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00MD3IDK RESISTANT BRAZTWG ALLOTS FOR ZIRCALOY

ABSTRACT

The objective of this program wm the development and evaluation 
of filler metals suitable for the brazing of Zircaloy for service in high 
tewpsrature water.

More than 60 experimental alloys and a few oommercial alloys were 
Mod to prepare brazements of simple design for exposure in an autoclave 
to 600* or 680°F water. Bracing um performed in a purified atmosphere of 
heliu. From the results of these tests several alloys were selected for 
extensive study which included induction, furnace and torch brazing characteristics, 
and tensile and shear strengths. Metallography of the joints as braced and 
after corrosion testing is shown.

A mumber of alloys were obtained uhich had good corrosion resistance in 
elevated temperature water. Outstanding among these was one which used 
Zircaloy 2 as base metal and L or 5% beryllium as the alloying constituent.
This alloy had excellent flow characteristics, good strength, withstood corrosion 
well, and caused no attack on or erosion of the base metal.
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COROSIDN RESISTAMT BRAZING ALIOTSPOR ZIRGALOT

X. ITDDUCTION

This is the final report oovering work performed from 10 Kay 1956 
to 9 July 1957, under AEC Prinoipal Contract A7-11-1-0en-1, Subcontract 
73(101), Westinghouse Atomie Power Diviston to Armrar Research Foundation. 

A summary report ws previously leaned on June 1, 1956 which covered work 
that was done between 9 May 1955 and 9 May 1956.

The object of this project was to derive satisfactory brazing alloys 
and t a chalone e for joining Zircaloy to Zircaloy where the bra bcm nt is to bo 
subjected to high t eeap ere tore water. Ideally, the braved joint woula have 
oorrosion resistanoe equal to that of the base natal and mechanical properties 
sufficient to give a good margin of safety for likely applications. While for 
a given use, the mechanical or physical properties may be oritical, the vine 
qua non is corrosion resistanoe, and principal effort has been a etudy of the 
latter property.

The me eh and any of corrosion and oorrosion resistance in high 
temperature water are not sufficiently known to predict from theory whether a 
given alloy will corrode in a specified high temperature water envirorment. 
There is sane evidence indicstng that (l) protection is generally ascribable 
to surface fl 1m, (2) galvanic effeots play a avail part in determining corrosion 
rate, (3) crevice corrosion is slight, (L) ths manner in which hyerogen is 
dlsoherged any determine breahdown time, and (5) at high toaparetaros the 
corrosion rate and bre ahd own tine are highly t cap era tare dependent. For
the MSt part, however, it is ry to rely upon a eimhat empirical
vproach to the problem. Sven if the oorrosion resistanoe of a brazing alloy

oould be predicted, this would not guar the p er ferae rice of the to t,
minoe oomposition of the filler metal and adjaeent base metal may both be 
altered to an Andeterwinate eztens by the joining operation.

The experimental progrum, therefoze, was to prepare brazing alloys 

vith as wide a range of ocmpostion as possible within the known licitations, 
to make brazementa of simple ge—atry with these alloys, and to conduct 
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—ing tests of the— brazements in water at 680"F. From those tests 
several promising alleys were —l—ted for more intensive study. A few 
oommercial alloys were tested, bat a large majority of the alloys were of 
—perl — rd al composition —looted on the basis of informtion available as 
to binary phase relationships, impurity effects — the corrosion of Zircaloy, 
and known brazing characteristics with zirconium. Bl ■mute such as boron 
and cadmum were excluded as being generally undesirable in a reactor environment. 
In all, wore than 60 different alleys were used to prepare bravements which 
were corrosion tested. Alloys which were discussed in the summary report are 
not discussed here unless further work was done with th—.

rr. MATERIAIS

The Zircaloy 2 used in the— brazing experiments was supplied by 
WAPD from ingots 5511, 5125, 2396 and others, and —a of reactor grade,
in the fore of plate approximately 3 In. wide x 1/ in. thick. Before use, 
the— plates were surface ground on one side to completely remove scale and 
oxygen contamina ted metal . A swell saw ent of Zircaloy 3A —s al— supplied 
from Ingot 2306.

Zrcaloy 2, 3/ inch thiok, was utilved for fabrication of irradiation 

shear specimens and tensile bars.

Gompositions of the alloys used in this investzation appear in 
Table I. The— are nominal compositions but are believed to be, with few 
exceptions as noted, quite close to the actual composition.

For the preparation of zrconium -base brazng alloys, Zrcaloy 2 
was used rather than ziroonium, although the alloying elements present in 
Zircaloy are not listed In the nominal oppositions. Aside from this, the 

used were of the highest purity readily available.

Petails of alloy preparation and measured melting temperatures for 
severul prmising alloye will be found in Appendix A.

Ch—loal analyses were performed on alloys whch were found to be 
promising from the corrosion standpoint. Because of the presence of many 
interfering elements and the uno c—in elements analyned, these analyses were 
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by no means always routine, and it may be assumed that the accuracy was 
sometimes less than in better standardized determinations.

The analyses obtained for various melts are shown in Table II.
Unless otherwise noted, alloys will be referred to by nominal 

composition. The majority of alleys listed in Table I were discussed in 
the summary report of June 1, 1956.

III. EXPERIENTALPROGEDURES

A. AlJ^y Preparation
Two melting procedures were used for the preparation of alloys.

The first was to induction heat in alundum crucibles under a bell jar with 
a helium atmosphere. The second method, used with the more reactive and 
refractory metals , was to arc melt with a tungsten electrode, a water-cooled 
copper crucible, and a helivn atmosphere.

In recent induction melting of alloys which have shown promise, the 
additional precaution was taken to melt under argon which was first passed 
through a liquid nitrogen trap and then over titanium sponge at about 900°C. 
The argon liquefies at the boiling point of nitrogen, so that very effective 
drying is obtained as the gas bubbles through its own liquid phase. These 
precautions may be unnecessary, but they can perhaps be justified because of 
the known lowering of the corrosion resistance of Zircaloy when contaminated 
by small amounts of interstitials, especially nitrogen.

B. Bracing 
1. Induction Bracing

All of the corrosion test specimens were made as single lap joints 
1/2 to 3/ inch long x 1 inch wide. These were cut at the midpoint of the 
1 inch dimension and one piece was used for metallographic examination, while 
the other was corrosion tested. The brazes were made using 0.003 in. molybdenum 
shims for spacings 0.001 in. molybdenum shims were also used with the more 
promising alloys. The arrangement for these braces is shown in Figure 1.
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The majority of braces were made by placing the filler metal outside 
of the Joint and allowing it to flow in by capillary attraction. Preplacing 
of the alloy in the joint was tried in a few tests with some of the better 
alloys. In most cases this was difficult to do because alloys with sufficient 
ductility to roll to sheet were the exception rather than the rule. Kanigen 
brazes were made both with coating and with externally placed alloy which had 
been deposited as heavy plate, stripped from the base, and broken into pieces 
of suitable size.

All brazes, both induction and furnace, were made in an inert 
atmosphere (of helium) without the use of any flux. This was made possible 
by the fact that zirconium-base alloys at brasing temperatures absorb eurface 
oxidation films rapidly to leave a clean metal surface quite suitable for flow 
and bonding of the filler metal.

The practice of passing high purity tank helium flrat through a 
liquid nitrogen cold trap and than over titanium sponge heated to approximately 
900°C was adopted after observing that flow of some alloys was not satisfactory.

The corrosion specimens were induction heated. This was almost 
mandatory, since many alloys of unimown bracing characteristics were used, and 
control of the heating cycle was necessarily by visual observation. Also, 
the inductive method was capable of fast heating and cooling, so that diffusion 
effects could be minimised.

The specimen, specimen supports, and Induction coll were all covered 
by a bell jar which could be evacuated to less than 1 micron presmure (0.1 to 
0.2 mioron was commonly obtained). Pressures were measured with an ionivation 
gage manufactured by the National Research Corporation. The system was tuice 
evacuated and refilled with helium before heating was started.

The standard procedure for making a brave for corrosion testing was 
as follows. The two strips of Zircaloy were etched in a solution containing 
57% H,o, 35% cone. mO3, and 5% H solution, by volume. This was done to 
remove worked metal, which lowers the corrosion resistance of Zircaloy. 
Next, the two pieces were clamped together, a suitable quantity of bracing 
alloy was placed adjacent to the lap, and the assembly was placed on Vycor 
tube supports holding it in the Induction coll. The bell Jar was then
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positioned, and the system was evacuated to less than 1 micron. Helium 
vas admitted until a pressure of approximately 1 atmosphere was resched, 
and the ay st aw was again evacuated, and finally refilled with helium to 
slightly above atmospheric pressure. The specimen was then heated untl 
filler metal flow was obcorrod, after which it was allowed to cool before 
removing the bell jar.

To save autoclave space the base metal ends were trimed from the 
joint. The specimens were then out in half and identified with an electric 
engraver. The fillets were also trimmed from some specimens. One half 
of each spooimn was set aside for metallographie examination and the row a 1 nt ng 
half was prepared for corrosion testing. This was done by lap grinding the 
edges so that corrosion offsets could be more readily observed. Those specimens 
were also briefly etched in the solution mentioned above.

Some shear tests were performed on specmens induction brewed with 
one of the better alloys, namely Zr-5% Bo. The specimen in these tests 
constated of a Zircaloy 2 bar 1A in. thick x 1 in. wide z 3 in. long to which 

was brazed a well block of Zircaloy 9, 1/ in. thick z l in. wide x 5/16 in. long. 
The fillets were raw wad from the braze and one end of the Zircaloy bar was 
ground parallel to one edge of the Zircaloy block. The specimen was then 
held in a massive steel fixture and the Zircaloy block was sheared off by 
a compressive load, longitudinally applied by weans of a Baldwin -Southwark 
tensile machine. Gleuning and induction braring of these shear specimens was 
done in a wanner eimilar to the corrosion epact wens discussed above.

Three standard 1/? inch diameter tensile bars were also node using 
Ze-55 Be filler natal. Three-inch-long bare of 3/ in. diameter were machined 
from Zircaloy 2 plate. The ends of these bars were ground and lapped in a 
plane perpendicular to the axis of the bars. Brazing was aooowpliahed by 
placing the lapped sarfaces of two bars together in a vertical position. 
Two saw 11 molybdemum ears were spot welded on opposite sides of the lower bar 
slightly below the lapped surfaces. The filler metal was inserted behind 
the ears adjacent to the Joint so that flow into the joint area would occur 
during the brewing operation. Two of the tensile bars were spaced by means 
of two short lengths of 3 di tungsten wire placed at the opposite edges 
of the Joint while no spacer was weed for the third tensile bar.
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After the bar* were induction brazed la an atmosphere of pure helium, they 
were machtned to standard sise and tensile to* tod.

The final group of industion brewed specimens consisted of five 
sets (approximately 18 per ant) of specially designed single lap joints for 
irradiation expomre studies. Dimensione of these specimeme and the clamping
arrang ts for the brazing operation are shovm la Figure 2. The 7/16 la.
tongue of Zircaloy, which lies directly below he abort molybdemuam spaoer, 
was r weave d after bracing along with any ezoess filler metal. The most 
promising alloy*, namely, 2r-$ le, Kanigen, Ou-201 Pa-3$ In, M1-205 Pa-0$ 31 

and 30$ 13% Or were wood in these specimens.

The irradiation-chear specmens will be teeted by WAPD to determine 
the effects of irradiation on corrosion resistanoe and strength.

Th* Kanigen mpecimens were made from Zircaloy stook with a one-Ml 
plate. The dirfusion process as desaribed in experimental results with Kanigen 
(Section IV Part 5d) was emp loyd to secure an adheren t and blister-free 
deposit of Kanigen on the specimen. All the other specimens were and* with 
flowed filler ne tal. The Zr-$ Be alloy flowed readily and ferned good appearing 
specimens. Use of toe Ca-20% Pa-35 la, 1-20% Fd-W* 31, and M1-303 G-135 Cr 
alloys vas nor* difficult due to their poor flow characteristios. Rase natal 
erosion aloo occurred with use of the above three alloy*.

Sone of the epecimens were radiographed. However, the remulte wore
Mal cedi ng sinoe vhat appeared to be voids on the radiogrums aotumlly oould be 
eroded arens.

2. yhraaoe Braying

A UM ted amount of furnace brazing was carried out during the year 
with a few selected filler metals th lob perfornad well in earlier work. The 
specimnens oonslsted of pair* of Zircaloy 2 sheet strips 6 inches by 1 inch wide 
by 0.070 inch thick, wired together to fern an inverted T-eeotion 6 inches long. 
A weighed amount of filler natal ( 0.5s) woe placed at one end of the epecimen 
adjaoent to the junction of the two members. The assembly was plaoed in the
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cold sons of a retort vhhich was than sealed and evacuated. High purity 
helium was admitted until atmospheric pressure was reached. The eystem was 
again evacuated and refilled with helium to slightly above atmospherie 
press*, re and a flow of helium was maintained. The specimen was next pushed 
into the hot none and allowed to remain for 10 or 15 mimtes depending on the 
alloy used. Specimens for furnnce brazing were cleaned prior to brazing in 
the same manner as described for the corrosion specimens.

A number of impact specmens were also furnace bramed with the bame

alloys used for the T-specil Zircaloy 2 of the size reqred to make
standard impact specimens was not available so a four-pound charge of 
zrculoy ? was waited by the nonoonsunmble electrode arc process. The charge for 
this wait consisted of pieces of sheet vhich had been rolled from 1/ in. stock. 
Ths resultant ingot was forged to a slab vhich allowed the making of multiple 
width har-length impact speoimen stock. Two multiple width pieces were batt 
braved with each of the desired filler metals to form a brarenent from which 
fine impact bars could be maohined. The brazine procedure for these impmct 
specimens was similar to that of the T-specimens.

A design for • furnace-brared, dynamic corrosion test specimen was 
agrend upon between ARF and MAPD representatwes. Members for such specimens 
were mnchined at ARF and shipped to WAPD for brazing and testing.

3. Throb Brasing

Only a small amount of work was done on ths torch braring of 
Zircaloy 2. Procedure followed included the coating of the Zircaloy with a 
liberal quantity of a fluoride-containing braring flux (Handy and Harman 
Spectal Handy Flux for Titanium). The two pieces were spaced with a three-mil 
shin and tightly clamped to maintain this spacing. Both Zircaloy members were 
hoebod wimltaneounly with a double -tipped oxyacetylene torch. When the brave 
area was at temperature, the Hlame was directed at the filler metal to get 
qatck melting and flow. The flame hr a sad specimens were corrosion tested in 
the same manner as the induction -brazed bars.

C. Corrosion Testing

Corrosion tests were carried out in a standard type of stanless

aenoue ecscaecu pouuoat:ow oe tLLtwOis »»»**•»«»« o» ‘scu"oto-‘
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stool 307 autoclave produced by Autoclave Engineers, Incozporated.
Temperature was regulated by a iheelco controller with a Lmtro1 safety 
devioe. A check of the operating conditions was obtained from a pressure gage. 
Distilled water mm used as the corrosive Medina, and the air mm carefully 
bled from the uystem at the start of each run. The specimens were immersed 
in the water and were contained in a basket of stainless steel soreen.
Temperaturee of 600 or 6B0*P were used in all tests, and each specimen was 
tested to complete failure (separation of the joined pieces) or to at least 
1200 hours exposure time. The specmens were ezamined at intervals varying 
from 2 to several hundred hours.

The brazements vhioh survived the 1200-hour test were broken apart 
ihen possible to permit examination of the braved area. Those which could 
not be broken were mctioned and examined metallographically.

IV. EXPERDMENTAL RESULTS
The results will be presented under the following headingst

A. Corrosion of Induction-Brazed Joints | B. Shear Strength; G. Tensile 
Strength; D. Furnaoe-Braned T-Jointss S. Furnace-Brased Impact here । 
and F. Torch Brazing.

Of the largo mmber of alloys investigated during the firet year 
of effort on this program five alloys warranted further study as discussed 
in the mummary report of June 1, 1956. Work during the ourrent year vas 
concentrated on these five alloys, plus some invstigztion of new compositions. 
The new compositions will be discussed first. All brarements made with these 
compositiona were three-mil spaned and corrosion tested in 680"F water.

1. Popper-Deso Alloys

One of the fve alloys that varranted further study WM Ou-205 Pd-3% In.
This MM the only alloy of the five that MM duotile and could be rolled into 

sheets however, ±ts uee caused erosion of the base An attempt vas node
to reduce this erosion by the addition of Zircaloy to the brazing alloy.

annoue nuscancw fouMDATOm oe union rust UTE OF ‘scuuotoG’
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One euoh ■ apparition was Gu-205 Pd-33 In-75 Sr 2. This al’oy formed 
a relatively thek joint as seen in Figure 3» and extensive erosion occurred 
in the bamo metal at the fillet. After exposure of 1212 hours, the bravement 
was broken apart and was found to be umvattacked except for a thin oorrosion 
line around the edges (Fizure L).

Another ecosition with inoreased Zircaloy content, Ou-205 PA-35 In- 
375 Zr 2, was Investigated. (Pigure 5). Thia also resulted in erosion of 
the base natal. After 1212 hour of exposure the specimen was unattacked 
e—opt for a mal area at one corner near the filler (Pigure 6).

Analyuis of the original Ou-20 Pa-3 In alloy revealed that the In 
oontemt waa only 1.n%. In the belier that a higher indtum o on tent might 
reduce the eroston of the bane natal a nominal Ou-18.55 Pd-.5% Ir alloy was 
prepared (analyaed 5.07 In). Use of thin alloy resulted in a thin joint 
as noon in Figure 7, but erosion of the base natal again occurred. Only a 
small amount of corrosion ocourred in thia sample during 1212 hours of 
exposure (Vigure 8).

A Cu-20% ra-35 In-3% N1-31 Fa brane (Piguare 9) mustained no corrosion 
dannge dring 1212 hours of exposure (Figure 10); however, erosion of the 
base natal oocurred during brazing.

Flowed Jointa coula not ba node with Ou-203 Pa-31 M-3% Fe-3% Sn; 
towever, too brazemmts were made by preplacing the alloy. A representative 
struoture la shown in Pigure II. Virtually no corrosion occurred during 
1212 houre in the autoclave (ngure 12).

Erosion of the base natal occurred with the woe of Cu-203 Pd-3$ In- 
75 tatnlese eteel 317 (Figure 13) but there wns no corrosion during 1212 hours 
of high fyoroture water exposure as shown in Figure 14-

No further work was done vth the above five alloy variational 
however, all were oorrosion resistant and additional work vth a view to 
reducing their erosion characteristics wouald bo in order.

announ ncscancu couwDAron oF LLewois idiTiruti OF TEcunotoe’
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Two other neppar base alloys nvestigated were Qu-25 Bo and Qu- Be. 
Bote are oth tally available alloys and these were used for braving- 
Suructares obtained with these alloys are shown in Figures 15 and 17. Both 
alloys were tested for 139 hours after teloh the Ou-21 Bo alloy was ft and to 
be 6o1 corroded (Higure 16) and tee Cu- Bo was unattaoked. The unattacked 
strusture is shou in Pigure M. The date areas are regions that did not fill 
during tee brazine operation. Eronion of the Zrcaloy oocurred near the fillet 
during bazing with both of the alloys i however, the erosion was much more
severe ith the Qu-2 Be alloy.

below the transformation 
ropurtod that the high t

per
rrat

It should be noted that the Cu- Be alloy braved 
ture or the Zirealoy t. A MATO representative 
re water oorromion resistanoe of Zircaloy la

di vhen the matorlal is in the transformed state; ham, ar corrosion
resistant brasing alloy vhich flows below the transformation temperature la of 
particular inter et. Lack or tine prevented further investigation of this 
alloy although it la promising enough to deserve further attention.

it was abated in last year’e report that three joints brazed with
3.55 F were under test, one of vhich falled after 830 hows. A second 

specimen had parted after 1235 hours telle the third was found to be oompletely 
attacked after 1235 hours.

2- Aluminum Bass Alleys

The Al-33 Ml alloy rormea a satiefactory bravement (Figure 19) but 
fatled after 98 hours of exposure. The filler metal of this specimon r seal a sr! 

in eno piece after failure and its microstructure is shown in Figure 20- 
Apparently ths dark-etching notorial which is adjacent to the Zirealoy (Pigure 19) 
is more sunceptible to oorroslon than the remainder of tee filler metal. 
Brazomenta nods with A1-551 Os (Pigure 21) and A1-203 91 (Pizure 22) ralled 
in 911 hours. An Al-1% Be branement (Figure 23) failed in 1349 hours. An 
A1-25 Bo alloy was also node but not need. The final aluminum-buse alloy 
Anvestigated had a nominal ecmposition of 35% Ge-10% Zr. A brazement made 
with this alloy is shown in Pigure A. After 71? hours of oorroslon testing 
this sample was reanvod and sent to KATO for further testing. At that tins 
it was noted that tee filler metal was corroding.
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3. Zirooalm-6000 Alloye
Two new ziroonium-base alloys were tented during the year.

2r-1o5 Fe-103 Or alloy famed toe brave shown la Pizure 25. After 1235 hoars 
of exposure too spent awn was broken apart and found to be unattacked although 
one and had not completely braved (Pizure 26). A 2--35% Al-3 Be ope elms 

(Mgure 27) failed after 98 houra of ezpomure.

L. Misoellaneous Filler Retala
Complete melting did not oocur when T1-305 Al-55 Bo war ward. The 

struoture of this sample is shown la Pigure 28. The ape al new was sent to MAPD 
for farther testing after 71? hours of exposure to wuter. At that tine toe 
sample had been altehtly attacked.

A spectmen brewed with Au-1.58 Be alloy war aloe went to WAPD after
71? hours la water. This alley had excellent flow ch Astios and fumed
a met th fillet. Ba mpcimen appeared to be attaoked at the bare metal-filler 
natal interface. As ran be ween from the miorostructure la Figure 79, braving 
occurred below the tranaformation temperature of the Zircaloy.

Attempts to brave with Mb-5 Be were 
melting point.

eful de to its high

A Ag-15 Be alloy was also prepared but never tried.

5. Alleys Previously Belooted as Prontoing

The five alloys that were selected for further study at too conolusion 
of the first year’e work on eMe project amt (1) 301 0-131 O,
(2) Ou-2os pa-3s la. (3) m_-205 M-1O< Bi, (u) Kamdigen, and (5) zr-51 Be.
Duplicate three-mil and one-m1l k made vith these alloye were corrosion
tosted in 600* and 680‘F wuter to determine consistenay of resulte.

In addition, cuboid namples of toe five filler alloys were corromion 
tented la 600* ana 680" water and 790* eteam, and their weight determined 
at perindie intervals. The 600* and 680"F evaluatione were started at 
Arnour Renearch Foundation; mhortly thereafter there sampls were transferred 
to WAPD along with the samples for 790" testing. Preltminary data were too
fr to ndicate any trend-

annoue rouwDat:ow oF •LLrwO‘s ensTITure oF rEcumotogr
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a. 1-305 0-13% Or
Ten duplicate three-m1l mpaned branements were made th thio allay 

for tosting at 680". Four of these specimens rolled within 207 hours due 

to poor rlling. The remaining mix op a el—we wure broken apart after 1212 hours

of e and it wee found that ony one of the mpecimens wow el—at weep lately
brewed hhile the ethere varied from 5 to 508 brewed. da corrosion war eviden$ 

la any of the— esmples (Pigure 30). In spite or the feet that —at of the 

specimens had brewed poorly, all were dirrieuls to broth apart- Two — re 
e— ell spaoed epscimens (Figaro 31) — re prepared for 680" testing along 

u th miz specimenm» f our mpa ced j mi 1 s and t mo s paced 1 m11, for After
40 hours, one or the 680* ope ate—a had felled — did a three—11, 600"

mfter 564 beera. The remnining specmens ware semt to MAPD for
contimed testing after 564 hours for the 600°F mpecinens and 712 hours for 

the one 680’ epoetawe.

This alloy, of the five selected for eztennive study, appenra to be 

the least pr—I wing. Its flew properties mre the poorest, and it tende to 

alloy with the bane metal to an extent that romalte la an eroded area at the
fillet. The allay melta betwsen 1090" and 1120"G.

b- la

mis alley al owe amone the promisine alloys bee marrictent duatility 

to pewit rolling late thin eheet; thee* it can be proplawed ir neceseary. 
Be rare erwataa oocurs la the fillet area durng the braving operation and 

thie eras is extensively attaoked If it la not rami prior tooorromion testing. 
The alley by Ateer le eery corrosion resistant. A small rolled sample was
subjected to 3511 hours la 6B0‘F water with no change la app ezoept
for a sltght darkening of the wurface. The mi oture of thia alley after
ee raw wine tooting la shoum la Higurs 32 and 33. Tigure 32 mhowun the oomplete 
erose Beetle a or the rolled arterial while Pigure 33 mhowe one edge. The layer
of metal at the surf
materlal vhich received a greater amount of cold work during the rolling operetta*.

aenous esscaecw zouDArOm oe sLLemoss vmsviruTc ee TEcw=oLo0v
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• f Bine duploste three-mil mpaced bramements were made for 60°F water 

testing- tea flew dharaeteristios of tela alloy are poor, so two of the samples 

were made vith preplaced alloy for comparison purposes. The fillets were r—wi 

from tea samples prior te corrosion testing te eliminate their erfect oa any 

corromion la tea interior of the sample. Prior te the conclusion of the test a 

meteor of the mpecimens appoared te te aStetead la regions tears the filler metal

wns thicker than mrml.
tta

After 137 tears the specimens were teotea apart ate 

te awe opt for a thin corroston line around the exposed
edces of tea filler zetal- 

tea flawed alloy smples.
Ho difference was noted bet the preplaoed and

Complete filling did not occur la all the ■■■pin
as seen by the derk regions la Figure A.

Oats aall ap as ad teiwmU (Tizure 35) were also aada for testing la
600- am wall as e0*p water. Ite Mlletm were left ntact oa thene spoctmens

if a lessor ■waste of rillet oorronion weald take plnoe at tea 

ture. The 680" namplos were renoved from test after 1349 tears.

and tea €OO* masala ■ after 1279 tears. After the mamples were broken epee, 

it wee sated that all had muffered some attaok wear the rillet; olae Ohara they 

were free of corrosien. The fillet arses oa all the samples were moderately 
ear ro dad hat as darrerence see )d he aeon la the terras of attaok la the 600* 

specimens oompared to those at the higher taapa raters. Pigure 36 and 97 Shew 

the appearanoe of these mamples after 600* and 60’ test, respectively- 

Four 3-m11 sanples that wars beine tested at 600"F have been seat to MAPD for 

the completton of tea* lot* At the ttme of ehipment (89 hoars) three of the 

namplas appeared relatively unattacked vhile the fourth ted heavy fillet attaok.

A mumber of three-mmil mpaced Wai—meta were almo made salat 
zrealoy M as tea base metal (Hgure 38). te corrouion was astdate la tea 

Anterior of these specimene after thoy were removed from WF water tessing 

at tea complotton or 1361 tears or wapt sera. Very axtensive and eevere attaok

red la the fillts of the samples, aad this attack dad dovm the mides

adjaoent te the fillet te seen la Pigure 99. Fillet attaok was msh more

sewer la the Ziroaloy M hi than la the Ziroaloy 2 h s.
Site uith variatonm la atefa suite of tela alley tea been discusmed

emrller.

The meltine runge or thia allay la appreximately 975” to

asnous •(!«*•» ■ oewomoe o* imeo»* »■•»»»«»• Tecumotogv
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«. -205 -101 S
Less metal erosion and rillet attack oocur with this alloy (melting 

range 1035" to 1090*0), than uith either of the two previously discussed 

alloys. The alloy la bristle; hence, 11 cannot ba rolled and anal either bo 
propl aaad as a powder or flowed into the joint area. The flow properties of 

the alloy are rather poor, and careful techniqe la reqired in order to obtain 

good joints. An adherent black cocting of corrosion product forms on the 

surrace of the alloy shortly after exposure to high leap or Otero water.

Eleven duplicate 3-mil bra memen to were prepared and subjected to 
680‘F water. The specimens were broken apart for aoaart nation after 1355 hours 

of exposure. All the specimens were found to exhibit a peculiar type of attack
not round in the earlier speoimens node with thia alloy nor la later specimens. 
Thia attaok extended from the fillet into the interior of the brazement and 

oonststed of a network of unattacked filler natal urrounding attacked regions 

an shou la Higure 111. The remainder of each specinen was completely unattaoked- 
hone of thene specimene filled entirely durine the brazing operation (Pigure LO)- 

Bo explanation for thia type of attaok io offered tert it appears to haw 

started at the fillet and proceeded late the joint. The fillet area 1 too if 

was not badly attmcked and erosion of the bane natal was not heavy.

Additional specimens uth one-all spacing (PIzure 2) were tooted 

at 600* and 680-y for 1279 and 1349 hours, respectvely. A moderate amount
of attack red arround the nueto but the interiors were free at corrosion

as neen La Tigure 43 and Wb. The 680" branements aaftaraii slightly more 

corromion avowed the nllets than the 600* specimens, but this dirference 

was miner.

An additional net at three-mil apaaad brayemente which wnn lor 

tent at 600" la bolas ompleted at WAPD. At the time at ohlpnont the 

spocinens had bem aay naad for 85 hours and they all appeared sound. WAPD 

la alm testing in 790" stem a set at three-mil spaced branements that were 

prop arid al AR.

Mith Tiraalay 3A as base metal. two sete at two specimens (1-m1l

and 3-mil) were prepared far 6B0"F exposure. The microstructure at ome at 

the 3-ell braaanaada la ote w la Pirure L5. Netallographie examination of
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both 1-mil sammples revealed that they had pressure welded together in many 
places and what filler metal was present was extremely thin. Internally, 
all the samples were in excellent condition at the conclusion of 12^ hours 
of exposure with the exception of one sample, vhhich showed slight attack at 
one corner near the fillet. The fillet attack on these brazements was 
relatively light. Wo difference was noted in the degree of attack on the 
Zircaloy 3A compared to Zircaloy 2. The one- and three mil brazements are 
shown respectively in Figures 1*6 and 1*7. The dark, grainy structure seen 
near the fillets in the above figures represents fracture through the base 
metal and not attack.

d. Kanigen (K1-7* P)

"Kanigen* is a proprietary name (General American Transportation 
Company) for a chemically deposited coating of nickel containing about 7% phos­
phorus. The alloy in chunk form is glass brittle but in normal use it could 
be preplaced in the joint by depositing on the pieces to be brewed. Thin 
joints can be obtained by limiting the thickness of the deposit J however, 
if the mating surfaces are not true, voids could result. Flowed brazements 
have been made with this alloy but with some difficulty because of rather poor 
flow properties. Wo erosion of the base metal occurs during the bracing 
operation using either deposited or flowed Kanigen. Fillet attack during the 
680° water corrosion test is also nil with Kanigen. When Kanigen is plated 
in the normal manner as given in appendix A, a relatively nonadherent film 
is produced on the surface of the Zircaloy.

This nonadherent film allows plating solution to be trapped below 
the plate as was found after examination of ten braved specimens subjected to 
680°p water for 1200 hours. These ten brazements, enoh with one mil of deposited 
Kanigen on each murface, all appeared sound at the start of the test although 
a number of then contained some small voids. A typical miorostructure la given 
in Figure W. Of the ten specimens only one was completely unattacked; the 
other* exhibited filler metal attack ranging from slight to 100 per oent (Pigare L9). 
All of the corroded arena contained a green residue believed to be nickel salts 
left from entrapped plating solution. Considerable work waa devoted to the 
problem of securing an adherent Kanigen deposit on the Zircaloy and thus
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ellainating any opportunity for plating solution to be trapped below the 
depoalt. After investigating many variations of the plating procedure the 
following successful method was adopted. The Zircaloy is first etched to give 
a surface as oxide-free as possible and immediately thereafter given a 15-second 
flash coat of nickel. A thin coat of Kanigen is next deposited over the specimen 
(about 10 to 15 minutes) and diffused into the surface. This diffusion treatment 
consists of heating the specimen slowly in Inert atmosphere to Bl0"C and holding 
at temperature for two hours (time is not critical). If the Kanigen coat has 
diffused properly, scratching the surface with a sharp object will cause no 
cracking or flaking. The desired thickness of Kanigen is finally deposited 
over the surface thus prepared.

The microstructure of a Kanigen brazement prepared as above is given 
in Higures 50 and 51. Mills a good braze was obtained, a nanbar of small, totally 
enclosed voida were present in the filler natal (Fgure 51). This specimen was 
tested for 1321 hours in 66O*P water and found to be perfect (Pigure 52). 
Additional brazements ware prepared (one-m1l deposit on each surface) for testing 
at 600* and 680°F and these samples were transferred to WAPD after respeotive 
tines of 85 and 610 hours. No corrosion was evident at the tine of shipment. 
WAPD is also testing in 750°F steam, a not of 3-mil spaced specimene braved 
at AR with Mowed filler natal.

Another bet of Kangen specimens for 680°F testing using Zircaloy 3A 
bane material gave a microstructure as shovm in Pigure 53. These samples were 
mlso sent to WAPD after 610 hours and they also were free of attack.

A piece of Kanigen alloy was also corrosion tooted for 3379 hours 
at 680°F. The only visible change was a slight darkening of the surface. No 
layer of corrosion product can be detected at the edge of the sample as Figure 5 
attests.

The melting range for the Kanigen (W1-7% P) is approxmately MO* to 
1060*0. The euteette compoeition line at 000*0 and 11% P. Attempts were made 
to secure such a compoeitin by adding phosphorus to Kanigen alloy powder, 
but without success.

>• Zr-4» to 5< he

This alloy appears to he by far the best alloy developed during
Anmoum itiuecw eouwDaton of iiiiaoi* of vacumooor
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thio program. Ito major drawback in lack of ductilty bet thio lo more than 
oompensated by excellent wetting end flow properties. In thio respect the 
lower beryilium composition might be slightly superior; otherise, the 
pertinent properties are unaffected by thio variation in berylium eentent. 
There lo no noticeable evosion or attack of the bane metal during braving, 
and a smooth fillet lo for—d. A United amount of ahoar and tensile data 
indicate rood mechanical properties. The dirficulty of breaking apart specimens 
after oorrosion testing lo a further indication. The alley has a melting range 
or approximately 970* to 990*0 uhich If lower than the four alleye dlscunsed

The corroson remistance io conmistently excellent in the hot water 
teste. A white adhere at file fame on the fillet and any other arpoeed filler 
natal shortly after exposure to hot water. Thio film la less adherent when 
brazing Zrealoy SA than when brazing Zlroaley 2.

Owe dreWbeok be the wee ef thia alley oould be Ite posmible toxicity, 
■at mach is known about the toxioity ef beryiliumn alloys bat para bery1lium and 
beryl it— aalta are very toxic and great care muant be taken to avold inhalation 
or ingestion of such matertals, empecialy during the preparation and melting 
of the alley am the stage of grentest danger.•

The first set of specimens braved vith this alloy consisted of nine
3-m1l epaced br nte for 6B0"F corrosion testing. With one exception, which 
lo 112ustrated in Pigure 55, these specimens oould not ba broken apart la the 
filler metal after 137 hours of exposure. Two other braremente fractured la 
the bare metal rather than in the filler natal. Three or the momplen were
cut in half tn sely end waartnod microsoopically (Pigures 56, 57 and §9).
A wry HI w layer of corromion produot can be seen at the wap weed edge in these 
three epewinwe. Two specimens with rather heavy fillets are ah own in Pigure 9, 

after removal from tha mtoolave. The thin layer of corrosion produot which ie 

present on the fi lleta of all these speoimene oan be neen in thio phetagraph*

Rom of these nine specimens showed any mign of attaok other than 
the earfwoe file.

San Ten"eianag."a Belted by D- “hdte, -r- and 3- B. Purke, ChaP- X-
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At took was aloe absont from a net of one-m1l apeeUsena that were 
expo a ad for 1279 hours at 600" and 1309 hours at 680"F. A typioel miorostructure 

for the ano oil spmced brane can be seen in Furore 60. The fracture warfeeaa 
of these specimens are shoun la Piuures 61 and 6? for 600* and 6B0‘F exposurem, 

respectively. A considerable amont of effort eno reqired to break the samples 

apart and the specimen at the left in Furore 62 murrered sene deformatton 

of the base natal in the prosess.

A set of three nil mpaced br ts had also been under test in
600" water when the set was sent to MAPD for oontimued testing- At that tins, 
after SA hours of test, no owl is noo of attack was noticed. A set of three-art 1 
specimens was also prepared at ARF for 790°F eteen ezpomure at WAPD.

T rather thick brazements remulted hen three-mil spaced specimens 

were made with Zircaloy M base metal. Km microstructure of one brew nt ie
aeon in Piure 63. Me corrosion rred durine 1361 houre of 4 e at
680‘F; h » as noted earlier, the file of corromion product formed on the
fillet was not as as that formed on Zirealoy 2 base natal. Fracture
oocurred thronth the filler metal When the specimens were broken open, and this 

resulted in a rough murface as shown in Figure 6lt. beta that one specmen did 

not oompletoly fill during braming.

One of the early heats or this alloy was a mominml Zr-68 Be hich 
analysed about 2.5% Be and had a low melting range of 870" to B85‘G. This 

heat of alley was made from a an ah more impure grade of beryllium than that
used for it melte, and ths may acoount in MM part for the low meltng
range- Analysis of the melt revealed nothing unumual ezoept a posmible high 
aspper comtent (one sample analyzed ao.n1 Qu While another analyzed 0.06% On). 
Two > «M1 bras ene nt a for 680"F testing made with the above melt were exposed 

for 1212 hours, then bro hen open. Neither had been attecked and both broke 

rather easily in sea a th fraotures at the filler metal-base natal interfaoe. 
The freetarad murfaces are shown in Pigure 65.

B.

Only a snail mmount of mechanical testine of braves was done during 

this program, and this was done not with the object of developing design data.
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but rather to d 
errort.

trate usable strength and to help guide the research

The area of brane first tooted was approximately 1/2 in. 2 1 in., 
bet it was found that there was a tendency for the base strip to bend, and 
the area was therefore redwood to 1/a in. x 1 in.

Shear data reported in last year's wary report are repeated 
in Table III.

During the current year only one set of shear specimens was prepared. 
mis not was throe-nil spuoed and brewed with the Zr-5$ Be alloy (analy-ed 5-303 Be). 
Remultm are in Table IT.

C. Tmello Strength

A United needier of tensile bars wore butt braced using the cane 
2r-55 Bo alloy as was awed to obtain the above mhear data. Results of the 
tensile toots are listed in Tabla v.

D. Fumaoe-Brewed T-Jolnf

T-jointe were furnace brazed with Kanigen, -20% Pa-10% 91, and 
zr-5 8*. the Kanigen need was not deposited on the Zircaloy bat was allowed 
to flow from a 0.5 gran sampl placed at one end of the T.

Two T-jointe were made with the Kanigen alloy* one at 950"C and the 
other at 978°C. Both op ■sinews were in the hot none for ten mimtes. Flow 
of one inch was obtained at 990*0 while a two-nah flow with a fairly heavy 
fillet was obtained at 978". A slight an cent of base netal attack also 
occurred on the latter mpeoimen at the point where the filler netal was placed.

Flo* was obtained along the fall eix-nch length of two T-jo2nte 
browed with m-205 ra-101 Si alloy. One epectmen was held for 15 minutes at 
1022" shile the other was held for 10 mimutea at 1018"G. A 1 1/2 in. flow 
wan obtudnea on a third mpectmen brace d 10 minates at 1022"C. LAttle filleting 
■■eerrs< on thene ope sinews. Base natal erosion took plane as with the Kanigen. 
Woo of 2- Be yielded the hoot appearing T-joints. Two wpeotnone wore braved, 
one at 985-c and the other at 995-a for 15-mimate intervale. Gomplete flow
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was obtained on both spoolmens and smooth, heavy fillets were formed on both 
sides of the junction between the Zircaloy strips. Wo base metal attack 
resulted. Specimens brazed with this Zr-5 Bs alloy can be allowed to remain 
in the furnace hot none for a loc~r time than the above two alloys since its 
use does not result in any base m~tal erosion. Figure 66 shows one of the 
T-Joints brazed with the Zr-% Be alloy.

E. Purnace-Brszed Impact Bars
Brazed Gharpy impaot bars wore prepared with the same alloys 

as were used on the T-Joints. Standard size bars were machined from 31 
spaced brazed slabs. Wo V-notch was machine in these specimens since the 
filler metal represents a metallurgical notch. For comparison purposes a 
madbar of unbramed V-notohed Charpy bars were also prepared. Room temperature 
and 550"F were selected as the test temperatures.

The Kanigen pecimens were held for 20 minutes at 990*0. Two of 
those specimens were broken during machining; examination revealed that these 
spocimens were well brazed and oontained no voids. This indicated a low impact 
strength for Kanigen branes and this was later borne out by the Charpy tests.

Three of the Ni-20% Pa-105 Si impact bars were also broken during 
machining but in this case the cause was due to incomplete filling (under 50%). 
Upon completion of the impact tests it was found that the remaining two specimens 
were only 755 braced. Unfortunately, in both cases the Charpy bars had been 
placed in the impaot machine id th the unfilled area opposite the side that was 
struck; thus the effect of the unfilled area was magnified. Braving was done 
at 1060°c for 15 minutes.

Wo difficulty was enoountered with the specimens brazed with the 
Zr-$ Bo alloy, vhhich were hold for 20 mimateu at 995°G,

Result a of the impact tests are given in Table VI. Testing was 
done on a Sonntag Universal Impact Machine, using the 0 to 50 ft-lb rance.

The impaot strengthsof the Zr-4% Be brasements are muach superior 
to those of the other alleys. Purthermore, at room temperature, the impaot 
strength of the brewed specimens is no lower than that of unbraved specimens 
containing a Vnotch. Photomacrographe of the froctured specimens are shown
in Figures 67 through 70.
annovn esscancu FOUwDATiOw Of lllKOII nsTIrute OS VSCMMOtOOV
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F. i*1*0*1 Braaing
Torch brazing wm attempted with both the Cu-20$ Pa-31 in and 

Zr-Ls Bo alloye.

Results with the Cu-base alloy were fairly bucceasful; thie alloy 
melted easily and flowed rapidly into the joint. On specimen, after it wm 
broken apart, revealed that a sound joint had been obtained although a mumber 
of snail flux inclusions were present. Heavy fillet attack occurred shortly 
after the start of 680°F corrosion testing of two torch-brazed specimens. 
These samples were sent to WAPD after 302 hours of test.

All attempta to torch brace with the Zr-5 Be alloy were unsuccessful. 
An oxide coating appeared to form around the alloy and flow did not occur.

DISCUSSION AND SUMMARY

Further work on the development and evaluation of filler metals for 
brewing Zircaloy to Zrealoy, the joints to be corrosion resistant in 6B0°F water, 
has boon completed.

The results of this year’s work have largely borne out the findings 
reported for the previous year, as regards the were promisng braving alloys. 
The all-around superiority of Zircaloy-8 Be became wore incontrovertibly 
evident with respect to the properties tested. The tensile strength st room 
temperature and the impaot strength at room temperature and 500°F are both 
remarkably high for butt-braved joints prepared vith this alloy. The flow 
properties are quite good, although there is a slight tendency for liquation, 
which might be eliminated by a snail adjustment of the aomposition, if desirable 
for a particular application. Unfortunately, information as to the effects 
of irradiation or brazaments prepared with Zr-43 Bo probably will not be 
available for seas time. Results of test exposures to 750° steam and to 
dynamie corroslon conditions are also unavailable at this tine. Therefore, 
the present evaluation muat still remain provisional. However, there seems 
to be reasonable ground for optimism concerning the potential utility of this 
riller net al for the field of application intended.

1
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The M-78 P (Kanigen) alley has been found to yield bra slants 
with excellent corrosion resistance, but the mechanical properties of thess 
joints are relatively poor. Therefore, it would seem that this filler metal 
might best serve the function of a seal rather than structural joining. The 
experiments which have been made with plated Kanigen as a filler suggest that, 
properly plated, this material sight be useful as a protective ooating for 
use in high temperature water. In order to apply dependable ooating, careful 
plating procedures oust be followed, including diffusion treatment of a thin 
preliminary coat. The flow characteristics of bulk Kanigen on Zircaloy are 
not particularly good, and it seems likely that improvement in thin respect 
would be obtainable if the phosphorus content could be increased.

Both M-203 Pa-103 31 and Ga-201 Pa-3% In must be considered difficult 
to use muccesefully because of flow characteristics and the tendency to wash 
out the base metal. On the other hand, should the Zr-48 Be alloy exhibit sone 
unexpected shartaoming to bar ite use, either of these two alloys could very 
likely be modified in composition so as to be serviceable. This would require 
further research and evaluation.

Although corrosion resistant brazements have beemn prepared with
Mi-30% 133 Si, unexplained failure has also been observed during recent work.
For this reason, and because this alloy does not appear to have any particular 
property to recommend it in preference to the alloys mentioned above, this 
alloy is considered the least promisng of the fire.

Among the new alloys which were subjected to preliminary taste, 
some promise was shown by Cu-% Be and Au-1.5% Be. Fillet corrosion occurred, 
howevez, in the case of Cu-L% Be, and a tendency to wash out base metal during 
brazing was also observed. Both alloys braced below the Zircaloy ? transformation 
temperature. Testing of the Au-1.5% Be alloy has not yet been completed, but 
hairline attack nay have been ocourring at the filler metal-base metal interface. 
There is a possibility that this sight be presented by plating a barrier layer such 
as nickel or Kanigen on ths base metal before bracing. A factor which must 
be considered, however, is that neutron capture by gold results in the formation 
of narcury, vhhich would be undesirable.
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No success was achieved with new Al-base alleys, and thin field 
is not presently considered promising.

Since several alloys containing beryllium have been discussed in 
this report, it might be vise to remind those who may be working with such 
alloys that there is a toxicity hazard with which they should familiarive 
themselves before proceeding.
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Alloy No.

1
2 

2-3 
2-5

3 
h
5
6
T
8
9

10
11 
1?
13
1
15
16
17
18
19
20
21
22

22-A
23
24
25
26

TABU I

NOMINAL COMPOSITIONS OF BBAZINO ALLOTS

Nominal Composition, vt. K

71 to 73 Ag-27 to 99 On (Mg-) 
6.75 to 7.50 P-Bal. On (1 OaP-2) 
3.5 P-Bal. On
5.0 P-Bal. On
6.8 P-Bal. M (Kanigen)
99 Al-1 m

60 Pa— M
91 Pa 31

70 M1-20 Pa-10 31

60 Ag30 On-10 91
75 Ou-15 A<-5 Sn-5 F
70 Ou-15 Ag-10 Sn-5 P
Al-Hot 41p coating

60 Ag-30 Ou-10 Sn

57 M-30 Ge-13 Or (0.1. 75)
70 M-20 Cr-10 91 (0.1. 81)
90 Pa-10 Wb
90 Nb-lO Pa
76 Al-2h Pa
M-3-l p
9 In-50 Nb
79 Zr-21 Oa
62.5 Ou-37.5 Au
1-7.5 On-2 B-0.5 M

90 Ag-10 In
60 Ag-27 On-13 In
85 Ag-15
90 An-10 Oo
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TABI ICT.)

MMnya- 'xmanous or mu me num

Alloy Wo. Nominal Composition, wt. $

27
28

3
32
33

35
36 

yt

bo 
U 
2 
3

45
L6
17

83 Zr-17 M
n 2--27 m

75 Zr-15 M-10 Sn
no Pa-20 Sn
77 Ou-20 M-J la 
Sa (fall)
SB A1-12 SI

95 z--5 Be
91.75 2-5.25 *
9.9 2-5.9 Be
9.25 2--5.75 Be
Sb 2-6 Be
97.5 2--2.5 Be
96.5 Zr-3-5 Be
*6 zr- Be
97 zr-) Be
80 zr-0 Fe-0 ra
60 zr-30 Fe-10 Mi --
80 Zr-10 Fe-o Or —•
82 m-18 Xa
9 m-36 In-10 ra
80 zr-15 ra-5 Ob
70 Zr-15 Fe-15 Mn 
A1-6.2 Oa
80 m-o Xa
80 2-0 Fe-10 8a
16 ma m-10 zr
16 m m-0 M 

18.6 m-,6.1 1-5 M

. vb»-
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TOLK I (oom.)

MMILCOMPOSITIOMSOFERAZINOALIDTS

Alloy No. Nominal Gompomition, vt. <

*

h8 
l 
9 
51 
52
51 
Su 
$5 
$6 
$7 
58

48.6 Mb-6-k N1-5 Pa
16 mo-ua M-10 P
77 Oua-18.5 .5 In
bo Ou Pa- In-37 Zr-2
70 Ou-20 Pa- In-7 Zr-2
71 Ou-20 Pa- In- M1-3 Fe
71 Ou-20 Pa-) m-3 Fe-3 Sn
70 Cu-20 M-3 In-7 Stainlens Steel 37
Ou-2 B,

60
61 
6?
63

65
66
67
68

Al- Be
Al-2 Be
Ag-1 Be

Al-55 Ge
Al-) m
Au-1.5 Be

Al-20 91
6? zr-35 A-) Be
65 n-To A1-5 Be

55 A1-35 Ge-10 zr

WTE All alloys oontaining riroonium were made usine Zrealoy 2 as the 
souroe of th® siroonium.
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D TABLE II

ANALYZED COMPOSITIONS OF ERAZING ALLOTS

I I
Alloy No. Nominal Gomposition, wt % Analyved Composition

LJ 2-3
7

Cu-3.5 P 
70 Ni-2O Pd-lO Si

U
D
1
I

I

19
31

3

34 C

31* D
31* E
31* F

3 J 
31* K 
31* L 
31* M 
31* N 
31* 0
32, P

31* Q
31* R

50

51
52
53
5
55

N2-3.h P
77 Cu-20 Pd-3 In

95 Zr-5 Be

94.75 Zr-5.25 B.

91*.50 Zr-5.50 Be 

91*. 25 2r-5.75 Be 
91* Zr-6 Be

94.75 Zr-5.25 Be 
91.50 Zr-5.50 Be 

91*.25 Zr-5.75 Be 
91* Zr-6 Be 
97.5 Zr-2.5 Be
96.5 Zr-3.5 Be
95.5 Zr-,.5 Be

96 Zr- Be
97 Zr-3 Be
77 Cu-18.5 M-U.5 In
Lo Cu-20 Pd-37 Zr-2-3 In
70 Cu-20 Pa-7 Zr-2-3 In
71 Cu-20 Pd-3 In-3 N Fe
71 Cu-20 Pd-3 Sn-3 Ni3 Fe
70 du-20 Pd-3 In-7 Stainless

Steel 31*7

3.11 P
18.Al Pa-8.89 Si (Melt 1)
19.1*8 Pd-9.75 Si (Melt 2)
3.36 P
76.95 Ou-21.39 Pa-1.7 In (Melt 1)
19.70 Pd-1.78 In (Melt 2)
L.39 Be (Melt 1)
4.81 Be (Melt 2)
.18 Be-0.16 Ou
.00 Be (Recheck)

5.37 Be-1.09 Ou
3.08 Be-0.26 Ou
2.61 Be-0.06 Ou
2.19 Be-0.71 Cu (Recheck)
5.91* Be
5.30 Be
6.33 Be
6.37 Bs
2.0L Be
3.57 Be
1.30 Be
4.82 Be (Recheck)
3.93 Be
2.99 Be
18.68 Pa-5.07 In
18.69 Pd-3.28 In
20.52 Pd-3.69 In
19.68 Pd-3.15 In-3.1*9 Fe-3.28 Ni
18.89 Pd-3.09 Fe-3.38 Ni
20.30 Pa-0.93 In-3.82
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TABLE III

afKAR DA-A (FIRST YEAR)

I Filler Metal Are a Load , 1b
in. x in. (3000 lb/min. 

loading rate)

Ultimate Shear Stress, 
psi

Ni-30% Ge-13% Cr

( Ni -20% Pa-10% 81

Cu-20% Pd-3% In

I
Zr-5% Be

0.250 x 
0.967
0.21*1* x 
0.963
0.268 x
0.993
0.270 x 
0.987

1,750

5,350

4,700

9,000

19,600

22,800

17.700

>31,000*

I
Poor braze - estimated 20% of area unbrazed.

I TABLE TV

SHEAR STRENGTHS PF Zr-5% He* BRAZEMENTS

I Specimen No. Area 
in. x in.

Load, -1b Ultimate Shear Stress, 
pel

1** O.32l: x 
1.081*
0.309 x
1.01*7
0.358 x
1.078
0.329 x
1.062
0.31*8 x
1.059
0.311 x
1.078

15,1*00

18,200

20,200

19,1*00

18,800

17,1*00

13,875

56,175

52,325

55,875

50,950

51,950

2

3

U

5

6

Analyzed composition - 5.30% Be
404)

One small area in this specimen was not brazed.
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TABLE V

TENSIIE STRENGTH OF Zr-5% Be“ BRAZEMENrS

Specimen No. Spacing, Diameter,
W Wire in.

Tensile Load Ultimate Tensile 
1b Strength, psi

!•* None .500 7,850 10,050

202 3-Mil .50l 7,250 36,250

3-mil .501 7,150 37,2503

* Analyzed composition - 5.30% Be

Snail void present
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TABLE VI

IMPACT STRBMOTH OF FVRMACK-BRAZED Z IRC A LOT ? CHAR PT BARS

I

(

I

Brazing Alloy 
(3-mil spacing)

m-201 Pa-103 Si*
M:-20% Pa-10% SI*

Test Tpmperature» Impact Strength,
ft-1b

R. T.
550

0-5
0.5

Kanigen (N1-73 P)
Kanigen (Ml-7% P)
Kanigen (N:-75 P)

R. T.
R. T. 
550

0.5 
o.? 
0.5

Zr-S Be 

Zr-$ Bo 

2r-% Bo 

Zr-* Bo 

zr_g Ba

R. T.
R. T.
R. T.
550
550

2.7
6.2
8.5
8.5
5.0

Unbrazed, V-notch 
Unbrazed, Vnotch 
Unbrazed, V-notch 
Unbrazed, V-notch 
Unbrazed, Vnotch 
Unbrazed, V-notch

R. T. 
R. T. 
R. T. 
550 
550 
550

3.7
5.7
5.2

15.5
33.2
1,.0

1

Only 75% of specimen was brazed.
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specimen clamps

BRAZING ALLOY
M 

I •
J__ L

T—T 
— 
11 14

O OOI** OR O 003** 
MOLYBDENUM SHEET

VYCOR SUPPORT

FIG.I- CLAMPING ARRANGEMENT FOR BRAZEMENTS.
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BRAZING ALLOY,
2 A

3 MIU Mo SPACER

& h-—- ■ t —

TOP CLAMP

BRAZE AREA

A

1

-i
i

4—

Ln
,3

BOTTOM SUPPORT

23 3 MIL Mo SPACERS

SPECIMEN f" WIDE

FIG.2 - ZIRCALOY TO ZIRCALOY IRRADIATION SHEAR SPECIMEN.

Announ lillAICM FounDATOM OF IllINOU IMSTITUTS Of TECMMOLOGY

- 3? - Priect 2. B RO 
Finl Roport

— —......... ..



3

2g-- h almt ■V 23 7859 6 -38 •32tj, r - -2 1.3; .2: *11 -*-is -.2 ", F •:.
,7 1 253,2255 ,4 124*28

V 
? 1 3,

. * * -----es-t -Gu-aa . " *e -
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No. 13060 

Micro No. 13986
x 150

PAgure 3 * Merostructure of 3-11 ^paoad Brazemont with 
Ou-2os ra-3% In-75 Zr 2 FIlar Natal.

♦

)

PX M3 >

Neg. Ho. 13597 Mag. X 2 1/2
PIgure li • Appaarnnao of the Above Brazement After 

1212 Hours of Euposure la 680•p Water.
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Neg. No. 1301 Mag. X 153

Miero No. 13983

Figure 7 * Structure of 3-Ml Spaced Brazenent 
with 9-18.52 Pa-.54 In Filler Meta.

B

A

Neg. No. 13998 Mag. 1 2 1/2

Figure 8 - Appearanoe of Above Brazement Arter 

1212 Hours of ^cpoooro.
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33-2--

Neg. No. 13041 Mag. X 150
Micro No. 13987

Pigure 9 - Mcrostructure of 3-11 Spaced Branement 
atth Ou-201 Pa- 31 In-3% -31 Fe FLUar Matal.

-

■Mt. No. 13611 Mag. X 2 1/2
Figure 10 - Appeuranco of Above Brayement Broken 

After 1212 Hours in 680-F Mater.
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Neg. No. 13010
Micro No. 13984
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Fixure 11 - Microstructure of 3-1l Spaced Brazement Using 
Ou-20% Pa-3% Nl-3< Fe-3% Sn Fillar Hotel.

i

E2 + 2: f .2

Neg. No. 13403 Mag. X 2 1/2 Neg. Mo. 13600 Mag. X 2 1/2

Figure 12 - Appearance of Brazements with Above Filler Natal 
After 1212 Hours of Exposure to 680-F Water,
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s. •e-y
Neg. No. 13013 Mag. X 150

Micro No. 13023

Figure 13 - Micro structure of 3-Mil Spaced Brazement 
with Cu-20% Pa-3% In-7% Stainless Steel 3h7 
Filler Metal.

Neg. No. 13607 Mag. X 2 1/2

1
J

Figure 2 - Appearance of Above Brezement After 
1212 Hours in 680*F Autoclave.
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Neg No. 11043 Mag. X 150
Micro No. 06903

Figure 15 - Structure of 3-il Spaced Brazement 
Made with Cu-2% Be Fller Metal.

Neg. No. 1,226 Mag. X 3
Pigure 16 - Appearance of Above Brazement After 

1329 Hoars of Exposure to 680°F Water.
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I Neg. No. 1,04 Mag. x 150

Micro Mo. 06504

Figure 17 - Structure of 3-1 Spaced Joint Brazed 
with Cu-4% Be Filler Motel.
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53. 3,
in
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Neg. No. 1226 Mag. X 3

F

I
Figure 18 - Appearance of Above Specimen After 

1256 Hours of Corrosion Testing in 

680°F Water.
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Figure 19 - Structure of 3- Spaced Joint Brazed 
with A1-3% M Filler Metal.
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Neg. No. 1,281 Mag. X 75
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Micro No. 07160
Figure 20 - Above Specimen After Failure from 

98 Hoars of Exposure to 680"p Water.
Filler astel remained in one piece.
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NeK- No. 11164 Mag- X 150
MLero No. 1,006

Figure 21 - Structure of 3—11 Spaced Wren—elite 
with A1-55% Qe Filler Motel.

38,2, - 2c9

He*. Wo. 144166 Mag- X 150
Mero Mo. 12x00?

Fgure 22 - 3*41 Spaced Prazement Made with
AI-JOU 81 Filler Meta.
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Figure 23 - Structure of 3-il Spaced Braaaaamt. 

with A1-1% Ba Fillar Natal.
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Neg. No. 11257 Nag. X 150
Mero No. 1,011

Figure 2 - Micro a true tore of 3-l Spaced Brazement 
with A1-35% Oe-1os Zr Fillar Nahal.

- L3 - Project No. B 080
Final Bop ort



1 3,-

*! 1x‘*
• to." “ “ect, a

. g. 1s

Hc— 2y - _ i- a=

1
"Eje - -
:.4.
-

" W

l "If t *

2 X’

Neg. No. 12481 Mag. X 1590
Micro Nr. 13977
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Figure 27 - Microstructure of 3-il Spaced Brazement 
Using Zr-35s A-35 Be Filler Metal.
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Neg. No. 11299 x 19
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Figure 26 - Structure of 3-11 Vooed Brasement 
with T-3os 1-55 Bo Filler Metal.
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Ou-205 ra-35 In Pler Metal After 1279 Rours 

in 600-p water.
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Figure 38 - Microstructure of 3-1l Spaced Brazement 
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Neg. No. 21355 Mag. X 3

Figure 52 - Appearance of Above Brazement (Fige. 50-51)

After 1321 Hours of Exposure in 680°F Water.
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Figure 53 - Microstructure of Joint With Kanigen 
Deposited and Diffused Filler Metal. 
Base Metal is Zircaloy 3A.
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Figure 5 - Cross Section of Kanigen Block After 3379 Houre 
of Exposure in 680°F Water.

Neg. Ko. 13175 Mag. X 2
Figure 55 - Appearance of 3-11 Spaced Brazement with 

ze-5% Be Fillar Natal After 13 Hours of 
Exposure in 680°F Autoclave.
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MLoro Mo. 13990

Neg- Mo. 13237 Mag. 1 150
Micro Mo. 13991
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Neg. Mo. 13238 Mag. X 150

I

Micro Mo. 13993

Figares 56, 57 and 58 - Microstructure of Brazemente Brazed with 
Zr-5$ Ba Filler Metal After 137 Hours 
of Exposure to 680°F Water.

Note thin corrosion line at edge of specimens.
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Neg. Mo. 13130 NM. x 3

Figure 59 - Appearance of Unbroken 3-11 Brazements with 
z--51 Bo Piller Metal Arter 137 Hours of 
Euposure to 680 "F Water.
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Pigure 60 - 1-1 Spaced Brazement with Zr-% Bo Filler Metal.
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Neg- Mo. 13601 Mag. I J

Firur 65 - Appearanoe of 3-11 Spnced Joints Using Zr-2.57 10

Filter Motel Arter 1712 Hour. in 680-p Water,
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Neg. No. 1.88 Mag. X 1

Pzure 66 - Furnece Brazed T-Joint Rrazed with Zr-" Be 

nu*r Motel.
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II
Figure 67 - Charpy Impact Bera Brazed with N-205 Pd-105 si

Filler Metal. Left specimen broken at R.T.; 
Kight specimen broken at 550"F.

II

Neg. No. 111988 Mag. X 2

I

I
Figaro 68 • Chappy Impact Bara Brazed with Flowed Kanigen

Filler Metal. Left two opodwene broken at R.T.; 
Kight spcimen broken at 550°F.
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Neg. Ho. 114989 Mag. X 2

Figure 69 - Gharpy Impact Bars Brazed vith ZraT B» 
Filler Metal, left three specimens broken 
at B.T.| Right two svecimens broken at 550-P.

.* *

w —
Neg. Mo. 11990 Mag. X 2

Figure 70 - Unbrazed V-notch Zircloy 2 Charpy Bars. 
Lert three specimens broken at R.T.; 
Right three specimens broken at 550-F.
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APPENDIX A

ALLOT PREPARATION AND MELTING TEMPERATXTiES 

OF THE MORE PROMISING ALLOTS

X. ALLOT PREPARATIONt

(All of the alloys which were arc welted were inverted 
between each striking of the arc)

Preparation of Alloy No. 3, Kanigen Plating of Zircaloy (Ni-6.8 P)

1. Electroclean
Composition of bath:

22 gm of Orthosil per liter of distilled water 
Heat bath to about 160‘F. Make specimen cathodic by applying 
a direct current. The anode can be the steel container itself. 
Timet 2 to 3 minutes.

2. Rinse in water

3. Pickle
Composition of pickling bath:

20-25% HNO3
5% HF

70-75% H20
Immerse specimen in bath for 1 to 3 minutes or until surface is 
completely etched.

L. Rinse in water

5. Plate
Composition of bnth:

Nickel Chloride (N1912*6H20)
Sodium Hypophosphtte (NaH„PO2-H,o)
Sodium Citrate (Na,cgH,o,- 5-1/2H,0)

30 «/
10 nA

100 tA
Amonium Chloride (NH401)

Neutralive with NH^OH to a pH of 8 to 10. 
Temperature —■ boiling or 90*-100’0. 
Rate of deposition about .0003 in. per hour.

When the bath begins to boil, immerse the p ret rented Zircaloy 
specimens in Kanigen solution. Hold iron (wire) in contact with 
the surface of the specimen until the surface of the spec Iwan

Aenove actinacM coumoarom o» iinnoo vmsretuvc o vccumoLoGr
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begins to bubble. Remove the iron from the solution at this point. 
Add hot water when needed to maintain the proper concentration, 
remembering to keep the solution boiling at all times.

Remove the specmens when desired thickness is reached, rinse in 
water, and allow to dry.

B. Preparation of Alloy Mo. 7, 70 Ni-?O Pd-lO 91
To 90-gm melts of this alloy have been made by arc melting using 
a 1/2 in. diameter tungsten electrode. Both melts used 35gmN, 
10 gm Pd and 5 gm 81.

One melt was melted in a copper block with tungsten striking stud. 
Furnace was pumped to 9 microns three times and purged with He (all 
He used is grade A). Furnace was then pumped to 30 microns and He 
introduced. Melting was as follows*

Tim
10 sec
10 sec
10 sec

29
290
250

Volts
Lo 
Lo 
Lo

The other melt of alloy Mo. 7 was done in a copper crucible. 
Furnace was purged as above. Melting was as follows*

n—
i min
1 min
1 min

Amp 8

600
700
600

Volf
TO 
TO 50 •

S. Freparation of Alloy No. lb, $7 Mi-JO Oe-lJ Or

This alloy was obtained from the General Electric Company in the 
form of a fine powder.

D. Preparation of Alloy Mo, JI, 77 0u-2O Md-5 In

This alley has been prepared by both induction and are meltng 
methods.

One 10-gm melt contained 7.7 gm Ou, 2 and 0.3 gm In. This 
alloy was arc melted in a copper block with a stud, using a 1/2 in. 
diameter tungsten electrode. The furnace was pumped down to 90 microns 
and purged three times with He. Furnace wee then pumped down to 
LO microns and He introduced. Malting was as follows*

aemoue ecscaecu coumoaTow os union ansTTUre os TEcwwOLOGY
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Time
L sec
L sec 
3 sec
3 sec
5 sec

200
200
200
200
200

Volts
60
60
60
60
60

Two 30-gm melts (23.1 gm Cu-6.0 gm Pd-0.9 gm In) were induction 
melted. Melting was done in high purity al undue crucibles. The 
melting chamber in each case was pumped down to 1 micron and purged 
with He that had been passed through a cold trap and a T sponge 
furnace to increase its purity. The bell jar was then pumped below 
1 micron, Ho introduced and melting accomplished in about four minutes. 
One of the melts was remelted by arc in a Su crucible aS follows*

The furnace was pwmped to $ microns and purred three times with He.
Furnace was then pumped to 30 microns and He was introduced.

Time
1O sec
8 see

L00 
boo

Volts
30 
30

4

E. Preparation of Alloy No. Jb, Zr-2.5 to 6 Bo

This alloy has been made with nominal compositions ranging from
2.5 to 6% Be. The Zr used in all of the melts was Zircaloy. The Bo 
used for early melts was in the form of pellets with a purity of 955. 
Later melts were made using electrolytic flake beryllium with a purity 
of 99.5%.

All of the melts ware are melted using a 1/2 in. diameter tungsten 
electrode.

To 58 Be molts have been made - one of 10 gm and the other of 25 gm. 
The 10-gm melt contained 9.5 gm of Zr and 0.5 gm Be. Nelting was 
done in a copper crucible. Furnace was pumped to 90 microns and purred 
three times with Ho. Furnace was then pumped to LO microns and No was 
introduced. Melting was as follows:

Time 
a see 
* sec 
8 sec 
8 sec

200
200
200
200

Volts
bo
o 

ho 
bo

aenove •cscAecu FoumDatow O* HKHOU susrvure OS rccuwotogv
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The 25 gm melt contained 23.75 KM of Zr and 1.75 gm of Be. Melting
was done in a Cu block with stud.
and pu 
and Ho

rged three times with Ke.
introduced. Melting was as follows*

Furnace was pumped to 50 microns
Furnace was then pumped to 30 microne

Tine
7 sec 
7 sec 
A sec 
A sec

200-300
200
700
200

Volts

35 
35
0

2o

To 5.75 Be melts of JO gm each have been made. The charge was 
28-125 gm Zr and 1-575 gm Be. One melt was done in a Ou block with 
stud. The furnnce was pumped to 50 microns three tines and purred 
three tines with Ho. Purnace was then PUT**! to 25 microns and He 
introduced. Melting was as follows*

Tine
10 sec
1O sec
10 sec
10 sec

L00 
UOO 
L0o 
600

Volts
30
30
30
20

The second melt was done in a Pu crucible. Furnace was pumped to 
50 microns and purged three tines with He. Furnace was then punpad 
to 30 mi crons and He was introduced. Hel tin* was as follows*

Time 
? 9*0 
7 sec 
7 sec 
7 sec

90 
900 
500 
400

Volts
30
30
30
30

Tuo 5.90% Be melts of JO gm each have been node. Content of each 
melt was 28.35 gm Zr and 1.65 gm Be. One melt was prepared in a ®u 
block with stud. The furnace was evacuated to 50 microns and flushed 
three times with He. The furnace was then pumped to 15 microns and 
lie was introduced. Melting was as follows*

Tin*
16 sec
1O sec
10 BOO
1O sc

6CD
600
600
600

Volts
30 
30
35
35

The second melt was done in a Pu crucible. Furnace was punped to 
50 microns and purged three times with Ho. Furnace was then pushed 
to 30 microns and He was introduced. Melting was as follows:

asMove ecscaecu eouwoaTom o* mtnuji OF TEcumotoov
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Time
l? mec
10 sec
8 sec
8 sec

700
700
700
700

Volts
30
30
30
30

Teo 30-gm melts of 5.758 Be alloy have been made. Content of melts 
consisted of 28.275 gm Zr and 1.725 gm Bo. One melt was melted in a 
Cu block with stud. Furnace was punped to $ microns and punted three 
times. Furnace was then pumped to 35 microns. He introduced and are 
•truck as Follows*

Tine
70 sec
10 sec
1O sec

5 sec

600 
200 
boo 
200

Volte
25
30
35
30

The sso and melt vas done in a Ou crucible. Purnace was pumped down 
to JO microns after previously pumping to 50 ed crons and flushing with 
Bo three tmes. Helium was introduced and melting done as Follows*

Time
7 see
7 sec
8 sec 
8 see

U00 
hOO 
U00 
boo

Volts
30
30
30
30

To 30-gm melts of Zr-Be alloy have been made with nominal Be contents 
of 68. These melts contained 28.2 mofZr and 1.* m oF Bo. One
melt wee nelted in a Ou block with stud.
90 microns and purged three times with Ro.
to 35 mcrons and Ma added. Meltin* wee as Follower

The furnace wee punperf to 
Furnace wee then pumped

Tine
9 sec

12 sec
1? sec
1? sec

200
200
600
600

Toits
30
30
30
35

The second melt was done in a Ou orucible. The furnace was punped 
to b5 microns after being pumped to 90 microns and purged three tines.
He was introduced, and are was struck as Follows*

fin
6 sec
8 sec
8 sec
8 sec

boo 
boo 
boo 
L0o

Vol to
30
30
30
30

anmoue ssaaascw Fouwoatom oe rLLemoss i«iritwn ee vccuwotogv
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I
I

The Zr-Be alloys that hod nominal beryllium contents of 2.5 to .5% 
were all melten in a manner similar to the above Zr-Be alloys.

I
H. MELTINGTEMPERATURES:

I Alloy Melting Range,

I
I

70 M-20 Pa-10 91 
$7 m-30 Oe-13 Or 
77 Qu-20 ra-3 In 

z--5 Be
Zr-5 To 6 Be

zr-2 To L.5 Bo

1035 - 1050
1090 - 1120
975 - 1050
970 - 985
975 - 1005
967 - 090

L
L

0
U

aenous acscaecu pouwDATOw o» LLemoes emsTevuTG • • TEcuwotoo’
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