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DIFFUSIONLESS BONDING OF ALUMINUM TO ZIRCALOY-2

by

R. D. Watson

SYNOPSIS

Aluminum can be bonded to zirconium without difficulty
even when a thin layer of oxide is pr esent on the surface of the
zirconium. No detectable diffusion takes place during the bonding
process. The bond layer can be stretched as much as 8% without
affecting the bond. The bond can be heated for 1000 hours at 260°C
(500°F), and can be water quenched from 260°C (500°F) without any
noticeable change in the bond strength.

An extrusion technique has been devised for making
transition sections of aluminum bonded to zirconium which can then
be used to join these metals by conventional welding. Welding can
be done close to the bond zone without seriously affecting the
intregity of the bond.

This method of bonding aluminum to Zircaloy-2 is
covered by Canadian patent 702,438 January 26, 1965.

Chalk River Nuclear Laboratories

AECL-~243
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1. INTRODUCTION

Many dis similar metals that cannot be satisfactorily
joined by welding have been joined by brazing, tube rolling, or
diffusion bonding. All the se methods, howeve r, pre sent difficultie s
and have drawbacks. Brazing require s the use of an active flux
which cannot be removed easily and may cause corrosion.
Differences in the thermal expansions may cause failure of
rolled joints which are subjected to thermal cycling. In diffusion
bonding the formation of brittle intermetallics at the bond interface
often destroys the bond.

A new approach to bonding aluminum to zirconium was
sugge sted during work on bonding aluminum to uranium (I) when
it was found that a thin oxide laye r on the surface of the uranium
would help to prevent diffusion and at the same time produce excep
tionally strong bonds with aluminum. Late r it was found that
aluminum would also bond well to zirconium that was covered with
a thin oxide laye r.

An apparatus was therefore set up to produce transition
sections for joining tubes of aluminum and zirconium. This report
describes the process, and the problems that had to be resolved.

2. EQUIPMENT

The extrusion apparatus is shown in Figure 1. The die
container is supported by the block which is supported by 4 columns,
one at each corner. Transite, 1/2 in. thick, is used as insulation
between the block and the columns. The block and die container
are held together by a dovetail key. A die insert is threaded into
the bottom of the container. The outside surface s of the die
containe r and block are insulated by rings and sheets of transite.

The containe r is heated by 6 - 250 W cartridge type
heate r elements. The block is heated by I - I 000 W heate r element
fastened to the perimeter of the block. The temperature is controlled
by a Brown controlle r ope rating in conjunction with a the rmocouple
connected to the die inse rt.

The test specimen or tube is fastened to the drive shaft
by an expanding mandrel shown in Figure 2. Rolle r s mounted on
the drive shaft at both ends of the tube are supported by rolle rs
connected to the adjustable cradle shown below the die in Figure 1.
The cradle is pivoted at one end and can be raised or lowered by
a jack at the opposite end. The drive shaft is rotated by a high
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DRIVE SHAFT
THIN WALL TUBE

EXPANDING
__---- MANDREL

ROLLER

FIG. 2

DETAILS OF SPECIMEN HOLDER

torque variable speed drive unit through a flexible coupling and
two universal joints.

The extrusion pre s sure is applied by all /32 in. diamete r
ram connected to a 150 ton hydraulic pre ss.

3. TEST SPECIMENS

3. 1 Size

Zircaloy-2 tube s 2 in. OD x 2 1/8 in. long x . 020 in.
wall were used throughout the tests.

3.2 Surface Conditions

The Zircaloy-2 had been sand blasted and pickled by the
manufacturer to give a dull matt finish. The surface was
considered inferior to the normal polished surface of properly
pickled Zircaloy-2.
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3.3 Preparation of Specimens

Some Zircaloy specimens we re anodized in an aque ous
solution of sodium hydroxide (12% by weight) at 24V D. C.
for 3 minute s.

Some of the specimens we re wet polished with 360 and
400 waterproof paper (with water as the polishing medium)
until the effects of previous surface finishing had been removed.

Four different surface preparation schedules were used
and these are given below.

3.3.1

3.3.2

3.3.3

3.3.4

(a) Vapor degrease in trichlorethylene
(b) Anodize
(c) Demineralized water rinse

(a) Vapor degrease in trichlorethylene

(a) Wet polish
(b) Demine ralized wate r rinse
(c) Vapor degrease in trichlorethylene
(d) Anodize
(e) Demineralized water rinse

(a) Wet polish
(b) Demineralized water rinse

4. OPERATlliG PROCEDURE

The die container is loaded with 15/16 in. diameter
aluminum billets. The die equipment is heated to about 496°C
(925 0 F). The test specimen is mounted on the drive shaft and
then heated in an electric furnace to a predete rmined tempe rature
(Table 1). The drive shaft and te st specimen are placed in position
on the rollers below the die. A piece of steel shim stock is placed
between the tube and the die snout as shown in Figure 3A. The
cradle is raised until the shim stock is just touching the snout of
the die as shown in Figure 3B. Ram pre s sure is applied to the
aluminum and the drive shaft is rotated as soon as the aluminum
appears at the exit of the die orifice. When the tube has rotated
to the position shown in Figure 3C the aluminum has reached the
"VII position of the shim stock and is beginning to stick to the
exposed Zircaloy tubing.
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FIG. 3
CLADDING SEQUENCE

A short tiITle later the shiITl stock has taken the position
shown in Figure 4A and can be reITloved by lifting it froITl the lower
end to give a leading edge as shown in Figure 4B. The height of
the cradle is adjusted ITlanually to provide a SITlooth steady flow
of aluITlinuITl frOITl the orifice to the test speciITlen.

The drive shaft is allowed to rotate until the desired
thickne s s of aluITlinuITl has been applied to the tube (about 4
revolutions for a 1/8 in. thick coating). Figure 3D shows the
ove rlap between the leading and trailing edge afte r cladding for
about 1 1/4 revolutions. After the strip has been applied the drive
ITlotor is stopped and the extrusion pre s sure is reITloved. The jack
is lowered so that the rollers on the drive shaft are no longer in
contact with the rollers on the cradle. The raITl pressure is again
applied and aluITlinuITl is extruded until the clad tube is at least
1/4 in. froITl the die snout. The connecting link between the tube
and the die is broken with a cold chisel and the drive shaft is
reITloved and allowed to cool. The aluITlinUITl left at the exit of the
die is planed off until it is flush with the bottoITl surface.
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TUBE SURFACE BEFORE AND
AFTER REMOVING SHIM STOCK

5. EXPERIMENTAL WORK AND RESULTS

5.1 Difficulties in Operating the Extrusion Apparatus

Preliminary tests were carried out using a die with a
1/4 in. diamete r orifice similar to that shown in Figure 5.
This produced a strip of aluminum about 3/8 in. wide over
the circumfe rence of the tube.

The joint between the beginning and end of the strip was
difficult to make because the overlap produced a pile -up of
aluminum (see Figure 6) at the exit from the die which stalled
the drive mechanism. A new die with a rectangular orifice
I in. x 1/8 in. in cros s - section and a projecting lip as shown
in Figure 7 was used to minimize the effect of metal pile -up.
Some metal still flowed into the cavity provided, but the amount
could be controlled more easily.

With the tube rotating at approximately 1. 5 rpm the extrusion
pressure had to be set within fairly close limits to provide

the proper amount of aluminum at the die exit. An excess
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of aluminum produced a pile -up at the snout which jammed
the mechanism. An insufficient amount of aluminum caused
the tube to lift off one set of rollers and jam between the other
set and the bottom of the die. If the extrusion pressure and
speed of rotation were set at approximately the right values,
any small excess or deficiency of aluminum could be compen
sated for by adjusting the height of the jack which controlled
the position of the tube relative to the die.

Originally the thin-wall tube s of Zircaloy we re supported
by transite rings mounted on the drive shaft. Quite frequently
the tubes were deformed during cladding because of the relatively
large clearance between the tube and the transite (see Figure 5).
This difficulty was eliminated when an expanding mandrel was
used to replace the transite rings.

For be st re sults it was found that the tube and the die
should be aligned so that their axes intersected at right angles.
This eliminated the possibility of the tube interfering with the
bottom of the die when thin strips of aluminum were being
applied. Also the aluminum flow was more easily controlled
since the re was Ie s s likelihood of it piling up on one side or
flashing out in a stream on the opposite side.
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During preliITlinary tests a variable speed drive unit
with a ITlaxiITluITl output torque of 100 lb. - in. was used to
rotate the tube. On a nUITlber of occasions the drive unit
stalled because of a pile -up of aluITlinuITl between the die
snout and the tube. Eventually the drive unit was replaced
with a siITlilar unit rated at 300 lb. - in.

5.2 Pre s sure Developed between the Flowing AluITlinuITl
and the Zircaloy Tube

No atteITlpt was ITlade to ITleasure the pre s sure developed
between the flowing aluITlinuITl and the speciITlen although a
good estiITlate would probably fall within the range of 200 to
3000 lb. lin. 2 The jack controlling the level of the tube
relative to the die was adjusted to ITlaintain a pre ssure that
would provide the prope r aITlount of aluITlinuITl at the tube.
The apparatus worked best when the cOITlpressive stress
developed in the aluITlinuITl was close to zero. If, by providing
a rate of flow less than that required, a tensile stress was
allowed to develop, the tube would jaITl against the bottoITl of
the die; if a large cOITlpressive stress was allowed to develop,
the exce ss aluITlinuITl available would pile -up between the tube
and the die and stall the drive.

5.3 Oxidation of the Surface of the Zircaloy SpeciITlens

SOITle of the test speciITlens were preheated in air, SOITle
were ITlounted cold on a preheated drive shaft. The thickness
of oxide forITled on the speciITlens depended on the preheat
teITlpe rature and the length of tiITle at teITlpe rature before the
speciITlen was clad. Since all cladding was done in air, the
surface of all speciITlens was oxidized to SOITle extent.

5. 4 Bonding of AluITlinuITl to Zircaloy

Table 1 shows the te st re sults. A well prepared surface
appeared to be an iITlportant requireITlent for a good bond.
AluITlinuITl at 496°C (925 of) bonded consistently to wet
polished Zircaloy in both the anodized and unanodized state

o 0 0
when preheat teITlperature s of 450 C (850 F) to 615 C
(1140oF) were used. Under the saITle teITlperature conditions,
the bonds between aluITlinuITl, and Zircaloy in the as - received
condition were not as consistent; at SOITle spots the bonds were
only fair. With lower preheat and aluITlinuITl teITlpe rature s the
bonds were less consistent and poor bonds were quite COITlITlon.



TABLE I
Bonding Particulars for IS Aluminum to Zircaloy-2

No. of Surface Preparation Preheat Temp. °c Temp. of IS Quality of Bond
Specimens of Zircaloy Tubing Mandrel Specimen Aluminum in Die By Stud Weld By Pressure

Clad (See Section) C ontaine r _ °C Tests Tests

11 3.3. 1 399 399 427 good to poor
2 3.3. 1 371 371 427 good to poor
2 3.3. 1 454 454 399-427 good to poor
3 3.3. 1 454 454 427 fair to excellent
1 3.3.2 454 454 427 excellent
1 3.3.2 then oxidized 454 454 482 excellent

at 595 0 C for 15 min.
cooled, then pre-
heated as shown

2 3.3.2 454 21 482 excellent
2 3.3. 1 454 21 490 good to excellent
5 3.3.2 454 454 493 fair to excellent
1 3.3. 1 454 454 495 good to excellent
3 3.3.3 454 454 495 excellent
1 3.3.3 454 21 495 excellent
1 3.3.3 615 21 495 @ 900 Ibs. lin. 2 excellent
5 3.3.4 615 21 495 @ 900 Ibs. lin. 2 excellent
2 3.3. 1 615 21 495 @ 900 Ibs. lin. 2 excellent
3 3.3. 1 615 21 495 2 excellent

1 fair to excellent
3 3.3.4 615 21 495 excellent
1 3.3.3 615 21 495 @ 2300 Ibs. lin. 2 excellent

2 3.3.3 593 21 495 @ 2500 Ibs. I in. 2 excellent
1 3.3.3 615 2,1 510 @ 2500 Ibs. lin. 2

broke at bond

Tube Material - Zircaloy-2
Cladding Material - IS aluminum

......
o
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No data are available at present on the effect of wet polishing
on the bonding at these lower temperatures.

An aluminum temperature of about 496°C (925 0 F) is
adequate for proper bonding of aluminum and wet-polished
Zircaloy providing the preheat tempe rature is 4500 C (850oF)
and above. If the mas s of the specimen relative to the mandrel
is small, the specimen can be applied cold to a hot mandrel
without affecting the preheat tempe rature substantially. This
procedure prevents exce s sive oxidation of the Zircaloy surface
be cause it reduce s the length of time at tempe rature.

One Zircaloy specimen was air oxidized at 595 0 C (llOOoF)
for 15 minutes, cooled, preheated to 450 0 C (850

o
F) and clad

with aluminum at 480
0

C (900oF). The bond was excellent in
spite of the fact that a fairly thick oxide laye r had been formed
on the Zircaloy surface.

5.5 Elimination of Unbonded Areas

After most of the conditions had been established for bonding
aluminum to Zircaloy a non- bond area about 1/8 in. wide,
extending acros s the full width of the strip, was found close to
the junction between the beginning and end of the strip on almost
all sample s.

Before the aluminum strip was applied to the tube, the
small area of aluminum exposed at the bottom of the die was
probably oxidized by the atmosphe re. When this surface was
extruded against the tube a poor bond area re sulted.

The non-bond area was eliminated by using a starting
strip of steel shim stock as outlined under Ope rating Procedure.
This eliminated the oxidized section of aluminum since it was
removed when the shim stock was ripped off.

5.6 Assessing the Quality of the Bond

Aluminum studs were welded to the aluminum clad
specimens and then pulled in a tensile test machine.

Two entirely diffe rent type s of bond we re obtained; the
first was a brittle bond which allowed the cladding adjacent
to the stud to be lifted from the base metal when the stud was
pulled; the second was a ductile bond in which the cladding
adjacent to the stud remained firmly attached.
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Actual values of bond strength were measured but have
not been included in Table 1 because of the false impre ssion
they might present when comparing brittle and ductile bonds
on this basis. Instead the bonds have been compared in the
following manne r on the basis of adhe sion of the cladding
adjacent to the stud hole afte r the stud had been pulled.
Excellent, when the cladding has not been affected by

pulling the stud
Good , when the cladding has separated from the base

metal only at isolated spots
Fair , when the cladding has adhe red to the base metal

only at isolated spots
Poor , when the cladding has separated completely

5.7 Fabrication and Testing of Transition Sections

Nine transition sections, made as shown in Figure 8A
were welded to end fittings as shown in Figure 8B. This weld
configuration was used So that the heat required in welding
would be relatively small and would not affect the aluminum
Zircaloy bond. The tubes were pressurized with water (see
Figure 10) until they burst. All specimens ruptured at the
aluminum weld at a pressure close to 900 lb. lin. 2 gauge.

------, REMOVE THIS
PORTION OF
ZIRCALOY TUBE

A

ALUMINUM BONDED
TO ZIRCALOY

WELD
ALUMINUM
END FITTING

ZIRCALOY TUBE

~

1"
is

- --~

\

B

FIG_ 8

TRANSITION SECTION WITH AND
WITHOUT ALUMINUM END FITTING
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The bond between the Zircaloy and the aluminum was not
affected. The inside of a Zircaloy transition section after
pre s sure te sting is shown in Figure 11. Both the aluminum
and the Zircaloy have been seve rely deformed but the re has
been no peeling of the aluminum from the Zircaloy along the
bonded section.

Four specimens were made as shown in Figure 9A.
An aluminum end fitting was welded to each specimen as
shown in Figure 9B. In order to limit the effect of temperature
on the Zircaloy-aluminum bond, welding was done without
preheating. The first weld made was satisfactory but complete
penetration was not obtained. This transition section was
pressurized with water until a leak developed at 2500 lb. lin. 2
gauge between the end flange and the Zircaloy tube. A cross
section of this specimen after pressure testing is shown in
Figure 12. (Note the incomplete weld penetration). The bond
between the Zircaloy tube and the aluminum was not affected
even though the Zircaloy tube expanded approximately 8%. More
heat was applied during welding of the second specimen so that
better penetration would be obtained. The transition section
was slowly pre s surized with wate r until a fracture of the
aluminum- Zircaloy bond occurred at approximately 2500 lb. I in. 2
gauge. The tube was badly deformed and the aluminum-
Zircaloy interface had stretched about 110/0 before failure.
A cross-section of the tube is shown in Figure 13. (Note
the more complete weld penetration). The bond failure
occurred at the section where the ends of the aluminum strip
are first joined during the cladding operation. (See Figure 3D).
Because of this it seems more likely that the poor bond was
due more to poor control of the aluminum flow during cladding
than to excess heat from welding.

The other two specimens were pressure tested at 2300
and 2500 lb. /in. 2 gauge respectively. Both tubes were badly
distorted but the aluminum-Zircaloy bond remained intact.
The penetration at the aluminum weld was complete on one
s pe c ime n and inc ompIe te on the othe r .

5.8 The rmal Cycling of Clad Specimens

One clad Zircaloy tube of the type shown in Figure 8A
was heated to 260

0
C (500

0
F) and then quenched in water a

total of five time s without any effect on the aluminum- Zircaloy
bond.
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Transition Se ction Afte r Pre s sure
Testing at 900 lb. lin. 2

Figure 12

Figure 13

Transition Section Before and After
Pressure Testing at 2500 lb./in. 2

Transition Section After Pressure
Testing at 2500 lb/in. 2
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5.9 Effect of Heating on the Aluminum-Zircaloy Bond

One clad Zircaloy tube of the type shown in Figure 8A
was heated at 2600 C (500oF) for 1000 hours. The bond
strength as determined by stud weld tests was not affected
by this heating cycle.

5.10 Metallographic Examination of the Bond Layer

Polished sections of the aluminum-Zircaloy bond layer
we re examined metallographically but no evidence of a
diffusion zone could be found. The specimens were difficult
to polish because of the difference in hardness of the two
materials. A cross-section of one of the specimens is shown
in Figure 14.
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6. CONCLUSIONS

1000X

Cross Section of the Aluminum- Zircaloy
Interface

Zircaloy-2 can be clad with aluminum to give a strong
ductile bond.

Transition sections made by bonding aluminum to Zircaloy-2
can be used to join aluminum and Zircaloy-2 tubing. Welding
close to the bond layer does not appear to affect the aluminum
Zircaloy bond.
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The bond between aluminum and Zircaloy is not a metal
lurgical bond in the normal sense. At 1 OOOX magnification no
diffusion has been obse rved between the aluminum and Zircaloy.

A thin oxide laye r on the Zircaloy is not detrimental to
a good aluminum- Zircaloy bond.
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