +11.0

~ It can be seen from the table that dimensions of aluminum specimens
increase significantly in about the same magnitude along the edges, but
SAP-]1 displays a slight decrease in dimensions. The mean measurements of
dimensions of rod specimens during cycling are given in Table 3.

Changes of dimension of cylindrical specimens, as it can be seen
from Table 3, occur in the same direction as for plates.

Table 3

Changes of Length of Cylindrical Specimens During
Thermal Cyclic Treatment

Number | cha £1
Conditions of cycle of nge of length, %
cycles Al SAP-1 | SAP=2
500-20° C, annealing for 10 min. 90 +0.5 0 0
20 +l.1 0 0
550-20° ¢, noowon 120 +1.0 0 0
600-20° C, " LR 100 +0.7 0.3 N
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(] ce O. sters and « As tlie maximum temperature 1is
increased above C during cyclic treatment of plates of SAP, the sur-
facs of material begins to show blisters. Their number and dimensions

increase rapidly with increase of temperature and blisters tear away from
the metal. :

Fig. 1. Bxternal view of the same section of surface of SAP-l
plate, subjected to thermal cyclic treatment in 600-20° C
a - after 20 cycles; b - after 50 cycles; ¢ -~ after 110
cycles; d - rolled from vacuum fired briquet (700° C, 2
hours) of SAP-1 after 110 cycles.

Figure 1 shows the same section of specimen surface of SAP-l, sub-
jected to cyclic treatment in 600-20° C range with annealing at the maximum
temperature for 10 min., after 20, 50 and 110 cycles. The same figure shows
a specimen of SAP-1 which was preliminarily annealed in a vacuum at 700° C
for 2 hours. After 110 cycles in 600-20° C renge this specimen had amooth
surface without any evidence of blister formation. It follows that vacuum
treatment of SAP enables one to increase significantly its stability to
thermal cydic treatnent.
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After 110 cycles in 600-20° C range the largest blisters layersd
forming some sort of scale. Specimens showusd cracks which passed through
places of formation of blisters. The formation and growth of blisters
occurs during firing in the furnace. After cooling new heating to the
same temperature does not result in further growth of already existing
blisters, but only leads to formation of new ones. The conditions of
cycle, as will be shown later, affect significantly the formation of blis-
ters.

Figures 2 a, b and ¢ show photographs of specimens subjected to 30
cycles at 550-20° C. It is apparent that increase of annealing time at
maximm temperature of cycle leads to sharp increase of the number and di-
mensions of blisters. Figure 2 d shows a specimen held isothemmally zt
550° for 7.5 hours. The specimen in Figure 2 e, passed 18 cycles in 600~
20° C range with 15 min, annealing. Here observation was made of a definitc
section of surface of specimen after each cycle. These observations have
shown that growth of blister occurs only during continuous holding in the
furnace. After cooling the blisters which have been formed do not display
any external changes in the course of subsequent heating. Only new blisters
occur. All large blisters under the indicated conditions of treatment were
formed during the first four cycles. Blisters are oriented along the direc-
?ion of rog.ing, which is extremely noticeable in the case of small blisters

see Fig. 2).

Pig. 2. Surface of SAP-1 plate after different treatments.
a - after 0 cycles at 550-20° C, annealing for 20 min, air cooled;
b - after 30 cycles at 550-20° C, annealing for 20 min, water
cooled; o - after 30 cycles at 550-20° C, annealing for 40 min,
water ocooled; d - annealing at 550° C for 7.5 hours; e ~ after 18
cycles at 600-20° C, annealing for 15 min, water cooled.
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The internal surface of blisters after multiple cycling or prolonged
annealing at maximum temperature is black, but initially after formation of
blister, for example 5 min. after annealing at 600° C, it is absolu
light, not differing from the appearance of fresh break in SAP. .

The rod specimens of SAP do not have a significant number of blis-
ters upon cycling, but the occurrence of cracks is more rapid than in the
case of plates. During oyclic treatment at 600-20° C significant cracks
occurred on the surface of rods after 30 cycles. Cracks are directed along
the axes of specimens and their number increases with increase of the num-
ber of cycles (Fig. 3 a). During cycling from 550° C cracks did not appear
even after 120 cycles (see Fig. 3 b). .

' a A b | _‘

Fig. 3. External appearance of rods Al (I), SAP-2 (II) and SAP-1 (III)
after cyclic treatment. f
a - after 100 oycles at 600-20° C, annealing for 10 min, (1.0 x);
b - after 120 cycles at 550-20° C, annealing for 10 min, (0.85 x).

W. Table 4 shows mean results of three-four
specimens of me properties of sheet SAP-l at room temperature after
different conditions of thoml treatment.

As it is apparent from Table 4, thermal cycling leads to lowering of
strength and plasticity of SAP, With increase of annealing time at maximum
temperature of cyole oj, and § decrease (see specimens No. ¥ and 5 in Table
L), At low rates of cooling mechanical properties of material are better
than after the same number of cycles yet with faster rate of cooling (see
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specimens No. & and 6 in Table 4). After annealing at 550° C without
cycling the properties of SAP become worse and even poorer than after
cycling: after 20 hours at 550° C specimens which passed 120 cycles with
10 min. annealing properties changed less than after 15.5 hours of anneal~
ing at the same temperature (see sgecimens No. 3, 7, 8 in Table 4). As a
result of themmal cycling from 600° C the strength limit of vacuum anneale:
SAP at 700° C was somewhat lowered and relative elongation increased sige
nificantly (see specimens No. 9, 10 in Table &).

Table &4

Mechanical Properties of SAP-l Sheet at Room Temperature
After Various Thermal Cyclic Treatments

Yield Relative |
Sg;ncg:n Treatment strength elongation ,;
. O, kg/mm® $
1l Initial state « ¢ ¢« ¢ ¢ ¢« ¢ o« o ¢ o o« & 39.7 3.5 :
2 240 cycles at 500-20° C with 10 min. !
annealing, water cooled « « « o« & « & 32.9 2.7
3 120 cycles at 550-20° C with 10 min.
annealing, water cooled « « « ¢ « « o 34.1 L34
4 30 cycles at 550-~20° C with 20 min.
annealing, water cooled « ¢ o« « o o 30.1 1.7
5 30 cycles at 550-20° C with 40 min. »
annealing, water cooled « « « o o o o 26,8 l.2
6 30 cycles at 550-~20° C with 20 min.
annealing. ailr cooled « « o ¢ o o o o 3300 203
7 Annealing at 550° C, 7.5 hours . . . . 30.8 2.1
8 Annealing at 550° C, 15.5 hours « « + . 29.7 2.
g Sheet made from briquet, fired in
vaouum at 700° C for 2 hours . . . . 33.2 5.2
10 Same + 110 cycles at 600~20° C, with
10 min. annealing, water cooled . . . 29.3 9.4

Microstructure. The structure of hot rolled strip is characterized
by clearly expressed line distribution of oxide phase particles. Thermal
cycling of SAP-1 plates in 600-20° C range with 10 min. annealing at maxi-
mum temperature leads to formation of a large number of approximately equal
in size fine pores which are uniformly distributed (Fig. 4). The formation
of cracks ocours by conglomeration of a group of smaller pores into a
© larger pore. 4s a result of gas pressures inside the pore great local
stresses occur in the surrounding material and cracks are developed which
pass through the neighboring small pores. Formation of cracks near the
surface of the specimen leads to formation of blister. Fig. 5 shows a
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section of crack near the surgaoo of specimen in the initial moments of
formation of blister. At 550" C pores which are formed are smaller and
cracks are shorter and consequently the number of blisters and their di-
mensions on the surface decrease.

Fig. 4. Microstructure of SAP-1 after 110 cycles at 600-20° C
and 10 min. annealing at maximum temperature (600 x).

Fig. 5. Microstructure of SAP-1 after 110 cycles at 600-20° C
and 10 min, annealing at maximum temperature. The
area of crack formation and formation of blister (600 x).
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The microstrmicture of SAP-1l roas after 120 cycies in 550-20° ¢
interval with 10 min. aimmealing is shown in Fig. 6. Sheet aluminum testsd
under the same conditions after 110 cycles in 600-20° C interval (annealed
at 600° C for 10 min.) had larger number of thin cracks and aluminum rods
had many large round pores located along the grain boundaries.

Fig. 6. Microstructure of SAP-1 rod after 120 cycles at
550-20° C with 10 min. annealing (450 x).

g Scus SLOD

The experiments on dimensicnal stability have shown (see Tables 2 and
3) that significant changes in dimension of SAP plates occur when the maxi-~
nmun temperature of cycle is 550° C or higher and for rods -- 600° C, i.e.
higher than the temperature of normal use of these materials.

To_obtain a significant residual cliange of dimsnsions it is neces-
sary [ 1_7 for upper temperature of cycle to be not lower than the
temperature at which recrystallization occurs or the temperature of suf-
ficiently strong development of diffusion phenomena.

During study of recrystallization of SAP it was found / 2_J trat in
cold deformed SAP (less alloyed A103) the processes of growth of recrystal-
lization centers are separated by a significant temperature interval. The
formation of nuclel begins at the same temperature as in pure al'minum, i.e.
about 175-200° C, and their growth only at 350-375° C, i.e. when self dif~
fusion of aluminum becomes sufficiently intense. The formation of
recrystallization nuclei has smaller effect on weakening of material than

- Considering short duration of cycles and greater content_of A1203
in these specimens then in the work of S. S. Gorelka et al / 2/ it is
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possible to consider significant changes of SAP dimensions during cyeclic
thermal treatments, starting at 550° C, are in good agreement on recrystal-
lization data of this material. '

Changes of mechanical properties of SAP during cycling are apparently
the result of large pores and cracks, accompanied by formation of surface
blisters. These processes are on one hand dependent on duration of high
temperature treatment (formation of pores and uniting of pores to form
larger pores, formation of cracks) and on the other hand on the rate of
cooling (formation of thermal stresses). Therefore, the increase of time of
annealing at the maximum temperature of cycle and increase of the rate of
cooling leads to more significant lowering of mechanical properties of SAP.

: It is very significant that SAP-1 plate rolled from vacuum annealed
briquet at 700° C for 2 hours, after 110 cycles in 600-20° C range had no
cracks, blisters or large pores.

Durability of SAP-1

Durability tests were conducted on SAP-l specimens 3 mm in diameter
and working length of 20 mm at 375, 450 and 550° C under the influence of
various stresses. Figures 7 and 8 show graphs of time prior to destruction
of specimen as a function of applied stress for 375 and 450° C. Since each
point represents a test of individual specimen a significant scattering of
experimental data is observed. Thus graphs are bounded by two lines, where
the included area contains all points.

) i T
H o
N o l .
g’ et =
EX : .
.5 i
° . J
2 ¢ £ 810 0 W M 200 40NN

Time prior to destruction, hrs.
‘Fig. 7. Durability of SAP-1 at 375° C.

It is possible to assume that the lower boundary of the region may
be taken as the criterion of strength of SAP at indicated temperatures. It
follows that SAP is quite thermally stable, surpassing thermal stability
characteristics of the most stable aluminum alloys. Thus, for example, the
durabil%ty (100 hours) strength of sheet material D-20 at 350° C is
4 kg/mm®, AK-l+ alloy -- 3 kg?mz. VD-17 alloy at 320° C «= 3.5 kg/mm? [ 3 7.
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Fig. 8. Durability of SAP-1 at 450° C.

: It is apparent from Figures 7 and 8 that material from sintered
aluminum powder SAP-1 has 100 hour durabilitg at 3759 C in 5.5=7.5 kg/mm2
limits and at 450° C == from 4.0 to 65 kg/mm<.

At 375° C destruction of specimens occurred without residual elonga~
tion and at 450° C a residual elongation was observed of the order of 0.5%.
The specimens tested at 550° C broke primarily at the point of transition
from the working part to the head. It is interesting that specimens with
special notches were not broken in the place of the notch. This shows that
at 550° C structural changes cause the predominant effect on destruction of
specimens. These structural changes occurred in SAP in this temperature
interval even in the absence of load -- formation of porosity and cracks.

_ _ The durability (100 hours) of SAP at 500° C is equal to 5 kg/mn?
74 J. Tne fact that some samples displayed high values of durability in-
dicates the possibility of increasing the durability of SAP to values which
are close to the upper boundary of the region ty improving the production
technology. ‘

Internal Friction of SAP-1

Investigations were conducted on the relaxation behavior of SAP-1 in
order to clarify the effect of finely dispersed second phase (aluminum
oxide) in the metallic matrix. Specimens of two compositions were investi-
gated with aluminum oxide content of 3-4 and 7-11%. Specimens were in the
shape of wire 3 mm in diameter and 320 mm long. Investigationsg were con-
ducted on the vacuum set-up of the twisting pendulum type / 5_/. The
temperature dependence of the internal friction and of shear modulus were
determined. The internal friction Q=1 = §/x, where § is a logarithmic
decrement of damping of free twisting oscillations of specimens and shear
modulus G is determined in the frequency function of oscillations.

The investigated alloys having a matrix of technically pure aluminum

containing finely dispersed second phase of aluminum oxide. Aluminum oxide
is present in these materials in the form of fine scales since in the
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ho Z 1-1 process of production of semifinished

o8 .68 5 products from SAP destruction of
8'3 8 2| oxide film occurs. Breaking wp of
& 58 &6 S‘:S&y 1 powder particles and distribution of
g® a4 \L{ aluninum oxide in the form of finely
1800 vt dispersed inclusions throughout the
! whole volume. The specimen contain-
700 ing a large amount of aluminum oxide
1500 e is characterized by finer grain size
S and more uniform structure than the
;3 1200 P specimen with smaller content of
Ty 200 ' Al203.
o
~ o 800 f‘ 4 The internal friction was in-
2T o YRS vestigated in the temperature interval
3 o \ from 20 to 650° C.
8 I TXL7
L N Figure 9 shows the temperature
20 ~ | L dependence of internal friction of
@',; SAP-1 specimens containing 3-4f A120%
0 100 200 300 400 500 &0 (curve 1) and containing 7_11$ u203
Temperature, °C (curve 2). For comparison temperatire
' dependence on the internal friction of
Fig. 9. Internal friction and polycrystalline aluminum is given
shear modulus of SAP as a (curve 3) from the data of V. S.
function of temperature. Postnikov [ 6.] . -
1 = 345 Al203; 2 = 7-11% .
41209; 3 - AL (from the data For fine grain specimens of
of [2]), SAP-1, not recrystallized after drewe

ing wire the internal friction curve
displayed a peak lying at 335° C for
3ecimens containing 3-4% Alp04, 560° C for specimens containing 7-11%

20, at frequencies 1.86 and 1.68 cycles per second respectively. As a
resu}t of vacuum annealing above 500° C the maximum on the curve lowered
somewhat and for large grained recrystallized specimens, annealed for 5
minutes at 650° C it almost completely disappeared.

In work [ 7_] the internal friction of SAP made MD=-2100 was investi-
gated. Here an internal friction peak was found lying in the 254-321° ¢
interval during changes of frequency from 0.9 to 1.8 cycles per second. In
our case for specimens containing 3-4% Al203 the internal friction peak at
1.86 cycles per second was observed at 350°°C. In the specimen of the same
composition after annealing at 500° C (for 20 minutes) the intemal frice
tion peak lowered somewhat shifted in the direction of higher tempersature
and was observed at 380° C.

In one of the works [' 8_7 data are given on the modulus of elasticity
of SAP and it is indicated that its damping ability is very great: the
logarithmic decrement is approximately 20 times larger than for pure alumie.
UM, ' :
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As it is apparent from rfigure 9 the internal friction at room
temperature in SAP is higher than aluminum. However, at 600° C the inter-
nal friction of SAP is much lower than in aluminum at 400° C. According
to the work of V. S. Postnikov / Z_J the lovel of internal friction at
elevated temperatures is associated with heat resistance of the material:
the more heat resistant is the material the lower is the internal friction.
This is verified by the example of aluminum and SAP.

In the work /[ 8_J the following values of moduli are given: normal
modulus of elasticity of aluminum 67007000 kg/mmz. normal modulus of elas-
ticity of SAP on the average 7500 kg/mm4, shear moduli for SAP and for
aluminum within 2500-3000 kg/mm? limits,

, We determined the values of moduli at room temperature for SAP of
two compositions: with 3-4 and 7-11% Al,05;. The shear modulus was deter-
nined on the same set-up as the internal friction. The normal modulus of
elasticity was determined by the resonance method during bending oscilla-
tions of specimens. The following values were obtained: for SAP with

3% A1,0 shear modulus is 2400 kg/mm? and the normal modulus of elasticity
6500 kg/ma2, and for SAP with 7-11% A1203 the shear modulus is 2600 kg/mm®
and the normal modulus of elasticity 7350 kg/mm<.

. The nature of peaks of the internal friction in SAP differs from the
grain boundary peak in polycrystalline aluminum. Although the height of
maximum is associated with grain size, the large widths of maxima and the
dependence of their heights on the amount of second phase indicates that
relaxation in the SAP is a completely dependent process from grain boundary
relaxation in the single phase aluminum alloys.

The occurrence of internal friction peak is accompanied by the
relaxation of shear modulus, which is more significant specimens with
lower content of aluminum oxide. After high temperature annealing, leading
to lowering of the internal friction peak, the relaxation of shear modulus
is also decreased.

Investigations were conducted on the internal friction in SAP made
MD-2100 / 7_J and the energy of activation of relaxation for this alloy was
determined, which was found to be approximately equal to 6 k cal/mole, i.e.
its magnitude is significantly less than the activation energy for spon-
taneous diffusion in single phase aluminum alloys, which is approximately
36 k cal/mole. The authors of [ 7_J believe that the internal friction
peak in SAP occurs as a result of time dependent initiation of dislocations
from grain boundaries in the specimen.

It is possible to assure that the increase of content of Al205 in
SAP leads to increase of the energy of activation for the formmatlon of dis-
location centers along the grain boundaries. In connection with this the
internal friction peak in specimens with high A1203 content 18 observed at
higher temperatures and the shape of peak changes so that its helight in-
creases and width decreases.
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The powder which is used for production of SAP with lower Al203 :
content had smaller elementary particle size than powder for production of
SAP with higher A1203 content,

In the process of production of powder lumping occurs -- formation
of larger particles due to sticking together of elementary particles of
aluminum. The lesser is the Al203 content in the powder the larger is the
nonuniformity in size of clumped particles. Since grains in the specimen
are crushed during pressing and drawing clumped powder particles, the '
structure of ready specimen will depend to a significant extent on its
production technology. With all other things being equal specimens with
lower Al203 content have greater nonuniformity of structure in grein size

as well as in dimensions of dispersed particles of aluminum oxide,

Thus, different peak heights on internmal friction curves may be
associated with different grain size in the specimens, and the large width
of these peaks -~ with the presence of not just one relaxation tine. but
the whole spectrum of closely spaced relantion times. .

Conclusions

1. _TsTO L'rsﬁd.icheskaya Termicheskaya Obrabotka; cyclic thermal
processing/ causes significant changes in SAP with maximm temperature of
cycle being 550° C and higher. Here a decrease of longitudinal and increase
of lateral dimensions takes place. ,

2. As a result of TsTO at 500° C and above the material becomes
more brittle and brittleness increases with increase of the number of
cycles. The mechanical properties are degenerating. The yleld strength
and plasticity are decreasing.

3. In the temperature range up to 500° C SAP along with highly
favorable mechanical properties is also dimensionally stable during TsTO.

L, The SAP plate rolled from a briquet, annealed in a vacuum at
700° C for 2 hours, possesses higher plasticity and somewhat lower strength
as compared with normal SAP and does not have any cracks or blisters upon
TsTO with heating wp to 600° C. .

5. SAP-l of standard composition possesses greator thermal stabiliw
gther aluminum alloys. Its d bilitg (100 hours) comprises 5.5=7.5
kg;/ at 375° C and 4.0-6.5 kg/mm at 450

. 6. SAP=l in fine grained unrecrystallized state has an internal

friction peak, the height and position of which on the temperature curve
depends on the grain size and the content of the second finely dispersed
phase in the alwminum -- L‘L203.
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THE MECHANICAL PROPERTIES COF BERYLLIUM
AFTER ZONE RECRYSTALLIZATION

I. V., Milov
D. M. Skorov
V. V., Nikishanov

The extensive use of beryllium as a structural material is restricted
by its brittleness at room temperature. At present, several courses in
studying the possibilities of obtaining plastic beryllium have become
apparent. There are: mechanical and heat treatment of beryllium ingots
to bring about a definite alignment of crystallites in the beryllium, the
alloying of beryllium in order to fix a high-temperature 4 phase with
a cubic lattice, the obtention of a fine-grained structure (up to 25 p)
by means of power metallurgy, and finally, the purification of beryllium.
In order to purify beryllium from admixtures, operations dealing with the
distillation of beryllium and the thermal decomposition of its halogenides
are carried out; an alternative means of purification is by means of zone
recrystallization. In the published works on the zone recrystallization
of beryllium it is shown that the successful purification of beryllium from
admixtures favorably affects its mechanical properties (1, 2].

The present article describes results of compression tests on speci-
mens cut out from beryllium ingots that had been subjected to zone recrystal-
lization. Zone recrystallization was carried out by the electric arc method
in a copper, water-cooled crucible in an atmosphere of purified argon. After
zone recrystallization, the beryllium ingots constituted horseshoa=shaned
ingots with a diameter of 80 mm and a length of 140 - 150 wmm.__ ___.

From the ingots, specimens were prepared not, as conventionally,
for a rupture test but for a compression test. This is to be explained,
in the first place, by the fact that the ingot height of 12 - 15 mm did
not permit microspecimens for rupture tests to be cut out perpendicularly
to the axis of the ingot; in the second place, it was impossible to cut
out specimens from the ingot along its axis due to its horseshoe shape
and the uneven distribution of admixtures with respect to ingot length.
Visual examination of various cross sections of an ingot showed that when
beryllium undergoes zone recrystallization in a copper, cooled crucible
at a zone-movement rate of 0,75 mm/min, explicitly expressed acicular
crystallization is observed. The grains grow from the bottom and walls
of the crucible, and bend in the direction of movement of the zone
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(Figure 1). In the upper part of the ingot the grains grow almost parallel
to the ingot axis, forming as it were a zone of platelike grains, The
length of the grains attains LO - LS mm, and their cross section is equal
to 2 x 3 mm, S ' ' o

In order to study the mechanism of deformation of the polycrystale
line specimens, it was desirable to determine the position of the crystallo~
graphic axes in-the beryllium grains. According to the theory of the crys- -
tallization of metals from a fusion, the characteristic direction of growth
for a hexagonal lattice is the direction [1010] [L]. X-ray studies of
immobile sectors of an ingot with respect to reflection by the Laue method,
carried out by us with a sharp-focus tube with Cu-radiation, showed that
' no sharply defined orientation of the ecrystallographic axes in the grains
is observed under the given conditions of their growth. The x-ray photo-
graphs obtained make it possible to arrive at the conclusion that the
grains constitute monocrystals with misorientation of the blocks to the
extent of several degrees, Some of the photographs indicate the presence
of second-order symmetry, and permit the supposition to be expressed that’
the base plane (000l) is approximately orthogonal to the direction of
grain growth, and deviates by small angles from parallelness with the
crystallization surface., It should be noted that decoding of the epigrams
{rasshifrouka epigramm] also becomes more complicated due to the presence
of spots caused by the reflection of internal (from the point of ‘view of
the surface photographed) beryllium grains on the planes, This orienta-
tion is observed in ingot grains at distances not closer than 1 - 1.5 mm
from the bottom and walls of the crucible.

Figure 1, Diagram of grain growth in a
beryllium ingot in the case of zone
recrystallization in a copper, cooled
crucible

1 - part of ingot

2 - direction of zone motion
3 - specimen for testing

L - direction of grain growth

In the work of Garber et al., [4], an investigation was made of the
anisotropy of the microhardness of a beryllium monocrystal.,' It was estab-.
lished that the microhardness is represented by an ellipsoid of rotation
about a sixth-order axis with an axis ratio equal to 0.6 (aleng the cg
axis -- 350 kg/mm?, perpendicularly to axis cg -- 217 kg/mm?). Simdlar
research was carried out by Kaufman and collaborators, and by Russel [6].
They obtained analogous results. \
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We measured the microhardness of vertical (transverse to the ingot
axis) sections after zone recrystallization at various distances from the
beginning of the ingot after a varying number of passes., It was. estab-
lished that in specimens subjected to the recrystallization zone with a
varying number of zone passes, the microhardness of vertical sections in-
creases from the lower layers to the upper ones. Figure 2 shows the micro-
hardness distribution of one of the vertical (transverse) sections., In
specimens after one and two passes the microhardness of vertical sections
deviated somewhat from the microhardness distribution law shown in Figure
2, Measurement of the microhardness according to the height of vertical
axial sections of the ingot yielded microhardness values that differed
little from one another and that were almost equal to minimal microhardness

‘values of the upper (transverse) sections. On the basis of microhardness
measurements in comparison to works [L, 5], starting with the consideration
that grains in ingots constitute monocrystals and that crystallographic
axes in the ingots are oriented in almost the same manner, we arrived
at the conclusion that the base plane is, with small deviations, located .
in the ingots perpendicularly to the direction of grain growth, This con-
clusion confirmed the results of x-ray research. The position of planes
(10I0) and (1120) in a growing grain was not established.

by
2

Figure 2, Microhardness of
section of vertical cross
section at distance of 105 mm
from beginning of ingot after
six zone passes at a.rate of

% 0.75 mm/min.

3 .

Microhardpess H, ,
kg /mm?
g 3

150}—o ot—o

800246'1!70121416‘

Distance on height of
ingot cross section, mm

This conclusion differs somewhat from the one expressed above con-
cerning the characteristic growth direction of hexagonal lattice. However,
as has been shown in the survey work of V. O, Yesin [6], as metal purity
increases and, consequently, as concentrational overcooling and the crys-
tallization rate diminish, a change can take place in the directions of
the principal growth of the crystals. This has its effect on the change
of the ~rystallographic orientation of the dendritic axes and of the tex-
ture in the aciocular zone of the ingot [6]., Martins [3) and Edmunds (7)
have shown that, depending on the temperature gradient and the growth rate,
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in the growth of monocrystals in the case of zinc and cadmium the base may
be situated perpendicularly to the axis of the specimen, i.e¢., parallel
to the crystallizatian front.

The same should, apparently, be observed in the case of beryllium.
Possibly that is what we did observe, since zone recrystallization takes
place at very low crystallization rates and at small overcoolings. Besides,
it must be noted that crystallization starts at the crucible walls, with
a large number of centers of crystallization with most highly variegated
crystallographic orientation; this must also complicate the crystallization
process.

According to the data in the literature, the value of beryllium
plasticity depends to a great extent on the predominant orientation of the
grains and on their size, Therefore specimens for compression testing were
cut out of the ingot in such a manner that they all have the same position
of the grains and almost the same size. Specimens in the shape of cyiinderc
were cut out of various sectors of an ingot (beginning, middle, end), pers
pendicularly to its axis, by the electric spark method. Then the specimens
were machined on a lathe to the following dimensions: height 9 £ 0.01 mm,
diameter 7 ¥ 0.01 mm. - In the course thereof, layers above and below a
specimen with unclearly defined orientation of the crystallographic axes
in the grains were shaved off during machining., To remove the stresses
that might originate in the specimens during machining the specimens were
- annealed at a temperature of 900° C for two hours. For this they were
wrapped in molybdenum foil, and were placed in a qQuartz ampoule in which
a vacuum of 10l mm Hg was maintained during annealing. The surface of
the specimens was painstakingly examined with a microscope in order to
detect microcracks that may originate in the course of electric-spark and
mechanical processing. The base planes (000l), along which, according to
data in the literature, a shift takes place at room temperature, were in
our specimens situated approximately at an angle of 50° to the axes of
said specimens,

!

o~ ‘,/’ﬂ—z _ Figure 3. Compression curves of

E & ' o ' gpecimens cut out from a beryllium
}? ”/,/ ingot after four zone passes

o ' 1 - beginning of ingot

2 2% : 2 - middle of ingot

bel : : 3 - end of ingot

w .

0T R HH

Deformation, %
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Compression tests of the samples were carried out on a TsNIITMAsh-I
rmachine with a maximum load of L,000 kg with recording of the curve, In
case of the compression of beryllium, load-deformation curves are similar
to the compression diagrams of plastic metals., Figure 3 shows compression
curves of specimens cut out from a beryllium ingot after four passes of
the zone, Compression curves of specimens cut out from ingots after 1, 2,
3, and six passes of the zone are similar. On all curves, the viscosity
platform is missing. This may be explained by an increase in the purity
of the metal and an increase in the size of its grains [8]. The results
of compression testing are shown in the table. From this table it can
be seen that the greatest strength and plasticity is possessed by initial
sectors of the ingots. We have established that in the case of arc-type
zone recrystallization of beryllium, impurities both metallic and non-
metallic are generally shifted to the end of the specimen. The initial
portions of the ingots are freest of all from admixtures. Therefore it
may be considered that as the content of impurities in beryllium increases,
its strength 1limit and its plasticity diminish, The high values of ul-
timate strength and yield are possibly to be explained by the small dimen-
sions of the specimens. It was visually observed that in compreesion
testing, some samples curled slightly about their axis, Some of the speci-
mens (predominantly initial ones% assumed a barrellike shape (Figure k).

After the deformation of
some specimens with loads below
o’Ts when their structure was

- - examined under a microscope wave-~
% shaped shift patches were observed
in the base plane, With an in-
crease in the loads, cracks appear
in the base plane. At high values
of deformation, i.e.,, at loads
above o”p, a shift takes place

with respect to the prismatic
planes, transversely to and along
Figure L. ipezimen? afte;icgm- them. It is possible that the
gr;si;on )es ng magni © origination of cracks in the base
mes plane begins to hinder slippage
along this plane, and the deforma-
tion mechanism in case of the com-
cression of polycrystalline specimens of beryllium charges. One should
not exclude from consideration the possibility that the pronounced block
structure of the grains thémselves hinders slippage along the base plane,
ard the fact that it is this that explains the high yield value. However,
a shift with respect to prismatic planes does not contribute much to the
value of the deformation., Parallel to said shift, strong slippage was
also observed with respect to grain boundaries, the latter type of slippage
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becoming subsequently the predominant one. Therefore it is difficult to
determine which of them is more responsible for the deformation of poly-
.crystalline beryllium at stresses in excess of the yield point. The
deformation value corresponding to the yield point is also the greatest
in the specimens from the beginning of the ingots, and rises as the number
of gone passes is increased. It must be noted that study of the deforma-
tion and of the plastic properties of polycrystalline beryllium after zone
recrystallization in a crucible is hindered by the uneven growth of grains
in the ingot. Therefore it would prove useful to carry out research con-
cerning the mechanism of the deformation of polycrystalline beryllium
with normal grain growth.
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INSTALIATION FOR THE X-RAY STRUCTURAL ANALYSIS
O RADIOCACTIVE MATERIALS

Yu. I. Gribanov
A, G, Karmilov
I. A, Lednev

Investigation of the mechanism of radiation disruptions in the
crystalline lattice of metals and alloys is a pressing task in the con-
temporary science of metals. This research is of applied significance as -
regards reactor construction, since radiation disruptions in the lattice
have a significant effect on the physical and mechanical properties of
structural materials. -

The highly developed facilities of x-ray technology are available
for study of the crystalline structure of materials. But samples of mate-~
rials exposed to radiation in a reactor have strong induced activity, and

' themselves constitute sources of various types of radiation, the greatest

amount of interference coming from y-radiation. The intensity of the
abovementioned type may exceed by many orders of magnitude the intensity
of a useful x-ray beam. And since every detector of x-radiation is sensi-
tive also to y-radiation, direct utilization of the methods and apparatus
of x-ray structural analysis under these conditions becomes difficult or

simply impossible.

Of course it is possible to hold the specimen preliminarily for the
period of time necessary for the induced activity to fall off to a suffi-
ciently low level {1, 2]. However, the protracted delay of information
(dozens of months) makes such a method unacceptable in the general case.

In designing installations for the x-ray structural analysis of
radioactive materials, it is necessary to solve the problem of separating
the useful radiation from the interfering radiation on the basis of such
a one of their properties or criteria whereby it is possible sharply to
reduce or completely to exclude the influence of the interfering radiation
on the detector of .the reflected x-radiation.

Attention should also be paid to increasing the intensity of the
primary x-ray beam, for example by the use of sharp-focusing tubes, pulse
feeding, etc, However, serious technological difficulties are encountered
in this course. At present, it is considered very advantageous that an
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installation for the x-ray structural analysis of radioactive materials

be produceable trom series-produced components und-r the conditions of

an average metal-research laboratory, with a mini .m of adaptation. All
equipment developed over the past few years manifests a particular reliance
on series-produced components.

Let us briefly consider the operating principles of the currently
known installations. One of the installations [3] consists of a simple
diffractometer in which the x-radiation detector is a scintillation counter
{a photomultiplier with a thin NaI (T1) crystal]. The influence of the
background is reduced by the use of differential amplitude discriminationm.
But the circumstance that the counter is in direct view of the specimen
makes it impossible to work with highly active specimens,

A number of installations have been designed on the basis of the
principle of a double diffractometer, when the diffraction maxima are
registered after they have been reflected from the focusing monochromator .
crystal., In such a case protective shields can be installed between the
specimen and the radiation detector. :

In the double diffractometer described in reference [L], in the
process of recording the x-ray pattern the lead shields are shifted to-
gether with the radiation detector, said detector being an end-window gas
counter; this restricts shielding thicimess. This restriction is removed
if, in place of a counter, a tube is rotated [5]. .

Since the gas counter is characterized by high background sensi-
tivity and large dead time, in the double diffractometer described in
reference [6] use is made of a proportional or scintillation counter, and
the possibility also exists for amplitude discrimination of the input
pulses,

The use of a scintillation counter is made attractive by the fact
that already at a thickness of 1 mm the Nal (Tl) crystal is almost 10C%
effective for CuK; x-radiation, and, in addition, its dimensions may be
small, In order to reduce the influence of the background of the photo-
multiplier itself, the level of said background being comparable to pulses
from x-ray quanta, one of the installations described in reference [7]
uses a system of two coincidence-connected photomultipliers operating from
a single crystal.

A very valuable quality of double diffractors is the fact that a
strictly monochromatic beam arrives at the radiation detector. But double
diffractors also have a number of drawbacks, of which the first that should
be pointed out is the sharp reduction in beam intensity as a result of
reflection from the monochromator crystal., These losses may comprise up
to 90% of the intensity of the primary beam, this naturally greatly length-
ening the survey time, Intensity losses may be reduced through the use of
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a monochromator bent in two mutually perpendicular directions for the
purpose of obtaining point focusing, but such a monochromator is diffi-
cult to prepare, and the gain from its use is not very great.

Furthermore, the configuration of a double diffractometer is de-
termined by the wavelength of the x-radiation, When tubes are replaced,
the system must be readjusted. In the case of hard radiation, the angle
of reflection from the monochromator becomes small; this makes it difficult
to shield the detector from background radiation. Double diffractometers
are complex in design.

The installation of V. I. Karpukhin and V. A. Nikolayenko is built
‘according to a different principle. In this installation the radiation
detector is an ionization chamber, the current of which is amplified by
a d=c electrometric amplifier. The component of the chamber current
brought about by the vy ~radiation of the specimen is compensated for by
means of batteries. .

This installation makes it possible to carry out a survey of speci-
mens that possess much. greater activity than can be processed by the
previously mentioned installations. It is distinguished by simplicity
of design and by the absence of heavy lead shields. At the same time the
installation provides a high background level. All the inconveniences con-
nected with the necessity for amplifying small direct currents by means
of batteries are manifested in the operation of this installation.

In all the preceding cases the useful and the interfering radiations
create in the detector signals of one kind -~ pulses in counters (although
differing with respect to amplitude), direct current in the chamber (al-
though of differing value). Experience in work with installations similar
to those considered above has caused the authors of the present article to
arrive at the conclusion that, for reliable operation, a qualitative dis-
tinoction should be made between the useful and the background signals,

In accordance therewith an installation was designed, the distinguishing
singularity of which is the modulation of x-radiation with respect to
intensity. In such a case there is no particular difficulty in distinguishe-
ing a signal by means of a selective amplifier tuned to the modulation

frequency.

Work was started in the spring of 1957, was resumed in 1960 after
a protracted interval, and was completed in the middle of 1961,

It might, of course, be first of all possible in beam-modulation
installations to use tubes with a modulating electrode, but such tubes
are as yet not in series production, Tubes with a split rotating anode
are very complex in design. On the basis of considerations of maximum
simplicity, the URS-50I standard x-ray installation was used as a basis

[9].
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There are in principle two ways in which the x-ray beam of tubes
of the BSV type can be modulated: via the power-supply circuits of the
tube and via mechanical interruption of the beam [10, 11], Preference was
given to the latter method as being the most simple one, although it does
have its drawbacks to which attention will subsequently be given,

Figure 1. Block diagram explaining
the principles of the installation:

1 = x~ray tube

2 = input crack

3 « modulator

i = synchronous motor

5 = specimen

6 =~ radiation detector

7 - integrating R-C circuit
8 - selective amplifier

9 - detector
10 - recording potentiometer
11 - dial instrument

12 - power pack

Figure 1 shows a block diagram of the installation which explains
its operation, Past the input crack, x-rays passing out of the tube window
encounter a rotating disk, the thiclmess of which is sufficient for com-
plete absorption of the beam., The disk has a specially shaped sllit, as a
result of which the intensity of the x-ray beam past the disk varies in
accordance with a sinusoidal law with a cyclical frequency of £ equal
to the number of rotations of the disk per second. This same law of in-
tensity change is obviously retained also in the reflected beam. There-
fore the voltage on the integrating R~C circuit at the output of the de-
tector has two components - a constant one, governed primarily by the
radiation of the specimen itself, and a variable sinusoidal component,
the envelope of which constitutes the diffraction pattern. The signal is
differentiated and amplified by a narrow-band selective amplifier, is
detected, and passes on to the recording potentiometer,

Let us assume at first that the specimen is inactive and that the
radiation detector is a gas counter with small dead time, Iet the dif-
fraction pattern for this specimen be represented by the function @ (--t),
where -(1-is the angular velocity of rotation of the goniometer, and ¢ is
the time counted off from the moment the goniometer passes soms position
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assumed to be the initial one., Then at an angular velocity w = 2 7 £
of disk rotation, the intensity of the reflected x-ray beam is

n() =gy ——Spel (1)

Each 1/ 7% ~th quentum, where 7 is the efficiency of the counter
in relative units with respect to the radiation of a given wavelength,
brings about the appearance of a charge q on the capacitor plates of

the integrating R~C circuit. In the infinitesimally small time interval
“from T to T+ d7, a charge of ) an (T°) dT will go to the capacitance,
By a certain moment in tims ¢, the size of this charge is reduced to a
value (OQuall%ng the origin of the coordinates with the moment T ) of

nan(T) e B 47, The voltage corresponding to this charge will .
be

—%

du:%n(t)e-ndt. (2)

The total voltage at the capacitor in an arbitrary moment in time
t, thus, will be
(—t

[}
U= %!q; (Qt)(l — coswt)e RE g, | (3)

For the special case of constant intensity N of the primary beanm,
e (NnT) = XN,

Carrying out the integration for this case, after simple transforma-
tions we obtain

[
4 MR | 1= o ) — ¥ | (1)
vwhere a--wRC = 2:;-‘;9—.

The angle Y constitutes the phase-shift angle between the voltage
curve and the curve of intensity change; ¥’ = arc tg a. Here

_—— . - a
i A E Y Sk A (5)
-« 150 -




The process of establishing the voltage is reflected in expression
(L) by the exponential term, which in a steady process vanishes, The time
of establishment should be assumed equal to about S RC.

The variable voltage component at the .'mtograting R«C ocircuit takes
the amplitude valuss in the moments in time

LS UL (6)

L ,
/

where K is any integer or zero.
The steady value of the amplitude is

N R
Un =3 = (7)

It depends on the ratio of the time constant of the integrating circuit

+o the modulation period, diminishing as this ratio is increased, When

RC = T, for example, the amplitude of the variable component is equal to
0.157 of its maxcimum possible value, From equation (7) it can also be

seen that, for a given time constant, the amplitude of the variable voltage
component increases as the R/C ratio increases,

For the case of constant intensity of the primary beam, we define
the relative mean~square reading error of the voltage amplitude at the
integrating circuit, First of &ll it must be assumed that, during the
modulation period, the radiation deteciur registers a sufficient number
M of quanta to form the general nature of a sine law. Hence

f< (8)

During the time interval from t to t +dt, the counter will register
dn - nna(t)dt quanta with a mean-square error of Adn = .
At the moment of time ty corresponding to the amplitude of the variable
voltage component, the expected charge from the indicated number of quanta
will be

ta—!

dQu = ngn (8) e-_iﬂrdt, (%)
and its mean-square error will be |
- lM—t
KaQn =qVmWd e - Qo)
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‘Adding the dispersions of all the charges present at the capacitance
at the moment in time ty, and taking into account the fact that du = 1/C dQ,
we obtain the mean square of voltage fluctuation for the moment M

. 'm 2 In -t
AU =23 niye *C ar.

(11)

The selective amplifier passes only the variable voltage component
and for determination of the relative mean square of amplitude fluctuation
‘the expression (11) mst be divided by the magnitude Uy, determined from
equation (7). Taking this into account, after substituting expression
(1) and integrating we obtain

‘m
Y, |y 2C+a) & TR (12)
vl NaRC W+a)yVi+a 4+ .

For & steady amplitude, the exponential term is equal to zero, Hére the
average relative fluctuation of the amplitude is -

Wa | y/Ota+a)+22+a) Vit
e =iV e : (13)

For operation without modulation the error would be equal to

AUn _Bu_ ) (1k)

Thus, for the same time constant of the integrating circuit the mean-
square error under modulation conditions increases (the effect of the
rescnance amplifier is not considered here).

When the specimen is radioactive, the Ge:lger-M{iller counter must be
replaced by a proportional counter, a scintillation counter, or an ioniza-
tion chamber., It was at first decided to work with a scintillation counter,
Since the ultimate activity of the specimen would be limited by the satura=-
tion current and by the fatigue effects of the last FEU diodes, only the
first two diodes were used in the experiments., The task of the scintilla-
tion counter with its load circuit was only to transtorm radiation energy
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into electrical voltage, voltages being divided and amplified by a selec-
tive amplifier the amplification factor of which could be adjusted to
~ 101, Use was made of the FEU-31 on account of its comparatively smsll
dimensions. But apparently such purposes would best be served by a

FMK = 1/ English photomultiplier having but two diodes and an external
diameter of about 5 « 6 mm,

However, the difficulties involved in preparing satistactory and
durable NaI(Tls crystals, and certain inconveniences in the operation of
scintillation counters under hot conditions, prompted replacement of the
scintillation counter by an ionization chamber,

: When the design of the installation was simplified and its servic~-
ing was made eagier, the chamber gave excellent results in operation under
hot as well as under semihot conditions, It is true that the average read~
ing fluctuation increased somewhat as a result of statistiocal fluctuations

of the charge size in the chamber per sbsorbed quantum,

In view of the fact that the charge formed in the chamber when an
x-ray quantum is absorbed is proportional to the energy of said x~ray
quantum, the chamber possesses certain selecjive properties with respect
to K-radiation in comparison with a Geiger-Muller counter. Quantitative
data for specific conditions are cited in the discussion of the experiw
mental curves at the end of the article, . '

Let us dwell on several singularities of design of s diffractometer
with modulation. The parameters of the installation were appraximately
calculated on the basis of equations (7), (8), (13), and %y = 5 RC.

Figure 2, Modulators
Gl
/ o 0 - center of rotation
;,,}( , 0! « geometrical center of
A - internal disk
] P O" - geometrical center of
\ \® external disk
B -~ maximum height of bean
i--/ ‘
I
g6
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Modulataor and drive., The shape and dimensions of the modulator
are shown iIn Figure 2. THe material is brass, 2 mm thick, In preparing
‘the modulator, the ring and the internal disk are prepared separately,
the latter being soldered to the ring with copoer-zinc solder, With the
modulator in a position as shown in Figure 2, the geometrical center of
the ring is shifted downward with respect to the center of rotation, and
the center of the internal disk is shifted upward by a quarter of the
height of the x-ray beam. With such an arrangement, preparation of the
modulator involves no difticulties, and the law of intensity change turns
out to be very close to being sinusoidal. In operation under modulation
conditions, the modulator crack with respect to height performs the func-
tiong of an input crack. A drawback of modulators that vary intensity at
the expense of a change in the area (height) of the beam is the necessity
of preparing specimens of a specific height. Modulators of atmospheric
A materials with variable thickness were also tested. They are considerably

more complex to prepare; in addition, such a modulator is good only tor a

specitic wavelength. It turned out to be simpler to prepare specimens

of given dimensions tor modulators of the first type; there were two such
- modulators, with a maximum crack height respectively of 2 and 3 mm.

The modulator is rotated by means of a synchronous SD-60 meter,
the modulator being fastened directly on the axle of the reducing-gear
box of said motor. The engine itself is fastened to a plate with runners,
said runners being inserted into grooves of the input crack. By means of
the runners, and an index pin provided in the plate, the modulator can be
adjusted for height, Power is supplied to the motor directly from a
220-v, SO=cycle line, The initially planned auxiliary power-supply circuit
with a quartz master oscillator proved to be unnecessary, An exterior
view of the modulator and drive, fastened to the table with the tube, is
shown in Figure 3. The modulation frequency is 1 cps. : '

Figure 3. Exterior view of
modulator and drive,
fastened on table with
tube
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Radiation Detector. A series-produced current-operated MSTR=~5
counter 18 used as an lonization chamber, The volt-ampere curve such a
chamber at some intensity of the beam under modulation conditions is shown
in Figure L. Voltage values of the power supply of the chamber are plotted
along the abscissa, and the amplitude values of the sinusoidal voltage ah
its load are plotted on an arbitrary scale along the ordinate. The signal
does not depend on the voltage at the chamber if said voltage remains
within the bounds of 15 -~ 50 v, and as long as these bounds are not ex~
ceeded radiation of constant intensity has no effect. When the voltage
exceeds 50 v, the mechanism of gas amplification begins to go into effact
and the content of the first harmonic of the modulation frequency in the
signal voltage diminishea. At an excessively low voltage in the chamber,

'a signal reduction is as usual brought about by ion recombinstion, The

initial voltage in the chamber was established at LS v.

v
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b |
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80 > ﬂ

: . ”" u
8 ? L N ﬁ'""vTJ v, | [}"E h
. . ._ - { | m’u- ;
Figure L, Volt-ampere curve of 7 @D—-
the current-operated MSTR=5 . an
counter with modulation 5 sof & v

Figure 5. Schematic
of preamplifier

Chamber load and preamplifier (Figure 5). The chamber load is a
1011 ohm resistance, together The input capacitance of the preampli-
fier and the assembly capacitance which have a total value of 20 p p £.
Here x-radiation with an intensity of 50 quanta per second is registered
with a probable error of about 5%.

The preamplifier must possess a high input resistance and should
be able to withstand considerable overloads. These requirements are
satisfied by 8 preamplifier consisting of two series-cormected cathode
repeaters, A large resistance of 20 Mohms is canneoted to the filament
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circuit of the first tube, as a result of which the voltage at its grid

is established at a point close to the cutoff potential, while the plate
current of the tube amounts to fractional parts of a microampere. Thus
both the electron and the ion components of the grid current are set aside.
In the grid circuit there flows a current determined by leakages between
the grid and the other electrodes of the tube. With appropriate processing
of the tube balb (12], the value ot this current amounts (in the case at

a. :

hand) to 10~1

Since the output resistance of the first cathode repeater is great,
the signal is picked up from it via a second cathode repeater of the con-
ventional type., The overall transmission factor of the preamplifier is

-equal to 0.81. The operation of the preamplifier is not disrupted by

delivery to the input of voltages with a positive polarity of up to 150 v,

For the case of high activity of the specimen, which may bring the
working point .of the chamber beyond the limits of the plateau of the volt-
ampere curve, there is incorporated a compensation ecircuit for change of -
the constant voltage in the chamber, The circuit consists of a battery
and a potentiometer, the lower end of the chamber load resistance being
connected to the blade of said potentiometer. Invariability of the working
point is established on the basis of readings from a voltmeter comnected
to the output of the preamplifier by means of the tumbler K,. The part
of the preamplifier lying outside the dotted line is located on the control

panelo

The selective amplifier (Figure 6) consists of two three-tube sec-
tions. In each section there are two negative-feedback circuits, one of
which is independent of frequency and embraces the entire section. The
purpose of this negative feedback is stabilization of the amplifier para-
meters. The signal for this feedback is taken off the filament of the
last tube of the section, and is ted to the filament of the first tube
in said section, .

The second feedback circuit defines the selective properties of
the amplifier. This feedback is effected through a double T-shaped bridge
from the plate to the grid of tube J71 (in the first section) and of tube
J] g (in the second section). In order to obtain the required shape of the
selectivity curve (Figure 7), the resonance frequencies of the bridges

differ by 0.0L cps.

The amplification factor may be varied stepwise and continuously
within the bounds of 2 to 107 (at a frequency of 1 cps). The amplification
factor of the first section is equal to 2,000, By means of the switch
/71, the voltage at the output of this section may be subdivided 10, 100,
and 1,000 times, In addition, at one of the positions of the switch
the signal is taken directly from the plate of the first tube; here the
amplification is equal to 20,
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Continuous regulation of the signal value at the output of the
first sections is carried out by the potentiometer Ry, By means of the

tumbler /7 2, it is possible to connect to the output of the first section

either the entire second section with an amplification factor of up to
5,000, or only the cathode repeater operating on the basis of tube]g.

The designation of the remaining regulatory organs is as follows:
The variable resistances R, and RS serve to adjust the amplification factor

to the assigned value in the initial alignment, and the Q-factor of the
double T-shaped bridges is regulated by means of the variable resistances
31 and Rh' From the amplifier output the signal passes to the bridge

- detector, assembled on the basis of DGTs-27 semiconductor diodes, The
rectified voltage is indicated by a M-2, pointer-type instrument, and
is recorded on a EPP-09 recording potentiometer,

It should be noted that when working only with chambers, there
is no need tor large values of the gmplification factor. Besides, when
. the amplification factor exceeds 10° (this took place in the course of
experimental work with photomultipliers), the amplifier became very sensi-
tive to various kinds ‘of induction, and due to the low resonance frequency
was also very sensitive to jolts in the power network caused by the switch-
ing on and off of power equipment operating from the same network., For
these reasons the above-described amplifier was powered by highly stabilized
voltages. Below are cited some results of experimental testing of the opera-
tion of the installation as a whole,

Figures 8a and 8b show lines (111) and (200) of an x-ray pattern of
aluminum. The specimen is inactive. It was in the shape of a 12 x 3 x 2 mm
plate with a polished reflecting surface., The first x-ray pattern was
obtained on a URS-50 I machine in the conventional manmer with registration
of the quanta by a MSTR-5 gas counter. The second x-ray pattern was ob-
tained with modulation of the x-ray beam intensity and with the MSTR-5
counter operated by current. In both cases radiation is of the copper
type, the voltage at the tube anode is 30 kv, the plate current in the
*irst case is L, ma and in the second case is ’10 ma. The angular velocity
of the goniometer, as everywhere in the succeeding experiments, is 1 degree/
ndmrte. For convenience of comparative evaluation the peak height was made

approximately equal. The ratio of the integral intensities of o« -lines
111) and (200) was in the first case equal to 1,045, and in the second
case was equal to 1.0L42, i.e., the results of the two methods coincide with-

in the limits of planimetry errors.
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Attention should be drawn to the fact that, with modula -
persed x-radiation is not registered (since it ia,not moduhtbg%ozﬁddtgq
background here is practically absent. This circumstance increases line
resolution and raises the precision ot determination ot the integral in-
tensity. Hence follows the conclusion of the usefulness of the methed of
modulation with respect to intensity in the analysis not only of active
but also of conventional specimens, ' !

The ratio of integral intensities of the @~ and A -lines (111)
when the counter operates on current increased 1.8 times, this being
explained by the "course with rigidity" ["khodom s zhestkost'yu") of the

chamber.

The x-ray patterns cited below were obtained with modulation of
the intensity ot x~-radiation, Figure 9a shows the (110) line ot the
Y -phase ot the UM=9 uranium-molybdenum alloy, and Figure 9b shows an
x-ray pattern of the same alloy after irradiation, where the appearance
ot a new phase of acc-uranium is noted, The activity of the specimen

amounted to 0.6 curie.

Figure 10 shaws. a recording of the intensity curve of the cc«line
(110) from a specimen of stainless steel with an activity of 1 P curie,

It is obvious that the activity of the specimen in case of the

by considerations ot personnel safevy. Av present work is being completad
on automation of the control of a GUR-3 type goniometer installed in a
hot chamber. The results of surveys of highly active (several curies)
specimens will be communicated separately.
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