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FOREWORD

This report was prepared by San Fernando Laboratories,
10258 Norris Avenue, Pacoima, California, under USAF Contract

AF33(615)-2226, The contract was initiated by Mr, M,

Wannemacher and funded under Project No. 3145, Task No,
314511, Aerospace Power Division, Air Force Aeropropulsion
Laboratory, Research and Technology Division, Air rorce Sys-
tems Command, Wright-Patterson Air Force Base, Ohio., The
work was under the direction of*the Physical Metallurgy
Branch, Metals and Ceramics Division, Air Force Materials
Laboratory, Mr, J. Jay Crosby, Project Engineer,

This report covers work conducted from 1 November 1964 -
through 1 November 1965, '

Publication of this technical report does not constitute

Air Force approval of the report's findings or conclusions,
It is published only for the exchange and stimulation of ideas,
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ABSTRACT

A mean: of possib‘y preventing potential dissimilar
metal corrosinn in stalu:0s; steel/Cbhb~1% 7r liquid metal
systems is by co.ting the stainless steel portions of the
systems with Cb-1% Zr thus exposing only Cb-1% Zr tc the
liquid metal, Consequently, a technique has been developed
for depositing columbium-1% zirconium corrosion barrier
coatings on the internal surfaces of type 316 stainless
stcel tubing assemblies, Configurations approximating those
which might be used in liquid metal space power systems were
coated with uniform and adherent deposits of Cb-1% Zr rang-
ing in thickness from 0.002 to 0.006 inches. A chemical
system employing the hydrogen reduction of mixed chlorides
at reduced pressure proved to be the most suitable, A bond
was not attained directly between Cb-1% 7Zr alloy and 316
stainless steel. However, a diffusion bond was attained be-
tween columbium and 316 stainless steel, and it was demon-
strated that plating Cb-1% Zr over a 5-to-10 micron inter-
layer of Cb gave adherent coatings, ™he integrity of the
bonding was demonstrated in ~omprehensive physical tests,
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SECTION 1

INTRODUCTION AND SUMMARY

The development of an interesting technique for pussibly !
preventing votential dissimilar metal corrosion in 316 SS/Cb-
1% 7Zr systems such as these which have been considered for
the SNAP 50/SPUR nucl-.or power sysiem was pursued in this
program. 'The technijue is that of internally coating all
stainless steel portions of a S$/Cb-1% Zr system with Cb-1%
/r thus presenting only Cb-1% Zr tc the liquid metal working
fluid or heat transfer fiuid as the case may be. However, [
the development of & satislaciory methed for coating stain-
less with Cb-1% Zr has proven difficult, In recent years
substantial effort has been concentrated on the co-extrusion !

of Cb-1% 7Zr tubing within stainless steel tubing. Although
this process has merit, probiems have been enccuntered in
formirg bhimetalli~ tubes which are concentric and crack-free,
ifurthermore, the co-gxXirusion process seems inherently iim-
ited to simple linear components rather than entire assem-
blies. The joining cf these bimetallic components also pre- ~ -
sents certain problems. The search for a simple alternate
method of depositing thin, impermeable, uniform and adherent
coatings of Ch-1% 4y on stainless parts of random sizes and
sliares led directly te the consideration of metal deposition
throvgh chemical vapor plating,

ARSCARO

Vapor~rhase rlating is now particularly attractive be-
cansce of the rapidly expanding iechnology of this fieid,
San Pernando Laboratories and other investigators have in
recent years maue the process routine for many applications,
Additionally, SIKL has deposited variouns refractory metals
tneide of tvbing, including columbium and columbium-zircon-
iwe alioys,

Thi= ceport sumnarizes SFL's first year of effort in
the deveiopment of the technique of internally, plating Cbh-1%
Zr on 316 Ss tubing, The work is sponsored under Air Force
Contract AF33615)-2226,

Cb-1% 7r has been deposited on the inner surface on 316
stainless stesl tubing, and tubing assemblies of configura-
tions which might be used in liquid metal power systems.
Straight and "S" shaped tubing as well as manifolds have
been plated, Various chemical systems have been evaluated
ior the deposition reaction. The hydrogen co-~reduction of
Uhvlj and ZrClQ at reduced pressures has beeu found to be




most promising and development of this system has been pur-
sued, Bonding of deposited metal to the 316 SS substrate
was obtained from pure columbium systems but not from mixed
Cb-Zr systems, A very thin columbium layer was therefore
deposited on all 316 SS substrates to effect a diffusion
bond prior to depositing Cb-1% Zr alloy.

The bond, although an intermetallic which under other
conditions could be expected to be hard and brittle, was
proved sound in 170° bend tests and tensile tests, Testing
was carried out on flat rectangular coupons of Cb and Cb-1%
Zr plate, Cb plated on plain and butt welded 316 SS, and Cb-
1% Zr plated on plain and butt welded 316 SS. Tests of cou-
pons were made both without heat treatment and alsc after a
2090 hour heat creatment at 800°F which included 5 minute
temperature excursions to 1200°F, followed by a 5 minute
dwell 2% 1200°F and a 5 minute cool to 800°F, every 6 hours.
Internally plated 316 SS plain and butt-welded tubular spec-
imens were tensile tested with and without the same heat
treatment, The integrity of the bond in its as-depositecd
condition was demonstrated. The ductility of the bond was
found to be improved in the heat treated specimens., Heat
treatment did not appear to cause any widening of the zone
of the originally deposited diffusion bond.

Among the items internally plated with Cb or Ch-1% Zr
aliocy were 5 ft, long "S", loops, manifolds with multiple
legs, test capsules for alkali metal cecrrosion static test-
ing, and a special mock-up of a portion of a corrosion loop
assembly,




SECTION II

DETERMINATION OF OPTIMUM CHEMICAL SYSTEM
FOR PLATING COLUMBIUM

CbF., CbI., CbBr. and CbCl. were considered potential
plating gpecieg for bgth pyroly?ic decomposition and hydro-
gen reduction reactions, Bonding of the deposit to the 316
SS substrate and optimum decomposition temperature within
the limi¢s of the substrate were the primary considerations
that led'to the choice of the CbClS/H2 reduction system,

A thermochemical analysis of the deposition of colum-
bium from columbium fluoride was conducted., On the basis of
this analysis, the fluoride system appeared to be workable.
However CbF. is not readily available and it is difficult to
handle and éannot be readily generated in situ, Other
halide systems were subsequently founid To be more suitable
and therefore deposition via the hydrogen reduction of CbF5
was dismissed from further consideration.

The deposition of columbium was attempted by the pyrol-
ysis of columbium iodide. A smooth crystalline deposit was
obtained but at a very low deposition rate. Since ihe melt-
.ing point of 316 SS prevented operation at the higher temp-
eratures necessary to obtain an acceptablc plating rate, the
pyrolytic iodide system was deemed unsuitable.

Deposition using the hydrogen reduction of columbium
bromide was also considered, CbPr_. was generated by passing
bromine vapor, in an argon carrier)gas stream, through a
columbium charge pot. It was fornd that a specimen temper-
ature of at least 1600°F (indi-ated brightness temperature)
was necessary to obtain a detectable plating rate; the plate
became quite bumpy when the temperature was taken to the
1900°F-1950°F range. The optimum temperature which resulted
in a smooth, adherent, ductile plate was found tc be approx-
imately 1850°F,.

Figure 1 shows two specimens, as-plated, that were pre-
pared at eitcessive temperatures. The specimen to the left
was at a su‘table plating temperature everywhere but at the
center, which operated at over 1900°F. A coarser grain is
apparent in the central portion of the specimen. The spec-
imen to the right suffered an excursion to 2000°F in the
central portion; severe coarseness is evident.
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FIGURE 1

COLUMBIUM DEPOSITS FROM BROMIDE SYSTEM




The specimen on the left in Figure 2 was deposited at
1600°F, The grains are very fine, the deposit adherent, but
the plating rate was quite low, almost negligible. The
specimen on the right in Figure 2 was deposited at the opti-
mum temperature of 1850°F, meagured in the mid~-section, The
grains are fine (135 grains/mm“) and the plating rate was
satisfectory. The specimens wevrc photographed in the as-
rlated condition,

The later (best) bromine runs were made at bromine feed
rates and brominator temperatures sufficient to ignite the
columbium, All of the bromine runs produced considerable
amounts of condensed oxy- and sub- bromides in the reaction
chamber. The unignited runs produced yellow oxy~ and/or sub-
bromides while the ignited runs produced a reddish-violet
crystal condensate, probably the desirable CbBrS.

Plating rates between 0.25 and 0.34 mils per minute
were attained in the ignited rumns, yielding a good, metallic,
adherent plate. Figure 3 is a photomicrograph of a section
vi «* > of these specimens showing a thin diffusion bond be-
tween the columbium and the 316 stainless steel mandrel.

The plating rate and bond quality appeared to be as
good as that eventually obtained in chloride systems. How-
ever, the Cb + Br_, reaction was more difficult to promote to
completion than, for example, the Cbh + Cl, reaction. The
measured burn-up rate in the brominator wgs found to be
repeatedly above 100 percent of theoretical when calcula-
tions were based upon only CbBr. formation. This indicated
that lower bromides were being formed in the brominator;
these species are believed not to contribute to the plating
reaction but are less volatile than CbBr. and greatly in-
crease th: danger of plugging the platiné chamber exhaust
line with bromide condensates,

The major system explored was the hydrogen reduction of
columbium pentachloride to Cb and HCl. The remainder of
this report is devoted to this system,.
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FIGURE 2

COLUMBIUM DEPOSITS FROM BROMIDE SYSTEM
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SECTION 11

DESTIGN AND FABRICATION GF EXTERNAL PLATING SYSTEM

A deposition rig was designed and built for the purpose
of exploring the parameters involved in Cb and Cb-Zr alloy
deposition. A single and double chloride generation system
was included. Induction heating of the specimen was
employed. :

A plating system suitable for the deposition of Cb-Zr
allovs on the outside surface of 316 SS tubing was designed.
A sketch of the system is shown in Figure 4., Figure 5 is a
photograph of the assembled system. A summary of the rig's
operation follows below.

A cylindrical 316 SS test specimen was inductively
heated in a 38 mm vycor gla.s chamber, The specimen was
supported on a pedestal which was turned at approximately 8
rpm; since the rcactant gases flowed past the specimen at
very low Reynolds numbers (200-300) resulting in negligible
radial mixing of the gases, rotation of the part was em-
ployed to insure circumferential plate uniformity. Two con-
centric¢ vycor cylinders, one filled with columbium metal
feed stock and the other filled with zirconium metal feed
stock, were suspended above the specimen, in the reacttion

chamber.

Separately controlled chlorine gas flows were directed
through the concentric columbium and zirconium chlorinators,
which were externally heated by a resistance clamshell
neater. (See Figure 6.)

Columbium and zirconium chlorides were generated in the
chlorinators and flowed into the reaction chamber toward the
specimen. Hydrogen was supplied to the chamber in a separate
stream between the chlorinators and the outer chamber wall,.
Argon could also be supplied to the system mixed with the
hydrogen gas stream for the purpose of adjusting partial
pressures. of the reactant gases and/or adjusting the overall
velocity of the gases past the specimen,

A "subchloride knock-out pot'" was incorporated down-
stream of the reaction chamber to trap condensible metal
chlorides and prevent plugging of the vacuum pumping system
which was farther downstream, Figure 7 depicts a typical
condensate "knock-out pot" assembly.
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INVESTIGATION TO DETERMINE THE OPTIMUM RUN CONDI1TIONS
FOR THE DEPOSITION OF COLUMBIUM FROM THE CHLORIDE SYSTEM

LI IR AR -

iy

The characteristics of chloride generation and the
effects of specimen temperature and pressure were investi-
gated. The sources of non-plating chloride species were
determined and methods to decrease their zeneration were
developed resulting ir increased deposition rate and effic-
iency. The optimum deposition temperature was found to be
1850°F. Deposition rate was not found to be a strong furc-
tion of total pressure over a wide pressure range,

The "0 M." deposition system, described above and shown
in Figure 5, was used to deposit columbium on the outside
surface of 316 SS test specimens. CbCl. was generated by
passing chlorine gas through a bed of hét colurbium chips.
Ignition of the exothermic chlorination reacticn occurred
quite readily.

1000°F
—

2 Cb(s) + 5 Cl 2 Chul + HEAT

2(g) 5(g)
The SbClS wes hydrogen-reduced to Cb on the hot specimen
(1800°F = 1950°F indicated brightness temperature).,

, 1800°F
R > 3 1 s )
PEl5(g) * O Ma(gy T B Cb(g) v 0 HOLG,

(S

The chlorination reaction was found to be very efficient,
repeatably 99% of .theoretical, The reduction reaction was
found to be approximately 10% of theoretical,

i, EFFECT OF PRESSURE ON DSEPOSITION RATE

Preliminary investigations includeu a number of iriail
depositions at -10" Hg and -29.9" Hg. Constant specimen
temperature and gas mass flow rates were employed for alil of
these depositions, A deposition rate bhetween 0.3%5 and 0.4
mils/minute was obtained at the higher pressure and & negli-
gible rate was obtained at the lower pressure., Subsequent
determinations of piating rate for depositions carri=d out
at intermedizte pressures indicated that a constani (within
the limits of the data) rate was obtained over ihe entire
pressure range of 0 to -20" Hg, below -20" Hg the deposition

~15-




rate decreased very rapidly. The primary reason for a low-
ering of rate with lower pressures was found to he the accom-
panying increase in gas velocity which sped the reactants
past the specimen before they could be heated to plating
temperature, An important study related to these data will
be conducted during the second year of this program; the
lower pnressure regime (high gas velocity) will be explored

as a means of extending "I.D," plate penetration down the
length ef long tubing assemblies,

2. EFFECT OF TEMPERATURE ON DEPOSITION RATE

The specimen temperature for all of .the "effect of
pressure" depositions was 1850"F 1 30°F. Temperature was
measured pyrometrically for the exterior surface depositions
and by thermocouple for interior depositions, This tempera-
ture was found to be the optimum through a separate series
of "0,D." tria! depositions conducted at a constant system
pressure of -10" Hg. In this series of depositions temper-
ature profiles were taken pyrometrically (brightness temp-
eratures were measured) over the leugth of the specimens,
which were inductively heated. The plate thickness was then
measured at each tempcrature measurement point at the con-
clusion of a timed run. A 2-3 inch plating zone was used in
each trial deposition and variance in plating rate due to
reactant gas depletion down the length of the plating zone
was found to te negligible. Data from these runs, indicated
an expected upward trend in plating rate with temperature,
from 0.15 mils/minute at 900°C to 0.45 mils/minute at 1050°C.

When the temperature of the specimen was taken into the
1950-2000°F range the plating rate increased rapjdly and a
very nodular large-grained deposit (20 grains/mm“) was ob-
tained, The optimum plating temperature, considering the
criteria of maximum rate and quality of deposit finish, was
found to bhe 1850°F,

The deposit obtained at 1850°F appeared to be of high
quality with a smooth, small-grained surface, and was shiny
and ductile, A continuous bond between the columbium and
the 316 SS substrate was observed, (See Figure 8)

It was found that a minimum H,:CbCl. molal ratio of
twice stoichiometric was necessary” to magimize plating rate
and plate quality. This no doubt stemmed from the extreme
laminar nature of the reactant gas flow past the heated
specimen (Reynolds Number = 200-500) which resulted in very
little radial mixing. The CbCl5 impinged directly upon the

-16~
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specimen in the center of the reaction chamber, while the
hydrogen was injected outside of the chlorinator along the
chamber wall, A certain amount of mixing was forced to
occur by tapering the end of the chlorinator inward. How-
ever, use of an excess hydrogen flow did assure a stoichio-
metric supply of the reducing agent at the surface of the
specimen,

The heat transfer characteristics of the columbium
chlorinator were found to dictate rather precise require-
ments for chlorinator control, Initially it was required to
heat the columbium metal to approximately S00°F before chlor-
ine would react with it in a sustaining manner., At this
temperature the metal ignited visibly and the burning metal
rose in temperature to approximately 1300°F. The top of the
metal charge in the chlorinator, once ignited, sustained the
exothermic reaction 2 Cb + 5 Cl,—»2 CbCl.. However, if
the lower portion of the chlori%ator was ngt heated exter-
nally solid CbCl5 readily condensed in it, Care had to be
exercised not to“overdrive the chlorination reaction through
an excessive external heat input, This led to the thermal
decomposition of CbCl. to CbCl3 as the pentachloride passed
through the overheateé, fresh, ‘reactive columbium metal
downstream of the ignition zone, This trichloride product
was less volatile than CbCl., and therefore condensed, and
produced a pluggage in the éhlorinator; CbCl.5 appears to be
totally useless as a plating species. )

3. CONDENSATE FORMATION

It is interesting to note that thermodynamic consider-
ations indicate that, at comparable run conditions, colum-~
bium should plate more readily than tantalum from a chloride
system, The reverse, in fact, had been observed, Based
upon observations of the columbium plating runs there
appeared to be a number of possible explanations (and corres-
pending corrections) for this reversal, Yellow, white and
black solid condensates had been observed in the plating
system, These species were presumably CbCls, CbhOCl,, and
CbCl,, respectively. ™he black residue had- been obéerved to
form”in the exhaust portion of the columbium chlorinator as
well as downstream of the specimen. The other two species
had been found throughout the chamber.

Both CbCl, and Cb0OCl, are theoretically more stable
than the corregponding taRtalum compounds., If these com-
pounds form in sufficient abundance the generation of the
preferved plating species (CbCl.) could be reduced to a
point where plating rate is dradatically reduced.

~{5N~
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Besides being generated in an excessively heated chlor-
inator the CbCl, also appeared to be a significant reaction
product when thg CbCl. reacted with H, to deposit Cb on the
specimen, While care?ully controllini the chlorination
reaction as outlined above a simple study was conducted to
determine whether significant subchloride formation was
taking place at the specimen as a by=~product of the deposi-
tion reaction. Columbium and zirconium chlorinators were
separately operated without attempting to deposit metal on
any hot surface, Only yellow-white CbCl. or white ZrCl, was
observed to condense in the cooler portigns of the chamﬂer
or in the chlorinator itself., None of the darker subchlor-
ides were detected; of course the formation of-CbOCl3 was
not observable against the yellow~white CbCls. '

The specimen was then brought to plating temperature,
Dark subchloride condensate was immediately apparent, but
only downstream of the specimen, Of course, the primary
reaction products were Cb deposit and HC1.

Condensate formation, although formidable from a system
pluggage point of view, was found to be less bothersome in
the chloride system than in the bromide system,

The above analysis was found to be adequate for the pur-

pose of identifying the major chloride species present in

the deposition system, The chloride compounds are reactive
in air and transfer of these products from the deposition

rig to another location, in vacuum or under an inert atmos-
phere, for the purpose of detailed analysis would be diffi-
cult, A Juantitative analysis of the chloride species was
felt to be unnecessary since the overabundant presence of

the undesirable species was clearly manifested by reduced
deposition rates and system condensate pluggages,

An oversupply of chlorine to the chlorinator was ade-~
quately controlled by direct reaction with the excess hydro-
gen supply when the chloride and hydrogen streams combined,
immediately below the chlorinator. 'Etching of the specimen
by free chlorine was, therefore, seldom encountered.

For a given chlorinator diameter there was found to be
a limiting chlorine flow capacity, Beyond that capacity an
overly violent exothermic reaction occurred causing decompo-~
sition of the CbCl.., For high CbCl. generation requirements,
a larger chlorinatér diameter is recommended., (0f course a
shallow bed of metal in the chlorinator, and a high chlorine
supply rate will allow a considerable portion of the chlorine
to pass through the bed unreacted, thereby greatly reducing
chlorinator efficiency., This problem becomes more critical
as burning reduces the height of metal in the chlorinator.)

-19~



Typically, a chlorine flow rate of 450 cc.‘min to the
chlorinator and a hydrogen flow rate of 2400 cc/m!n was used
for the "0.D," trial depositions. No etching dif{iculty was
encountered either by free chlorine or HC1,




SECTION V

CONTROL OF PURITY OF COLUMBIUM DEPOSITS

Varions ncualities of columbium metal feed stock were
chlorinated in trial depositions using vycor glass or alum-—
ina chlorinators, The deposits produced were analyzed for
interstitial contaminants, Impurity levels of 150 ppm car-
bon, 10 ppm hydrogen, 50 ppm oxygen and 50 ppm nitrogen were
attained. The analytical results furnished by one subcon-
tracting laboratory for the potentially highest purity sys-
tem were questionable,

Three sources of columbium feed stock were evaluated in
efforts to:

(1) improve the efficiency of the plating system
by reducing the formation of the non-plating
species CbOClj,

(2) improve the quality of the plate by reducing
interstitial contamination, and

(3) improve the zirconium yield in the Cb/Zr sys-
tem by increasing pure CbCls'formation which
apparently is involved in a CbClS-Zr014 inter-
action that yields zirconium,

‘The sources included machined turnings.of high surface oxide
content and two sources of high purity pellet stock, one
containing 52 ppm oxygen and the other 1200 ppm oxygen.

Use of a metal chlorinator was considered but quickly
dismissed due to the reactive nature of chlorine at high
temperatures, Inconel, the best candidate for this applica-~
tion would also be subject to attack at the 1000°F columbium
ignition temperature,

1. USE OF VYCOR GLASS CHLORINATORS

Sample deposits were made employing each of the three
feed materials and the resultant plated specimens were chem-
ically analyzed for interstitial gaseous contaminants and
carbon content. The results of the evaluation are summar-
ized below,
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(a) Feed Type — Heavy Machined Turnings (High 0,

Content) Plate Analysis:

Sample #1 - C - 700 ppm
H2 - 29 ppm
05 - 64 ppm
N2 - 17 ppm

Sample #2 -~ C - 200 ppm
H2 - 35 ppa
02 - 52 ppm
N2 - 40 ppm

Sample #3 - C - 300 ppm
H2 - 29 ppm
02 - 61 ppm
N - 17 ppm

2
(b) Feed Type - Pellets with 0, - 52 ppm
Plate Analysis:

Sample #1 -~ C - 1600 ppm
H2 - 10 ppm
05 -~ 214 ppm
N2 - 80 ppm

Duplicate

Sample #1 - C - 1500 ppm
H2 - 6.9 ppm
05 - 163 ppm
Ny - 68 ppm

Sample #2 - C - S00 ppm

Duplicate

Sample #2 -~ C - 1100 ppm

(c) Feed Type - Pellets with 0, - 1200 ppm
Plate Analysis:

Sample #t - C - 1600 ppm
H2 - 2.6 ppm
02 - 384 ppm
N2 - 55 ppm

Duplicate )

Sample =t -~ € ~ 1600 pp=
H, - 2 ppm
05 - 442 ppm
No - 47 ppm




Feed Type (c) was composed of small diameter granules that
tended to pack too tightly in the chlorinator causing an
egcessive pressure drop across the pack and eventual plug-~
ging via inter-granule chloride fusion at temperature. This
problem was circumvented by placing the columbium feed pel-
lets in stacked graphite trays lined with graphite or glass
cloth. Feed Type (b) was adequately supported by a single
graphite plug with a glass cloth liner, All of the samples
prepared with Feed Materials (b) and (c¢) and analyzed (re-
ported above) required the presence of graphite and glass
cloth sieve arrangements. (The one exception was Feed Type
(b), Sample #2, which used the all-graphite tray and cloth
configuration and was analyzed for carbon only.)

The analyses of the specimens made with the Feed Mater-
ials (b) and (c¢) showed at least a two fold increase in car-
bon content over the specimens made with Feed Material (a).
This was not too surprising because of the graphite additions
to the smail pellet feed systems., The dramatic increase in
the oxygen content of the specimens made from the low -0
feed was not expected, In fact a decrease in oxygen con%am—

ination was expected.

It appears that Cb or CbCl5 interaction with the cloth
could have bcen responsible for“the increase in oxygen con-
tent in the specimen., Cb is known to react to completion
with Si0,, in the presence of a small quantity of hydrogen
to form bBSi and Cb0 at 1000°C. The SiO, migrates from
the quartz tuge or the SiO2 cloth to the cglumbium according

to the reaction

510, + Hy —e 51o(g) + Hzo(g) 1000°C (Ref. 1)

Since the chlorinator was kept in the 700~800°C range no
problem was anticipated from Cb and SiO, interaction. How-~
ever, since only gquantities less than 071 percent 0, were
detected in the specimens, it is possible. that the &bove
reactions did take place, at a very low rate, followed by
reaction between CbO and 012 to form a columbium oxychloride,

probably CbOClB.

2. USE OF ALUMINA CHLORINATORS

JERTE R

Chlorinators made entirely of 99% Al1,0, were then fab-
ricated and used for a series of depositign; employing var- i
ious columbium metal feed materials., Figure 9 shows a cross i
section of the concentric Cb/Zr A1,0, chlorinator configura-
tion. For pure columbium depositigng only the larger A1203
chamber was used.
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The chlorinators were initially baked in hydrogen fur
60 minutes at 2000°F; they were then filled with the appro-
priate metal feed charge and used for the trial depositions.
The results of chemical analyses are summarized below.

O T

(a) Feed Type - Heavy Machired Turnings (High 0,
Content) Plate Analysis in ppm:

C - 424, 246, 480 :
U, - 47, 75 :
05 - 1307, 762

N, - 66, 210

(b) Feed Type - Pellets with 0,_1200 ppm
Plate Analysis in ppm:

C - 341, 387, 500
H, - 107, 195

0, - 1060, 1026

N, - 107, 87

(¢) Feed Type — Pellets with 0, - 52 ppm
Plate Analysis in ppm:

c - 372, 274, 593
H, - 115, 104

05 - 225, 107

Ny - 84, 16

(d) Feed Type - Cb/Zr System with Heavy Machined
Cb Turnings and High Purity Zr Pellets
Plate Analysis in ppm:

cC - 713, 954, 1600
H, - 89, 108

0; - 615, 1120

Ny - 23, 66

Two additional samples were analyzed by another analytical
laboratory. They were prepared using columbium turnings in
a vycor chlorinator, The plate analyses are:

‘Sample #1 - C - 170
H2 - 7
05 - 100
N2 - 80

Sample /2 - C - 150
H2 - 7
O2 - 40
N2 - 70
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Samples {2a) through (d), the A120 chlorinator runs, were
not analyzed by the same vendor ag were the last two samples
listed above. The former vendor chose to use acetone to
degrease the specimens. SFL believes that such treatment
could yield erroneously high carbon readings. Such appears
to be the case here; the carbon analyses appear to be highly
suspect for a plating system consisting only of alumina,
columbium, and 316 S5, The oxygen content also appears to
be abnormally high; however, oxygen transfer from the Al1,0
is not out of the question, During the second year's ef%o;t
under AF33(615)-2226 SFL will submit duplicate samples to
various analytical laboratories to compare the reliability

of their techniques,
In summary the following trends can be cited:

(1) Purity of the metal feed effects chlorination
efficiency and therefore plating rate. This
effect is not prominent compared with other
influencing factors.

(2) The presence of graphite in the chlorinator
results in a high carbon level in the plate;
the level is further increased (as is the
oxyeen level) when glass sieves, glass cloth,
etc. are added to this system,

-(3) Use of an A120 chlorinator reduces carbon but
may increase oiygen content in the deposit,

(4) The optimum system would appear to be the use
of a vycor chlorinator without any graphite or
glass sieve supports (Si0, exposure would be
limited to the inner surffce of the chlorinator)
and high purity columbium metal.feed. Because
the high purity material has been obtainable
only in small pellets requiring a tray or sieve
support, and because graphite or glass supports
have been discounted, further attempts to employ
this optimum system are planned with a columbium
sieve tray, Meanwhile machined turnings in a
vycor chlorinator will be used in the other
portions of the program.
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SECTION VI

INVESTIGATIGN TO DETERMINE THE OPTIMUM CHEMICAL SYSTEM
AND RUN CONDITIONS FOR THE DEPOSITION OF
COLUMBIUM-1% ZIRCONIUM

Mixed columbium/zirconium fluorides, iodides, bromides,
and chlorides were considered as candidate species for pyro-
lytic decomposition and hydrogen reduction reactions. The
CbCl./ZrCl, hydrogen reduction was chosen primarily because
of tge easé in controlling zirconium content in the 1% range
with this system, The 1850°F optimum deposition temperature
found for the pure CbCl./H, reduction system was success-
fully employed for the dix%d system, Microprobe techniques
were employed to determine the radial and longitudinal uni-
formity of Ch-1% Zr tubular deposits; a uniform alloy was
reproducibly deposited.

1. DETERMINATION OF CHEMICAL SYSTEM

Previous SFL experience was drawn upon to initially
compare and evaluate the various chemicz2l systems available
for depositing zirconium, Pyrolysis of the iodides at a
minimum temperature of 1100°C - 1200°C was deemed unsuitable
because of:

(a) ‘the proximity of this temperature range to
the melting point of the substrate 316 stain-
less steel, and

(b) because the mechanism of the reactions are
independent and therefore sensitive to the
partial pressures of the individual species
as well as total pressure and temperature,

Hydrogen reduction of either columbium iodide or zirconium
iodide is theoretically impossible,

In a co-deposition system the independent or consecu-~
tive independent nature of the reaction is an important con-
sideration, 1In a system consisting of two depositing
species that could also be deposited in a single component
system, each species demonstrates individual dependencies on
pressure, temperature, gas mixture ratio, etc, In such a
system, co~-deposition often requires a delicate control ot
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these parameters to control the composition of the deposit
to within 5%, The tungsten/rhenium alloy system is a typi-
cal example of such a system., Control of a 99%/1% alloy
such as the Cb-1% Zr alloy studied in this program would be
most difficult with a chemical system utilizing two indepen-
dent species, The Cb/Zr iodide system would be this type of
deposition system,

Zirconium tetrafluoride is not available commercially.
Since columbium tetrafluoride is not readily available and
has been found to be reducible at an acceptable rate only at
temperatures above the melting point of the 316 SS substrate,
the effort required to manufactureg the fluorides at SFL was
not thought to be worth-while and the fluoride system was
set aside, Additionally, ZrF, is a very non-volatile mater-
ial, In a ZrF, system the fegd system would need to be
maintained at fhe impractical level of only 100° to 200°C
below the specimen temperature,

Neither zirconium tetrabromide nor tetrachloride could
be readily hydrogen reduced to plated metal as a single com-
ponent. However, both halides become involved in a consecu-
tive reaction in the presence of the columbium halide where-
by ths CbCl. or CbBr,. participates as a reducing agent for
the 7rCl o? ZrBr,. “This is in contrast to the independent
characte? of the ﬁixed iodide system discussed above, 1In
the mixea Cb/Zr bromide or chloride system the amount of
zirconium deposited is dependent upon the columbium halide
availability and a rather large fluctuation in zirconium
halide would result in a much smaller fluctuation in zircon-
ium content in the deposit. For example, a 20% change in
ZrCl, :CbCl. ratio would yield only a 1-2% zirconium variance
in tHe Cb/ér alloy. A system of this type is well suited
for control of a 99%/1% alloy.

Because of the greater subhalide condensate problem
experienced with the bromide system (discussed in Section II
of this report) and the somewhat greater difficulty encoun-
tered in accurately controlling bromine vapor flow to the
brominators, the columbium/zirconium mixed chloride sy -~*em
was deemed most promising and therefore explored in the most
detail,

2 OPTIMIZATION OF CHLORIDE SYSTEM

)

The same plating apparatus used for the columbium runs
was used to co-deposit columbium and zirconium., Separate
~chlorinators were employed for the two metals; the arrange-
ment is described in Section III of this report. Columbium
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metal chips and zirconium sponge were used as chlorinator
feed materials, A series of depositions was made to plate
the Cb/Zr alloy on the outside surface of 316 SS tubes using
~the optimum chamber pressure and specimen temperature devel-
oped in the columbium runs, Chlorine flow rate ratios of
4.5:1 and 100:1 (Cb:Zr) produced Cb:Zr metal weight burnup
rate ratios ranging from 4.2:1 at the lowest Cl, ratio to
30:1 at the highest Cl? ratio. A large excess ﬁydrogen flow
was used in each case.” R - :

Microprobe analyses of all of the specimens produced in
these initial runs indicated the presence of less than 0.1%
zirconium, The zirconium sponge feed stock used in these
runs was found to be highly suspect with regard to oxygen
contamination, All attempts to plate significant quantities
of zirconium, using zirconium sponge feed stock in the
chlorinator were unsuccessful,

Oxygen contamination of the zirconium metal feed to the
chlorinator could be catastrophic to the zirconium plating
potential. The low volatility and stability of Zr0, would
exclude thermal ocutgassing or hydrogen reduction as methods
for removing the oxide impurity., Furthermore, Zr0, is
soluble in zirconium, especially at elevated tempegatures.
This would homogenize ZrO, surface contamination with the
bulk zirconium metal, fur%her deteriorating -the zirconium
metal feed material, At normal chlorinator temperatures the
oxygen that is present as Zr0O, would be available to form
ZrOClQ, a non-plating species’

It would be possible to include carbon in the zirconium
chlorinator to convert the Zr0, to ZrC. The ZrC would then
readily convert to ZrCl, when reacted with chlorine. Unfor-
tunately a temperature gubstantially above normal chlorinator
temperature is required for this reaction and carbon contam-
ination of the specimen deposit would probably result from
such a system. The best solution is to employ the highest
possible quality of zirconium metal in the chlorinator.

I L e

A series of trial Cb-1% Zr specimens were prepared using .
electron beam melted zirconium bar stock as the chlorinator )
feed material. ¢(mall pellets suitable for packing into the i
chlorinator were cut from the bar stock in an inert atmos- ’ §
phere to reduce the possibility of oxygen contamination of ]
the cut surfaces, Three types of trial runs were made. One
used a ZrCl.:CbC ratio of 50:50; another used a ratio of
30:70. Rad?al migroprobe analyses were conducted on cross
sectional samples taken at two different longitudinal points
on each specimen, The data for the 50:50 samples, plotted
as percent zirconium versus radial thickness of the plate in

.

S A v it s T 4 5 n

-29-




microns, are shown in Figure 10. Similar data for the 70:30
samples is given in Figure 11, No appreciable zirconium
concentration was detected in the 30:70 runs; the microprobe
data for these runs are not included here, The above re-
sults were qualitatively confirmed by SFL chemical analyses.

The 1850°F optimum plating temperature found for the
columbium system was found to apply to the Cb/Zr system as
well, The characteristics of low plating rate at lower
temperatures and coarse plate at higher temperatures were
nearly identicai ior ine Cb and Cb/Zr systems, However, a
coarse deposit was encountered at a lower temperature in the
Cb/Zr system than it was in the Cb system.

e e o g e ks % o s

e

A 70:30 specimen was prepared for the purpose of deter-
mining the composition uniformity of this material. The
center of the sample was cut into three 1/2 inch long sec-
tions and each of these sections was cut into "D" halves.
The outer (plated) surface of the bottom of one of the "D's" .
was mounted and polished flat for longitudinal probing; i
approximately 0.,001" of the radius was removed in polishing.
The other "D" was mounted on end and polished flat for
radial probing, Figure 12 is a drawing which depicts the
configuration of the "D" samples.

e e —p——

The three longitudinal sections, their corresponding
radial sections, plus an additional ring radial section
(taken from just below the others) were microprobed. The
data are shown in Figure 13, T, M, and B refer to "top",
"middle", and "bottom" portions of the specimen, referenced
from the plating gas inlet end. Percentage zirconium is
plotted versus position down the length of the three sec-
tions, with an approximate allowance made for the width of
the sawcut between each section., Plots of composition ver-~
sus radial plate thickness are positioned in Figure 13,
relative to their respective axial cross sectional points of
measurement, The specimen plating temperature profile
(pyrometrically measured brightness temperatures) is given
in thc last page of Figure 13-I. The radial point at which
each longitudinal probe was made is indicated on its
respective radial plot.

There is an uncertainty with regard to the exact loca-
tion at which the first radial probe data point appears to-
tally on the deposit, i.e., the first point shown to be zero
percentage zirconium is not necessarily on the deposit but
could be on the 316 SS or on the Cb-SS bond (refer to Section
VII of this report). Therefore, any initial point on Figure
13 is positioned to within * the width of a step — between
points — 10 microns for the radial data and 250 microns for
the longitudinal data.
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direction of
longitudinal
scan

longitudinal
™~ sawcut

direction of
radial scan

FIGURE 12

Cb-Zr SAMPLE AS PREPARED FOR
MICROPROBE (SKETCH)
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FIGURE 13

COLUMBIUM/ZIRCONIUM ALLOY SPECIMEN

Radial and Lorgitudinal Composition Profiles,

Microprobe Nita ~~e——e—e—ea- A through H

longitudinal Deposition Temperature Profile,

Pyrometer Data =——m-meeeeee- I
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There is an additional error to consider in the posi-
tioning of each data point. A certain amount of drifting of
the probe "spot" occurred during a traverse and this varied
somewhat from samnle to sample. The ferromagnetic inter-
action of the probe with the stainless steel bends the probe
toward the stainless. This interaction is not particularly
serious in longitudinal section probing where the stainless
remains a fixed distance from the plate and the traverse
path; the entire path is merely displaced rather uniformly
toward the stainless. However, magnetic deflection could be
quite significant during a radial scan. In moving from the
stainless outward over the deposited region the error in a
150 « indicated traverse could be as great as minus 50 « .
That is, bending of the beam in a direction opposite that of
the traverse could cause a fixed 10 « step between data
points to become perhaps 7 to 8 «« . A certain amount of
interference is also possible from the sample mounting

material,

The indicated axiai uniformii.y oi the deposit was en-
couraging; however the radial data in Figure 13 first indi-
cated a phenomenon later observed on several occasions. The
Cb/%r deposition had a certain tendency to begin at a rather
high zirconium percentage and then cease to plate zirconium
entirely after the first few mils of devosit have heen
plated. This subject is explored in detail in Secticn VIII

of this report.-

In keeping with the indicated desirability to limit
oxygen contamination in the zirconium metal feed material,
and because preparation of feed material by machining zir-
conium bar stock proved to be time consuming, sources of
high purity zirconium pellets were explored. The largest
possible pellets (up to 1/4 inch diameter) were sought to
limit the surface-to-~volume ratio and therby limit surface
contamination. Zirconium pellets, -~10 +20 mesh, and 710 ppm
oxygen content, were finally purchased. This mesh size was
the largest available in high purity material.

The zirconium pellets were used in three calibration
runs, employing flow ratios of ZrCl, to CbCl. of 50:50,
00:40, and 70:30. Figure 14 shows %he data ?or the 70:30
run presented similarly to the data of Figure 13, The ten-
dency for the zirconium content to suddenly drop to zero or
near zero midway through the plate is again apparent from

the radial data,
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FIGURE 14

COLUMBIUM/ZIRCONIUM ALLOY SPECIMEN

PREPARED WITH 70:

30 ZrC1, :CbC1

4

5 RATIO

Radial and Longitudinal Composition Profiles,

Microprobe Data

-7

A through F

P




* PRV Bsrer s ey

T T T
1 SRRE
e
- 11 1
=
¥
5 P
] - ‘ H
1 e g —4—
i
-
t 2
i | + i
f 13 [ ]
1 \ .8 B
m I C T RESSNaN LT
AN ! - ] ! T1 T
vAn
a— 3 p
- ] T h I.ﬁ.
— - + :
5 i By S84
. e - .

3 T - * h vki
LB A R
= N i
- | 1 1
| 1 I L
BN NN T ' t .

4 I -

} H y
EREN ] ! t r TG
i ] 1 T 1 = 17T
1 1 - N T ]
- T 41
zTHH; L1 I
1 { ne | SERSNNNSE!
] 1 1 N I
] 1 -+ 1]
L e candd T\t —. —-
H 1 ,v1L +
4 i IT 11
1 i 44
5 8t i ST
% FHHH
i ..!FL 1 ] oy
. 4 wff
++1-+ t 4 ~4 . b
1 ] NS SaaRnE R

48—




~49-

11
11
- 2
L
1
1
&
M
L i
i I +
'y -
1 mi
K * r B
4|L H .
1 jPEnil
™1 IiS. o
1 b1 1
1
]
- Al
ie Y 1
- 4 M_V 1 H— i
) i . )
L 1 oy ) 1 |
: L .
TU T ] + ,
+ _
L
. Y 3
: | ~H { 1 1
BEES _ B it
P s o — ﬁ ]
e i
. ;
1 11T i e 1
|1 L1 IS I L H
LY l T T T
- 5 T N 1 T

b

emdbmensietrastem.




1 _ ] ,
; = i T
¢ i A ywv .
. TW ! w % .
b bt 4t 41 ¢
Tt
) SNSENN
= Av| v + ot H H +
DR ‘u.w; ol
bt -t o d P S . 44 b 4
w ! 4 ] % M.A H w ¢
- b 4 -
1
an L FTTT L YT ’T
4. 4ot bd
: _.L,M *
» I 1 ISOSONE
4r 4 .
- 4.4 4+
= - 11 T
- - t
— 44 - + 4 .4 -4
- m M 4 - . H\7 -
mm 1 > 1
4 4 b L & -4 R
a2 L 44 # &‘. j m
BT ki~
. .- + - . $6ag
NSRS EnN,
= 4 +1+ ¢
4 #74 +-4
» SRSROBRY
' IE SONSRNE!
W + . e A vaTw‘,f«T
¢ - T pe . . -
- 44 LT.W 4
-4 $- ~ q 4
HHHT
e ep@Ei 11T
= T T
’ TR LR
11 I.,AH‘..LI T
! i
[ v
Lnﬁl” % WJ ] . W .THWLTHA”M - ..A
it + bttt et

-50-




-

A
-+

b c+++ ¢4,‘
LR o o) Tt
boe ot FEEY *»_4_.
P e
LR R dn Sk S SR K S

YT
r T T T ] T
i N T T t T
[ 1IN
L i T
¥
-
—
N
1
é -
b 44 -
: :
+ +—+
4 +
1 i + 4
T . i L
M i
=4 + -
-
A
} - I
-+t ¢
SRS 1 )
t 4 :
+ 4 +
! :
or b r .
i S
,Lﬁ,_
. 44
e
it e SEEEs
1 - -+ $ bt g
. 5 o Jf ' b
' 1 . 4+
+ + -+ - +
t ’ ¢ ! ¥
1R v 4 T
1 I i
T "l T
* +
’e
+ t— - —+t .
+ 4411t B '
e # i -
T i 1
+ + e
v b b o
+ L o
+ —y
——
. SO
-+ + t it ;
b s —- +
. | t ! : y Lo
A b Jdigd ; i
i b i }
S i e o TSRS e e b + -
1 3 ; bt ! i L
- - MR 1t
.. : F ; + t
o RN ’ ’
- IeETees aan el aasassas
v s h ¢

'—*—— e Hf‘f H

R y«y—?-—-oﬁ-l

. f-v—f*-

&a T»—&«o o4

H 42 e

+*-r oy —1»' v

iR SO
R I

R R e e i

ek
R A
e dor oo v e v 4
S A N At Rl
LA B o B

LR IR IR TR R N Y

-+ ¥

a-he

P T 2

L R

. ‘o—»f BRI S SRS
D ik Sl O S SR
.

D i AR ek SR ST

PO S-S S
R = N

P L = ok Iy

- v 4 o & 0;1
B e et o R
PSS o

b o e

b IR S
ST e
~-+_«4.-? +-e-r 2 ey
Sas ok 2 SR RIS g 1—1
»—0—4—9—0—1*4—«——

R el e R I

Sm"' "JP 5?""(’9“

ottt bbb bt b e et s o - e

-

i

g@ég,aéAn

- e

. e




T T T Y v T ”
D A . - 'y +
i MR { { T 1
B QA t + + +—+ 1
! o : . 1
4 + + M i
1 ? T ' ! t
+ +—++ + + -
L . } ‘4.5_?_ PR 4
i HIB Sy RIS S 4
SSSASER0N SEARENEN T
A S £ Al i t
. LAk -t + Laan ol +
: T : " ¥
bt * ——t ’ - t
g st 2 o + e + + %
. : ' X e i
0—’0‘~1 -+ i . &
S +—¢ + H + + 7,%
i I i H ;
R ERGR SR A SR A v * ¥ +
e L + + ~¢
! 1 ; H
-1t + + } -
gl o o . H
b+ e ’ +
i

-

—$—4

+

-+
-t

A1

: 1 .
SESES 8 !
[P S S . +
.‘ Pl L T 4+
. . i i . i
ISR ; - . s
i B} ; ; FE
t ‘ + +—++
i : BB
b - + +
T (anandn el * * + H T H T
b &y—*»ﬂ-o—o—- +—+ ’ + ¢ + T ' T
" i - . e
—r + ' ' ’ * ng I i3 ) 1 ng -
e Tan S mmam e e R + + + 4
: = i i : ?
DSOS TUI S U WIS S ’e } + + +
R T — ; 4 i . ;
i
e R o t
ST o M '
b e e L«? PR R i s +
N ! .
PUDNIN PN S ST T e pp— + =+ T
PRGNS S SRS S RIEDY SR S . t + AR
B R I T e R s T o SPe § —t
X : ! H + N i n
] . . N i s
- " ——t + +—y -t - ‘ 44
i . B N N H H i 1 i
R e S i + — ——tt
! | :
— s e e Pt
(o o +
e e . .
$ byt >
N o + + 4
’ ! | :
DEOEBEGN ; robeomet
‘ i Tl
* + e
- -t
.

et St e et bt P

e

Eoet ehe

b e b et —

e N .

O e S
e e >

4 »

B L L T

P T & e e S e

- >

B e S LSRR L

+

S

&

I 9

D ol

B L -
. 5. e > e oe-w
e
N B R T
- D A
P e v
S ew moe s o ox
S N e I
e 4 s ewie > e
P I TR I Y

P VPP

P2

()




7 v ¥ L o v v P 2 g
° . . .o .. R f"“f“'"‘}!"*“‘“*‘* + 4 »ﬂ»«f 47-‘1"
PR IO TR R AR PR Y SR SRVEr SRS S S S ‘?*Q1%f = »y,»_t—
. e P T I TR B N N I R - + i {44
G 0t bt 4 4 4 4B e st * ?4.1 . F_
R RE TR S I I 44 4 4444
- ¢ r—] 4 +-+ b ~l- r~~-4f 4— l
- } 444
L L |4 —t
44t .
- B
P
3
.—-‘P“’I—
| poett="]
' p
™ T
)
Y —
- —
R
- -
[ pt
31
b | -1
-
b 1
4 el
1
-
l v
ul L. 4141
|+
- t—1- 44 A |
J L
L+ 4
]
- I 0 15 IS S W .
] b - -+
. L+
<+ s
S - ——
i | u
- 1
] 4 -
+4 et ﬁ-_‘ 1 1 4
t b | LI 1 S - 4
L - . -
T s
1] T O ]
b | 1 ~
4 = .
[ —-4--4 -+—4-1- |
i — -~
B 500 U S Wy [ 4+
- 44 )
J S £ l - D -
-+ )_ N TS =
-[' — . -»Wr——« —*—ﬂ-—% - - 4yt 1
- ot H S T VU S AN VO SO PN RO T —+ -
4. 44 4 R 8 +
1
i ARRENNI TIRE G

-53




Only the radial data for the 60:40 run is shown in
i'igures t5, 16, and 17, The zirconium depletion phenomena
is more apparent for this run (the ZrCl,:CbCl,. ratio io
lower) so it is not surprising that onl? tracg quantities of
zirconium were detected in the corresponding longitudinal
sections as these samples were not polished sufficiently to
cut into the Cb/Zr region.

The 50:50 samples showed only trace amounts of zircon-
ium, both longitudinally and radially, which corresponds to
the 30:70 run using the zirconium bar stock feed material,
There is an interesting observation to be made here. The
first point next to the 316 SS substrate for each of the
three radial samples showed a zirconium content of 0.7 per-
cent, 0,1 percent, and 3,2 percent at the specimen top,
middle, and bottom, respectively. The initial high value
followed by a sudden drop in zirconium content further sub-
stantiated the existence of a zirconium depletion phenomena,

Table T is a summary ol data which compares the mea-
sured overall deposit thickness of various specimens with

the thickness of the Cb,/2r alloy layer as found by micro-
probe analyses, All numbers are in microns,
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SECTION VIl

BONDING OF Ch-1% /Zr ALLOY TO A 316 SS SURFACFE

When a specimen was prepared by depositing a few microns
of pure columbium and then depositing the Cb-Zr alloy, an
adherent bond was obtained with the 316 SS substrate. No
bonding was achieved when Cb/Zr was deposited directly upon
316 SS. This differeuce between Cb-1% /r/31¢ SS and Cb/316
SS honding has also been ohserved in bimetal co-extrusion
tubing operations., (See Refterence 2,) The diffusion bond
hetween Cb and 316 SS was a hard, brittle intermetallic
(refer to Section XI, Part 7, and tc Reference 2), However,
its integrity was proven in 170° bend tests and tensile
tests (refer to Section XI),

Columbivm-zirconium alioy specimens were prepared in
various ways to determine the best way to establish a bond
with the 316 SS substrate, Figure 15 shows a plate which
shattered away from ' .ie substrate upon cool-down., The plate
was deposited from a constant CbCl,./ZrCl, mixture from time
zero (o run termination. The same)shattgring phenomena was
encountered when either a CbCl./ZrCl, mixture or pure ZrCl
was employed at the beginning d* the plating run., Figure &9
is a photomicrograph of a specimen prepared in this manner;
cunmplete absence of bond to the stainless is apparent,

The feasibility o»f affecting a diffusion bond between a
thin deposited layer of pure columbium prior to depositing
the Ch-1% 7Zr alloy was explored and positively established.
Figures 20, 22 a.id 24 are photomicrographs cf the tond area
taken longitudinally along adjacent sections of the same
sample, Figures 21, 23 and 25 are photomicrographs takeu
radially across the top ends of the mirror halves of the
longitudinal sections. (See Figure 26 for the sample config-
urations,) The sections of the specimen which appear in
Figures 20 throuegh 25 are the same sections, polished and
etched to expose the 316 SS-plate bond area. The microprobe
analyses are reported in Figure 13,

In Figures 20, 22 and 24 several layers are apparent.
They include the 316 S8 substrate, the diffusion bonds in
the stainless steel ind the columbium, the initially plated
columbium layer, and the outer Cb-1% /r plate,

The width of each of these layers uappears greater than

actnal in the longitudinal samples because they were pre-
pared to expose surfaces parallel to a chord rather than the
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FIGURE 18

NON ADHERENT Cb~-1% Zr PLATE ON 316 SS
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Ch-%r PLATE SEPARATED FROM 316 SS
RADIAL SECTION (200X)
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FIGURE 20

Cb-1% Zr BOTTOM
LONGITUDINAL SECTION (200X)

-62~




-— (Cb-Zr

. b Cb
-+ Hond

w
2]

FIGURE 21

Cb-1% Zr BOTTOM
RADIAL SECTION (400X)
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Cbh~Zr

FIGURE 22

Cb-1% Zr MIDDLE
LONGITUDINAL SECTICN (250X)
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FIGURE 273

Cb=1% 7y MIDDLE
RADIAL SECTION {400X)
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FIGURE 24

Cb-1% Zr TOP
LONGITUDINAL SECTION (200X)
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FIGURE 25

Cb-1% 7Zr TOP
RADIAL SECTION (400X)
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type 316 S.S.

diffusion layer j

Cb plating -———_\\ ‘
Cb-Zr alloyl 1% Zr zone —

“~——— Zr deficient zome——

longitudinal
section
figures

toi.situdinal

T~— saw cut

radial section
figures

FIGURE 26

Cb-Zr SAMPLE AS PREPARED FOR
PHOTOMICROGRAPHY (SKETCH)
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radius. The radial views in Figures 21, 23 and 25 depict
the layers in more accurate proportion to one another.

The boundary between the Cb and Cb-Zr layers appears
as a dark region in these photographs, However, when these
layers are examined at higher magnification (800X) it be-
comes apparent that this boundary is not a gap but an alloy
deposit quite similar to the bulk Cb-Zr zone but with a
much finer grain structure. Figure 27 is a radial pheto-
micrograph of a typical Specimen #33, top, taken at 800X,
and is unetched to show the Cb/Cb-Zr houndary. Figure 28
is a photomicrograph of the same sample, etched. The
boundary is deceptively pronounced when etched.

The region of Cb-Zr deposit can be readily differen-
tiated from an apparent /r-depleted region (see Section
VIII) in Figures 22 and 24 as well; the two rcgions become
more distinct toward the top (hottest) end of the sample.
The Zr-depleted region bears a close resemblance to the

pure columbium inner bonding layer.
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SECTION VIII

ZIRCONIUM DEPLETION

Channeling otf chlorine through the chlorinator metal
bed was eliminated by doubling the mass and length of the
bed and mixing small diameter zirconium rod stock and zir-
conium sponge with the usual granular zirconium feed.

The zirconium depletion phenomena indicated by the be-
havior of Cb~Zr composition data and the pseudo-laminations
in Figures 23 and 25 could logically be attributed to two
causes — first the formation of a passivating layer on the
surface of the zirconium pellets in the chlorinator, second,
the channeling of chlorine through the: metal bed in the
chlorinator. An oversupply (100% excess) of zirconium metal
in the chlorinator was therefore used to increase the amount
of fresh metal surface area available?fet chlorination.

This also increased the length of the bed cver which a
channel would have to develop before unreacted chlorine
could fully penetrate the bed.

Experience from many test runs employing the extended
metal bed indicated that chlorination:of:fresh metal surface
did tend to produce more of the proper:zirconium chloride
plating species than did chlorination of the remainder of
the metal. However, channeling was proved to be the more
formidable problem. This was proved especially in the long
duration internal plating runs discussed elsewhere in this

report,

A trial deposition was made to de ermine the relative
contributions of channeling and surface passivation of the
chlorinating zirconium metal. This run employed only used
zirconium pellets that had been reclaimed from. the 100%
excess runs, The specimen was microprobed at various loca-
tions along its length, Although serious probe spot drift-
ing was encountered it can be generally concluded that some
zirconium was deposited, rather sporadically, from this
reclaimed feed material. Surface passivation of the zircon-
ium, while not totally discounted, was therefore determined
to be not primarily responsible for the "depletion phenom-~
ena", On subsequent runs employing a fresh 100% excess
zirconium metal charge, examination of the zirconium chlori-
nator confirmed that extensive gas channeling had taken
place in the chlorinator during the run,

-7%=~




Two of the flat specimens prepared for tensile tests
and retained by SFL (refer to Section XI of this report)
from Run No's. 38 and 359 were microprobed and these data are
presented in Figures 29 and 30. A 200% excess zirconium
chlorinator metal charge was used to prepare these samples.
Composition peaks were still apparent in these runs but zir-
conium appeared to have been successfully deposited through-
out the deposit. The measured thicknese of the Cb-Zr layer
of Sample #38, for example, was 75 microns; the microprobe
data of Figure 29 show that zirconium was found to be pre-
sent over a 79 micron portion of the thickness of this sam~

ple.

A photomlcrograph of Specimen No, 38 was also prepared
and it is included as Figure 31, Note the uniformity of the
Cb-Zr layer from the pure columbium under-layer out to the
exterior surface of the deposit., No abrupt change to a Zr-
depleted region was apparent as was the case in Figures 23
and 25 and no darkened boundary was apparent between the Cb

and Cb-Zr deposited regions.

Two remedies were attempted since channellng did not
stop chlorination completely but only. retarded it below that
point necessary to deposit zirconium, ~ The first was to in-
crease the /ZrCl,:CbCl. ratio to 80:20.  The second was to
mix large 21rcoﬁlum mgtal shavings, rod, or sponge with the
fine pellet feed to disperse the channels.

The 80:20 run produced over 10% Zr in the deposit,
This sudden increase in Zr will be explored further during
the coming year. The use of sponge material and high purity
small diameter rod was evaluated in long duration internal
plating runs. These materials were found to be very effec-
tive in greatly reducing gas channeling in the zirconium

chlorinator.
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~b-Zr ALLOY, SAMPLE 38
(MICRUPROBE DATA)




Z Zr

TNV A e e e,

A
|
i

10 2b 30 40 50

distance (&) , o

Cbh-Zr ALLOY, SAMPLE 39
(MICROPROBE DATA)

-76~




G WATRY 8" A Wt e

1
$
. . . . 1 &
N3 . . . . N T
- AT,
o« Te o ,,'&. %c -
Ly ' h y
. %, v Ry W <—deposit
. . N )
_ 5 . . Y .
k - ~ » . % ‘%hf
- ? - L ote ;ﬁ'
w . - . . . : &
PR ’ B v 3
L% X f,
s R A @0- N ‘i.
(RS - - LY N A
XY ; R . B
& - N &
- hl . “ R ‘I . LT S =
[) . . . “ ¢
. > . - o 1 ;
. A « N H
- w :
hY% b i

FIGURE 31

Cb~1% Zr SPECIMEN
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SECTLON IX

ACCURACY OF MICROPROBE DATA

A number of references have been made about the drift-
ing of the probe spotl during its traverse across a specimen,
This was remedied by mounting flat specimens in a stainless
steel sandwich, This mounting adequately equalized the mag-
netic deflection interference on either side o2f the specimen.
The method was proved by periodically burning a mark into
the specimen with a probe spot and subsegquently determining
the position of the burn marks through microscopic examina~
tion. These positions were then compared with the calculated
positicns of the data points. Excellent agreement was
obtained.

robe spot drifting could not be zliminated for circu-
lar samples as it was for flat samples, Alternate current
conducting mounting compounds were tried. Graphitic epoxys
were also tried but were found to be inconvenient because of
leng setting times, Dispersed copper compounds were found
to be very promising, however, care was required in exposing
the ecopper mount to etching acids.
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SECTION X

EFFECT OF TEMPERATURE ON ZIRCONIUM DEPOSITION

The zirconium content of Cb-Zr plate was found to in-
crease with deposition temperature, Negligible zirconium
was deposited at 1700°F; zirconium content was adequate at
both 1800°F and 1900°F, The data were gathered from a
specimen cycled through the 1700°-1900°F temperature range.

Figure 14 shows microprobe data which cycled rather
uniformly in zirconium composition because difficulty was
encountered with the RF heating unit during the run causing
moderate temperature cycling about the desired 1859°F
brightness operating temperature. Subsequently a trial
deposition was made while purposely cycling the specimen
temperature, First CbCl. was deposited for 10 minutes at
1700°¥-1800°F to affect 2 diffusion bond. A 30% CbCl.-70%
ZrCl, mixture was then introduced to the specimen. During
the #un the first 20 minutes were at 1800°F, the next 20
minutes were at 1700°F, and the last 20 minutes were at
1900°F, Six samples were cut at 1/2" intervals and examined
for zirconium content by microprobe analysis,

The data are shown in Figures 32 through 37, The
points shown as large circles represent points that were
burned into the sample by the probe. These burn spots were
employed to accurately index the probe position at various
points over ithe probe traverse., The calculated intervals
between data points were then adjusted relaiive to these
reference burn spots via microscopic examination of the
probed sample,

Figures 32 through 37 shows exactly what was expected,
a minimum zircouium concentration during the middle one-
thiocd (1700¢F) portion of the deposit, over the entire
length of the sample. This data and previous related data
confirm the desirability ¢ maintaining a wminimum specimen
temperature of 1800°F in the Cb-Zr system.
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SECTION XI

MECHANICAL TESTING OF Cb-1% Zr SPECIMENS

Bend and tensile tests of flat Cb-1% Zr/316 SS coupons
and tensile tests of 316 SS tubes internally plated with
Cb-1% 7Zr were conducted before and after a 200 hour heat
treatment at 800°F which included excursions to 1200°F every
six hours. Although Vickers hardnesses of 1000 DPH were
measured for the plate/316 SS diffusion bond, these mechan-
ical tests proved the integrity of the bond especially after
heat treatment. For example, none of the heat treated cou-
pons failed when given a 170° bend against a "twice thick-
ness" radius with either plate or 316 SS against the radius.
Additionally all of the as-deposited specimens survived a
90° bend. No discernible increase in the diffusion zone
width accompanied the heat treatment. Some elongation -of
the deposit occurred prior to failure in the tensile tests;
in many instances failure took place as discreet cracks at
regular intervals along the length of the plate. The bond
remained intact bhetween these cracks.

The mechanical properties of columbium deposits and
Cb-1% Zr deposits were studied. Both flat tensile and hend
specimens and tubular specimens were prepared. Alloy compo-
sition, ultimate and yield tensile strength, plate hardness
and plate/substrate bond integrity were studied in the as-
deposited condition as well as after a long term heat treat-
ment and temperature cycling treatment,

1. PREPARATION OF PLAIN TENSILE AND BEND TEST SPECIMENS

316 SS sheet stock, 0.023 inch thick, was bent into a
square channel and the channel was seam welded shut. A few
specimens were also prepared from 316 SS "U" channels but
these plated somewhat unevenly due to non-uniform suscepti-
bility to RF heating. The channels were cleaned by sanding
with particular attention to weld areas, then outgassed and
plated. Pure columbium was deposited first to affect a
diffusion bond and then Cb-Zr was deposited. The 2" x 0.5"
tensile specimens were cut from the sides of the channels,
Some pure columbium deposits were also prepared and analyzed
as control samples. Twenty-one tensile coupons plated with
Cb~1% Zr were delivered to Research and Technology Division
for evaluation, The remainder were evaluated by SFL,
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2. PREPARATION OF WELDED TENSILE AND BEND TEST SPECIMENS

316 SS sheet stock, 0.023 inch thick, was cut into 2'"x

2~-1/2" pieces. The pieces were then weldod side by side,
to form a long 2-1/2" wide strip. The strip was finally
bent into a square channel and seam welded shut. (See
Figure 38.) The channels were cleaned by sanding, then out-
zassed and plated. As before, pure columbium was deposited
first to affect a diffusion bond and then Cb-Zr alloy was
deposited. Tensile and bend specimens 2" x 0.5" were cut
from the sides so that a transverse weld would be in the
center of the specimen. Ten of these specimens were deliv-
ered to RTD for evaluation. The remainder were evaluated

by SFL,

Four to eight specimens were prepared from each of the
plated channels. Table II summarizes the allotment of spec-
imens between RTD and SFL for each of the deposition runs,
Table II also designates which specimens were plain or
welded, which were tested in the as-deposited or heat
treated conditions, and the specific test each specimen

underwent.

3. TYPES OF MECHANICAL TESTS

SFL conducted four types of tests on the specimens of
Table II. (See Figure 39. A number of the specimens were
machined into tensile coupons. Those designated in Table II
for "Test No. 1" we>~ tensile tested to determine the fail-
ure pcint of the plqte/fubstrate combination. Those desig-
nated for "Test No. 2" were tirst etched in aqua regia to
remove the central portion of the 316 S5 substrate. 316 SS
was retained at the ends of these specimens to facilitate
gripping during the test. These latter specimens were then
tensile tested to determine the failure point of the plate

alone.

A number of the specimens were kept in their original
rectangular shape and bent over a "2 x thickness" radius
with either the 316 SS surface (Test No. 3) or the plated
surface (Test No. 4) against the bend radius.

The four types of mechanical tests ‘were conducted on
specimens in either the as~deposited conditiun or after a
heat treatment for 200 hours at B0O0°F with periodic 5 minute

excursions to 1200°F, followed by a 5 minute dwell at 1200°F,

and a 5 minute cooling period to 800°F, This excursion was
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TABLE I1

TENSILE AND BEND TEST SPECIMEN FORMAT*

TENSILE TEST TENSILE TEST BEND TEST BEND TEST

RUN NO,
~———— (Test No. 1) (Test No, 2) (Test No,3) (Test No.%)
A B A B L B A B
Plain 316 SS, Ch Plated
35 X - - - - - - -
35 - - X - ~ - - -
36 - X - - - - - -
36 - - - - - - X -
Plain 316 8S, Cb-Zr Plated
40 X X X - X X X X
41 X - X X X X X X
432 - - X X X X X X
37 X - - - - - - -
37 - X, - - - - - -
38 - - - - X - - -
38 - - - - - X - -
39 - - - - - -
39 - - - - - - -
Welded 316 SS, Ch-Zr Plated

45 X X - - X X - -
46 - - ) ¥ - - X X
47 X X - - - - X X
48 - - X % X X - -

A - Heat Treated

B - As-Deposited

X =~ One Sample From Run

¥ =~ 21 Plain Cb and Cb-Zr Specimens were sent to RTD

i0 Welded Specimens were sent to RTD
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imposed upon the heat treated specimens every six hours
over the 200 hour period. Heat treatmept was conducted in
an ABAR Series 90 vacuum furnace at 10 torr pressure,

The tensile tests were performed with an Instron Model
TTC 10,000 pound Universal Testing Machine at a strain rate
of 0.005 in/in/min to yield and 0.050 in/in/min thereafter
to failure, The test michine had been calibrated with
National Burean of Standards proving rings. The vacuum heat
treatments and the mechanical tests were contracted by SFL
to outside test laboratories,

4, BEND TESTS

Figure 40 shows two as-deposited specimens. The one on
the left was given Test No. 3 and the one on the right Test
No. &, Microscepic examination of the specimens after bhend
testing indicated no separation between plate and substrate
in most cases. The specimens were visually examined at the
90° bend point and microscopically examined at the 170° bend
point, Table III summarizes the state of each of the spec-
imens at each of these check points.

Four of the five failures that did take place involved
the four specimens with welded substrates. The cracking in
all cases took place at the edge of the weld. Figure 41
shows the most extensive failure of the four.

The heat treated specimens fared considerably bhetter
than did the as~deposited specimens. None of the specimens
whether plain or welded, pure Cb or Ck-Zr, failed at the 90°
bend point in either Test No. 3 or Test No. 4. Both of the
welded specimens given Test No. 4 survived to the 170° bend
point. Howevci, both of the welded specimens bent in Test
No. 35 failed in the final bend to 170°. Tabls IV summarizes
comnents on these tests,

Photomicrographs of two as-deposited specimens are
shown in Figure 42, The photographs were taken at the apex
of the bend o1 each specimen midway through the 1/2" width
of the specimens, In the photograph c¢f the specimen sub-
jected to Test No. 3, lines of cleavage perpendicuilar to the
bond are apparent along the diffusion bond but no separation
has taken place. The photograph of the specimen subjected
to Test No, 4 confirms that the bonrd zone ¢f the specimen
was placed under considerably greater stress than would be

e case in Test No. 3. Since no visual sign of plate sep-
aration was evident for this specimen it is probable that

-l




Test No. 3 Test

FIGURE 40

BEND TEST SPECIMENS

—45-

No.

wpna

e WA LR i

w




uGeL00°0
a%300°0
wF£00°0
Wwh200°0

w6LU0 0
w0007 0

1) N¢OC ‘0
wSL00° 0
#ST00°0
w0300 0
wl300°0
WEHRO0 0

S89UNOTIYL 81014

aan|¥u4 03 ONUIU0)Y ‘,06 03} SNIPBVYH LT

pajoaad 91eyd
potead ajerd

sanjtey
aany vy

ON o0.LT 03
ON o0LY 01

93e1d I7/q)

Jo sulzirids panuyjuo)

eanjIvy

ON -0.L1 03

ajeid 17,/90

patead aqjwig
pa1sad ajeld
juag SHORI) ON
1uag 83081 ON

:gjuamaxynbey pueg

<06 38 217d8 sjed
ruag g¥0oevI]) ON

206 1% Aumw 71ds

LYy
C ¥
/]
%

0¥
6¢

SNIPpVY 18uledy ajeld

Jo 3urririds aayranyg puw pajovid 3Irwid gk
patesi ¥y paNowId ajely 206 3% payowr) 91wid Gk
IINTYI8d ON o,0.L1 03 juoug SRoeL] oY
aInyiwgd ON ,0N/T1T 03 susqg 8108l (%]
danijied ON ,0.L1 921 uaqg 8)ova)) oY
dANTIVd ON LO0LT 03 juan sRowv.l) 8

SNIpwY 38uUTVIY §S 9T1¢

puag (weuty (pueg ,06) syIvway ‘oN otrdmeg

SNIARIOAdE LSAL ONIE dAdLIS0dAd-SY

ITI AIHVIL




BEND SPECIMEN FATLURE AT WHELD
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the buwil srea was weakened in Test No. 4 and separated in
the cutting operation employed to prepare the sample for
metallographic mounting and examination. A1l of the Test
No. 4 specimens demonstrated bond cleavages but the example

shown in Figure 42 was the most pronounced.

Photomicrographs of typical heat treated Test No. 3
and Test No. 4 specimens, taken at the apex of the bend in
each case, appear in Figure 43. The bond cleavages are not
as extensive as those found in the as-deposited specimens,

5. TENSILE TESTS

The tensile tests employed a 0.5" extensometer. This

size was the largest permitted by the size of the test
coupons. This imposed a certain limit upon the accuracy of
the tests. Figure 44 shows the tested as-deposited speci-
mens. The top photograph shows the specimens that were
tested with their 316 SS substrates intact and the bottem
photograph shows the specimens that were tested with their
316 SS substrates removed. Note that in the top photograph
the pure columbium deposit of Run No. 36 elongated nearly
as far as did its 316 SS substrate before failure took place.
The other specimens in this photograph are of less ductile
Cb-%r alloy deposits which failed before their substrates

failed.

All of the plate/substrate bonds were sheared in the
tensile tests of the specimens shown at the top of Figure
4%, However, the bond proved to be very tenacious in spite
of the inherent mismatch in ductility between the basic
materials involved. Note particularly samples 45 and 47 in
the upper photograph of Figure 44. Portions of the plate
cracked in "rattlesnaking" fashion to relieve the strain of
the tensile test but the plate has remained bonded to the
316 SS substrate. Failure was manifested as discreet
cracks at regular intervals along the length of the plate
with the bond remaining intact between these cracks. This
is in contrast with the results reported in reference 2; in
this latter work, complete shearing at the bond apparently

always took place.

Table V summarizes the tensile test data for the as-
deposited specimens., Figures 45, 46 and 47 are representa-
tive strain rate curves for Cb-7%r plate/no substrate, Cb
plate/316 SS substrate, and Cb/Zr plate/316 SS substrate

specimens in Table V,

-100~-

I Sy




Sample from Run 41, Bend Test No. 3

sample from Hun 41, Bend Test No. 4

IFIGURE 43

HEAT TREATED BEND SPECIMENS (100X)
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The specimens tensile tested after heat treatment
appeared very similar to those shown in Figure 44, Table VI
summarizes the data for the specimens tested after heat
treatment.

Some of the strength values given in Table VI are
extraordinarily high; those particular tests would appear to
be suspect, However, neglecting these data, an overall
trend of higher strengths for the heat treated specimens
over the as-~deposited specimens is still clearly indicated.
Discussions with the test laboratory personnel who conducted
these tests have not yielded a clear explanation for these
high strength values.

The microrrobe data for the flat tensile and bend test
coupons fgenerally fell in the 0-2% Zr range, typically 0.75%
Zr. One or two points above 5% Zr were also found in a
typical compositional plot of these specimens,

6. TUBULAR SPECIMENS

A number of 6" x 3/4" dia x 0.035" wall lengths of 316
SS tubing were plated internally with Cb-Zr alloy for both
RTD and SFL evaluation (refer to Section XII of this report).
Some of the tubing specimens were butt welded together at
the center prior to depositing Cb-Zr alloy. A microprobe
scan of composition of one of the higher zirconium alloy
specimens is given in Figure 48, Figure 49 is a photomicro-
graph of this specimen.

Some of the tubular specimens were heat treated under
conditions previously described for flat test coupons.
Figure 50 is a photomicrograph of a Ck-Zr tubular specimen
after the heat treatment. Figure 51 is a photomicrograph
taken in the vicinity of the weld of a heat treated welded
tubular specimen. The photographs show no discernible ill
effects attributable to the heat treatment.

A summary of the tensile data for the tubular specimens
appears in Table VII. These tests were conducted on a
120,000 1b Tinius Olsen Super L Testing Machine. All of the
we'ded specimens, except No. 30, failed in the vicinity of
the weld. Only the plate failed at the weld in Specimen No.
30; the 316 SS substrate failed one inch from the weld.

The plate in the unwelded specimens remained intact in
the failure zone. 1In all of the welded specimens, except

no. 30, either delamination or "rattlesnaking" was found ilo
have taken place in the weld region.
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. - deposit

—-— 316 SS

FIGURE 49

INTERNAL DEPOSIT, TUBULAR SPECIMEN
NO., 34, 3 V2" FROM INLET (200X)
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-« —deposit

—-—316 S$

FiaURE 50

HEAT TREATED Cb=/r INTFHNAL DEPOSIT (200X)
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-—deposit

-—316 SS

FIGUHE 51

HEAT TREATED Cb-/r INTERNAL DEPOSIT,
VICINITY OF SUBSTRATE WELD, 100X
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There was no discernible difference in tensile strength
between the as-deposited and heat treated specimens, The
major observation made from the data in Table VII was that
the yield point for the welded specimens was approximately
50% lower than for the unwelded specimens.

7. PLATE HARDNESS

A number of specimens were tested for Vickers diamond
point hardness, using a 300 gm weight. Hardness readings as
high as 180 kg/mm2 were found to be typigal near the bogd
area, Readings ranged between 135 kg/ and 165 kg/mm“ in
the bulk of the plate, Twenty-five specimens from external
and internal depositions were evaluated.

Using a 25 gm weight the hardness of the substrate-
plate bond was determined for four external deposits. All
hardnesses ranged between 700 kg/mm2‘and 1300 kg/mm2, Most
of the readings were 1000 kg/mm< or above.

These results do not necessarily mean that the bond
area must be considered to be a brittle weak point in the
substrate-plate structure. The bend tests of these deposited
structures did not reveal any strong tendency toward catas-
trophic failure of the bond, Figure 52 is an interesting
example of the apparent strength of the plate and the bond
area, The top photomicrograph shows a plate and bond that
has been pulled from its 316 SS substrate by a mechanical
cutting operation, The cut was taken 7" from the internally
plated specimen inlet. Note that the bond has pulled some
of the stainless steel iway from the substrate., Figure 52,
bottom, shows the bond at 1" from the inlet of the same

specimen,
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SECTION XII

DESIGN AND FABRICATION OF INTERNAL PLATING SYSTEM

Deposition apparatus was initially designed and built
for depositing Cb-Zr alloys on the inside of 316 SS tubular
specimens, ' Various modifications and improvements were made
during the course of trial depositions. The system was re-
fined to permit the plating of large tubing loops early in
the second contract year.

A preliminary plating system was designed to permit
deposition of columbium and Cb-Zr alloys on the inside of
516 SS tubular specimens., A schematic of the system is
shown in Figure 53. Photographs appear in Figure 54. The
photos show the system with the test section removed. One
of the primary differences between this design and the ex-
ternal plating apparatus design was a provision to maintain
all gas lines above a predetermined minimum temperature,
This was to prevent sub-chloride condensation and subsequent
plugging within the tubular specimen. A water cooled sub-
chloride "knockout" chamber was also placed in the exhaust
line to trap sub-chloride condensibles before they could
enter the vacuum pumping system. :

Initial runs were made with CbCl. or CbCl. + ZrCl
utilizing a nine inch long stainless gteel "regctor" sﬁeci—
men and a six inch long external heater around the specimen
(see Figure 55). - The reactor inlet and outlet lines were
insulated to prevent condensation of CbCl., ZrCl, and lower
chlorides. The hydrogen inlet line was eﬁternal?y heated
with heater cord., Temperatures of the reactor, the hydrogen
inlet line, and the reactor inlet and outlet lines were mon-
itored using chromel/alumel thermocouples fastened to the
outside of these units. Temperature corrections were made
manually. However, once the system was brought to equilib-
rium plating temperature, changes occurred slowly and did
not require immediate accurate correction. Based upon data
obtained in the outside depositions, the internal plating
system was first operated at slightly above atmospheric
pressure to maximize plating rate. The system was vented to
the atmosphere. Gas flows were based upon successful out-
side deposition data.

A number of difficulties were encountered with this

arrangement, The initial deposits were found to be non-
uniform in various ways.
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Control
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Inlet Line
and Exhaust
System
(Reaction
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Removed)

FIGURE 5h

INTERNAL PLATING SYSTEM
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(a)

(b)

(e)

A number of modifications were

Peeled plate and coarse non-adherent plate was
produced. This was attributed to a specimen
temperature cycle which occurred when the cooler
plating gases first entered the reaction zone,
followed by a rise in temperature as warm reac-
tion products began to form. This initial
depression lowered the temperature to a point
where plating but no bonding took place. The
thin, non-adherent plate then peeled when the
temperature rose again, Subsequent plating over
the peeled plate produced bumps.

Circumferentially, non-uniform plate was produced
with a reasonably thick and bonded deposit on one
half while the opposite half:was very thin and
unbonded. This was apparently due to a differ-
ence in heating capability between the two halves
of the clamshell heater assembly.

The three or four inch leng%h of deposit was less
than desired. ' b

ade in the plating rig

to eliminate or at least minimize these problem areas.

(a)

(b)

(c)

(a)

The -clamshell heater unit ‘previously used was an
exposed element type. Completely "potted" element
heaters were therefore incorporated to increase
the temperature capability of the heater and to
promote more uniform heating.

A stainless steel heat distributor was introduced
to further smooth the heat input to the specimen,
This distributor was a hecavy-walled jacket which
was fitted over the specimen® tube.

A heater was placed downstréém of the reaction
zone to prevent excessive heat losses from the
exit end of the reactor.

A preheater was added before- the reactor inlet to
prevent chilling of the initial plating zone by
cold reactant gases. Heretofore an externally
controlled preheater was used only on the hydrogen
inlet line. Chlorides from.the chlorinator were,
of course, produced hot. . The mixing line (now the
preheater$ was merely insulated to minimize heat
losses. i

The length of the reactioﬁ’ione was doubled to
twelve inches to minimize end effects,
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(f}) The plating conditions were modified to include
operation below one atmosphere to increase gas
velocity and to increase the penetration of plate
down the tube (at some possible sacrifice to
plating rate).

tigures 56, 57 and 58 show the modified system.

The chlorinator was patterned after the concentric
columbium/zirconium chlorinator arrangement used in external
depositions. Two concentrie vycor cylinders, one filled
with columbium metal chips and the other filled with zir-
conium metal, were placed at the entrance to the preheater
section, Separate chlorine lines werc run to each of the
concentric chklorinators, thus enabling the generation of
CbCl. and ZrCl, to be separately controlled. An argon dil-
uent’line was led into the cavity between the outer chlori-
nator and the chamber wall. Hydrogen was mixed into the
chloride gas stream midway through the preheater section.
Near the end of the year's work this concentric chlorinator

was set aside in favor of the arrangement shown in Figure 59.

This allowed separate control of the heat input and temper-
ature of the Cb and Zr chlorinators. The reasons for this
final modification are covered in Section XIII of this
report.
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SECTION XIII

e S T AR ..

DETERMINATION OF THE OPTIMUM RUN CONDITIONS FOR THE
DEPOSITION OF COLUMBIUM-1% ZIRCONIUM ON THE
INTERNAL SURFACE OF 316 SS TUBING : :

Functional parameters were optimived for internal depo-
sitions. This included reaction zone tempera.ure, reactant
gas preheater temperature, exhaust temperature and reactant
gas flow ratios. The apparent quality of the CL and the Cb-
1 Zr plate and the diffusion bond for the intarnal deposits
prepared under the optimized plating conditions were compar-
able to that obtained in external depositions.

The variables associated with internal deponsition were
explored extensively first with pure columbium ,uns and then
with columbium-zirconium runs. Initial runs were conducted
with gas flows which had previously been established in
successtul external depositions and at atmospheric pressure
to maximize plating rate. Section IV describes preliminary
external deposition data which indicated substantially
higher plating rates at higher pressures, This was later
disproved., A most difficult problem was found to be associ-
ated with the high melting and boiling points of the various
chlorides generated in the plating process. The temperature
of the chlorinators, hydrogen inlet line, reactant gas pre-
heater, and reaction zone exit line were adjusted from run
to run to refine these parameters.

Under noswal internal plating operating conditiouns it
was found that a preheater temperature of 300°C was suffic-
lent to maintain the gaseous state of both Cb(l. and ZrCl,.
It has previously been noted that chlorination femperaturé
must be carefully controlled to insure the formation of
fully chlorinated Cb without producing subchlorides or allow-
ing free chlorine to pass through the chlorinator unreacted.
It was found that subchiorides condensed in the preheater
and reaction zone portions of the system. Accumulation of
subchlorides in the preheater would result in a pluegsa~e at
that point (300°C is not sufficient o maintain the volatil-
ity of subchlorides). Subchloride particles that reached
the reaction zone would form nucleation sites on the bottom
of the reaction tvte and columbium would deposit over these
particles resulting i1n coarse, porous deposits., A tempera-
ture of approximdately 700°C was rejuired to maintain sub-
chloride reaction products as guses in the exit line f{rom
the reaction zone.




The chlorination reaction is exothermic. After the
various sections «f the system are brought to the proper
equilibrium tempecratures, the chlorination reaction is
started and the resultant hot gas reduces the heating demand
upon the prehcater section, Typically a 10 to 25°C tempera-
ture excursion occurs at this point,

The initial design of the plating system included a
hydrogen inlet line to the preheater midway between the
chlorinators and the reaction zone. Considerable evidence
was gathered to indicate that the temperature excursion just
described was sufficient to bring the mixed chlorides to a
tenperature sufficient for partial hydrogen reduction to
occur, When it occasionally affected the inlet portion of
the reaction zone this excursion and the consequent cooling
resulted in peeling of the thin initial plate. This is des~
cribed more completely in Section XII of this report,

Lower hydrogen inlet line preheater temperatures were
tried in attempts to compensate for the temperature surge
that resulted in partial reduction at the junction of the
mixed chloride and hydrogen lines. It was found to be rather
difficult to maintain the hydrogen supply at a temperature
that would be low enough to eliminate the partial reduction
reaction yet high enough not to cool the unrecacted chlorides
below their condensation temperature. The problcem was
finally resolved by changing the location of the hydrogen
inlet line to a point immediately preceding the reaction
chamber. Using this configuration a plating run was begun
by bringing the system to temperature while flowing hydrogen

hirough the reaction zone at the plating operation flow rate.
The hydrogen inlet line was maintained at approximately 700°C
at this time and throughout the deposition run. No reoccur-

rence of the partial reduction problem at the hydrogen inlet

was encountered with this arrangement.

Higher zas flows were employed at atmospheric pressure
to extend the length of the plating zone from the 2 to 3"
obtained in initial runs. The plating length was doubled.
lowever, a point was reached where the heat capacity of the
greater gas mass flows made temperature control of the pre-
heater and reaction zone inlet sections very difficult. It
was then decided to extend the plating zone length by in-
creasing the gas velocity through reducing system pressure
rather than through increasing gas mass Tlow rates. A plat-
ing length of 6" to 7" was achieved without significantly
effecting the control of system temperatures at a system
pressure of 10" Hg below atmospheric. Most of the meaningful
internal depositions conducted under the program were con-
ducted at 10" Hg below atmospheric pressure with the excep-
tion of a few trials that were conducted near the end of the
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contract year at minus 20" Hg. The lower pressure yielded
longer but thinner plate. Further evaluation of low pres-
sure deposition is anticipated with long length tubing dur-
ing the second contract year,

Figures 60 and 01 are photomicrogréﬁhs of the bond area
of an internally plated specimen prepared near the conclu-
sion of the plating parametcr studies outlined above. The
specimens shown in these figures include inlet and outlet
sections of the same plated sample, 7" apart The apparent
quality of the plate and the diffusion bond for these spec-
imens prepared under the proper plating ‘conditions is com-
parable to that obtained in 0.D, dep051tions. Figure 62 is
a photomicrograph of another specimen similarly prepared.

It shows the reproducibility of the bonding method.

The optimum system parameters presently include the
following:

System Pressure
CbClS flow for bond
ZrCl, +CbCl. flow

t >
H, flow

(ZrCl :CbC1,.=70:30)

4 5

Reactor Temperature

Chloride Preheater
Temnerature

H, Preheater Temperature 300°C
Exit Line 720°C

Cb Chlorinator Tempera- 300°C
ture Below Ignition Zone

Zr Chlorinator Tempera- 3500C
ture Below Ignition Zone

Most of the internal depositions conducted under the
program were made with concentric vycor chlorinators as des-—
cribed in.Section III. Independent control of the tempera-—
ture of each chlorinator was rather gross with this arrange-
ment. Initially accurate independent control was not con-
sidered to be critical, However accumulation of subchlorides
occurrcd at the exit of the columbium chlerinator or ZrCl
condensate occurred at the exit of the zirconium chlorina%or.
This was due to either a decomposition of CbCl. to a less
volatile species through overheating the concegtr1c chlori-
nator assembly or condensation of ZrCl, :through underheating
the assembly, Figure 59 shows a chlor?nator designed to
allow independent temperature control of each chlorinator,
The design was veéry successful in eliminating chlorinator
pluggages due to chloride condensation,
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«—316 SS

Specimen 1, Inlet (400X)

FIGURE 60

ILLUSTRATION OF DIFFUSION BOND
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. ~——Cb-1% Zr

a— diffueion bond

~—7316 SS

Specimen 1, Outlet (400X)

FIGURE 61

ILLUSTRATION OF DIFFUSION BOND

-131-

VAL N«




7§ -+— Cb-1% Zr
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Specimen 2 (400X)

FIU RE 62

ILLUSTRATION OF DIFFUSICN BOND
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SECTION XIV

INTERNAL PLATING OF TRIAL LOOP CONFIGURATION

Two 3/4" diameter x 5' long 316 SS tubing loops as
shown in Figure 63 were plated internally with Cb-1% ’r.
Sectioning of the loops indicated that metal had been suc-
cessfully deposited over the entire inner surface of the
loop.

The plating system used was identical to that shown in
Figure 56 except that seven separately controlled plating
zones were used along the length of the loop. Thermocouple
measurement of the temperature of each of the seven plating
zones was maintained. Six inch long clamshell resistance
heaters were used on the 5 straight sections of the loop
while stainless steel sheathed nichrome heating wire was
wrapped around each cf the 180° bends. The entire loop was
then wrapped in glass insuiation. The lower view in Figure
62 shows the loop with clamshell heaters and thermocouples
in place,

The plating process was begun by bringing the entire
reaction length (the 7 controlled zones) to plating temper-
ature and then introducing a CbCl./H, mixture into one end
of the loop. The procedure to this Point was identical to
that previously described for short straight internal plat-
ing runs. After 15 minutes the power to the first (closest
to inlet) resistance heater was dropped to allow the temper-
ature in the first zone to drop below plating temperature,
Approximately 15 minutes was required for the temperature of
this zone to drop from 1050°C to 700°C. The temperature ot
each successive downstream zone was similarly dropped,
sequentially, and the plating zoiie was moved from zone to
zone down the length of the loop. The seventh and final
(closest to exhaust) zone was maintained at plating temper-
ature for 70 minutes to compensate for the plating that had
taken place in the first 6 zones during the'r 15 minutes
transient cooling periods.

The flow of plating gases was terminated after the Cb
plate had been deposited and the seven plating zones were
returned to the original 1050°C plating temperature. Ch-1%
Zr was then ptated throughout the tube from the usual CbCl_/
ZrCl, /H, plating mixture in a manner identical to that jus?
desc#ib d for Cb deposition. A 30 minute plating time for
each zone was employed for the Cb-1% Zr deposition,

-133-
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with Clamshells & Thermocouples in place

FTGURE 63

316 SS 1,00P FOR INTERNAL PLATING
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Metal was deposited over the entire inside surface of
the loop. However total success of both deposition runs was
impaired by system leaks which occurred and resulted in
heavy oxidation and scaling of the hot deposit surfaces.
Both runs experienced the leaks midway through the Cbh-1% Zr
portion of the run, Only the first reaction zone (which had
fully completed its term of depoeition) escaped with merely
a surface oxidation, The downstream plating zones which
were still to be plated with Cb-1% Zr showed evidence of
moderate to heavy scaling from plating that took place over
the oxide layer.

The atmospheric leakage to the plating system was found
to have taken place at a vycor-to-stainless viton seal im-
mediately below the glass chlorinator assembly., The dura-
tion of these runs, by far the longest made to date, allowed
excessive thermal deterioration of the seal to take place
which eventually resulted in the failure of the seal, The
temnerature was 360°C at a point 2" away from the seal on
the stainless side. The temperature at the seal was prob-
ably excessive for long times,

The seal just described was moved 2" farther from the
preheater and a temperature probe was placed within 1" of
the seal, This arrangement was employed for the manifold
depositions, which are described in Section XV,
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SECTION XV

INTEFRNAL PLATING OF TRTIAL MANIFOLD CONFIGURATION

Two manifolds of the configuration shown in Figure 04
were plated internally with Cb~1¢ Zr, The major leg of each
manifold was made of 1 inch dia 316 SS tuting and the two
perpendicular branch legs were made of 3/4 inch dia 316 SS
tubing, The 1 inch diameter leg was 24 inches long und the
3/% inch dia lege were each 9 inches long, The initial ob-
jective of the depositions was to investigate the problem of
plating a right angle joint of changing diameter, Such an
assembly would ideally be plated by selectively piating one
leg at a time by valving shut the remaining two gas flow
paths, However the 700°C temperature requirement of all
lines lownstream of a plating zone rrohibited the use of
conventional valves. The type of high temperature corrosion-
less ecate valve that would be required for this purpose was
no made available by any supplier in time to be used for
these trial depo<itions,

In liev of high temperature valves an alternate means
was attempted to selectively control the plating gas paths.
A condensate chamber design is described in Section IV of
this report for use on the downstream side of the reaction
zone, Similar chambers were installed downstream of each of
the 3/4 inch dia, legs as well s at the exit of the 1" dia,
tube, C(onventional low temperature valves were used on the
vacuum side of each condensate chamber (the cold side) to
control the gas flow path. To prevent thermal diffusion of
hot reactant gases into the cool condensate chambers a hydro-
gen bleed stream was maintained from each of the two valved-
off condensate chambers into the reaction zone. The major
reactant gases were carried through the lone open exit. A
flowsheet for the manifoid deposition system appears as
Figure 05, The assembled system is shown in Figure 060,

Both manifold plating runs were conducted in the same
fashion, The entire manifold assembly was first brought to
plating temperature. Five separately controlled plating
vones were involved, The various zones were f{irst plated
sequentially with b in the manner described for the loop
plating operation. (b-1% /Zr was then deposited in like
manner, No oxidation problem was encountered. However,
both runs were terminated before completion of the Cb-17 /r
deposition due to the development of a pressure cdifferential
across the manifold. Sectioning of the manifolds revealed a
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316 55 MANIFOLD FOR INTERNAL PLATING
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FIGURE OO

ASSEMBLED MANTI0OLD DFPOSTUION SYSTEM
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deposited metal web extending from the ream ‘edge of each
3/ inch dia. leg at the right angle junction across the .1
inch tuhe, This tended to seal the latte hut.. Refer to
Fiecures o7 and 6%, 1t is bolieved‘that, of" the hydrogen
bleed lows, necessary in the absence o 1igh temperature
valvine, was primarily responsible for: this phenomenon. The
ceometry of the metal web scems to follow a contour of the
two merging zas streams; the stream containing reactant
chlorides plating along the pure hydroge 'wall",
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MANIFOLD NO. 1,
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FIGURE 67
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FIGURE 68
MANTFOLD NO. 2, SECTIONED
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SECTLON XV

MISCELLANEOUS

. CHEMICAL ANALYSIS OF Cb-7r ALLOY

Preliminary efforts were made to develop a fast chemi-
cal determination of zirconium in Cb-7r alloy specimens,
Initial consideration of colormetric methods indicated that
these methods were generally more sensitive to Cb than to “r
and were therefore probably not suitable. A method whereby
diphosphatozirconic acid crystals are precipitated from a
controlled acid media was fournd to be encouraging for, at
least, a qualitative determination. However, the method
wias found to be somewhat inaccurate in the 7r concentration
range of interest. During the same period when these wet
chemical procedures were being developed, an outside source
was found to be suitable for microprobe analytical service.
Refinement of the chemical procedure was therefore deferred
in favor of microprobe determinations,

2. STATIC TEST CAPSULES

The components necessary for nire static ter:. capsules
were fabricated for time/temperative corrosion resistance
testing in potassium. The capsule design was for a 1" dia
X S" long 316 SS tube plated internally w.th Ch-1% Zr with
two solid 2" long 316 SS eund plugs plated with Cb-1% Zr.
The tubes and plugs were sent to a subcontractor for honing
to the final dimensions shown in Figure 69 and Table VIII.
The finished components will be delivered to RTD for assem-
bly and testing with potassium.

I'igure 70 shows two finished end plugs and a tube. The
outside of the tube appears rough due to a slight amount of
plating. Perhaps 1% of the plating gases see the outside of
the tube while the inside is being plated. This is bhecause
the procedure used to plate the capsule tubes is similar to
that described for external plating except that tihe plating
rases arc drawn through the tube rather than arouund it. The
external plating-system was employed using induction heating,

The stainless steel holder used to support the cud
pluegs during deposition is shown on one of the plugs in
IFigure 70,
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TABLE VII1

STATIC TEST CAPSULE DATA

Tube No. A B c C
(Top) (Bottom)
4A . 834 .826 .836 - ,828
5A .826 .830 .828 - ,832
6A .826 .829 .828 - ,.831
7A .826 .829 .828 -~ ,831
SA . 830 . 829 .83%2 -~ ,832
10A .827 . 827 .829 - ,829
11A .826 .830 .828 - .832
12A .830 . 828 .83%32 - ,830
13A .833 .829 .835 - .831
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3. ETCHING

Specimens mounted for metallographic and microprobe
analyses were polished flat by rough grinding followed by
fine A1,0, and diamond dust polishing. One of two chemical
etches waé then used prior to examining the specimens., The
first was employed to emphasize the Cb/%16 SS diffusion bond
zone, It consisted of:

A

% Hydrofluoric acid
10% Nitric acid

30% lLactic acid

55% Water

=

A 5-10 second exposure time was generally found to be suffic-
ient,

The second etchant consisted of:

5% Hydrofluoric acid
10% Sulf .ric acid
30% Lactic acid
55% Water

A 10~15 second exposure time was used with this etchant.

4, PLATING OF SPECIAL ASSEMBLY

A special assembly was plated in anticipation of plat-
ing the interior surfaces of 4' x 0' 316 SS loop assemblies
for alkali metal corrosion tests by RTD. A 1/4" dia Cb-1%
/r tube was suspended in a 6" long 3/4" dia 316 SS tube and
the internals of this assembly were plated with columbium.
This assembly was designed to roughly approximate a config-
uration being used in the loops for a «b-1% /r insert in the
316 SS boiler seciion. A sketch of the mock-up is given in
Figure 71.

Microscopic analysis of ‘the plated assembly indicated
that adequate penetration of plate down the interior and
exterior surfaces of the Cb-1" /Zr tube was attained but
penetration down the entire lenegth 316 SN was not achieved.
A photomicrograph of the plated Cb-1% /Zr (inner) tube
appears in Figure 72. This tube had previously been plated
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on the inside with WF /u2 reduced tungsten, This had no
bearing on the columblum~deposition test discussed here.

The layers in Figure 72, from left to right, are v.por de-~
posited columbium, vapor deposited tungsten, drawn ’b-1% Zr,
and vapor deposited columbium. It appears that an adjust-
ment in gas velocity above that employed in this test would
result in the successful plating of all luner surfaces of a
similar assembly,
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