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SYNOPSIS

The bonds produced when hot aluminum is allowed to flow smoothly
from an extrusion die to the oxidized surface of a heated tube of Zircalor-2
are consistently inferior to those produced with back-extruded flow. THe
difference is believed to be due to the reduction in, or elimination of, the
oxide layer on the aluminum that come s in contact with the surface of the
Zircaloy-2.

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

There is a wide variation in the strength of the bonds produced
by extrusion cladding using different pieces of equipment. An experi
mental technique developed by Watson 1 for bonding aluminum to Zircaloy-Z
has produced excellent results. Extrusion cladding of a Zircaloy-Z rod
with IS aluminum was performed by Nelles Z using a tull-size self-

_-propelled extrusion apparatus. The resulting aluminum-Zircaloy bonds
were poor. In the first apparatus the Zircaloy-Z was rotated by a special
drive, the angle between the aluminum flow and the Zircaloy could be
adjusted so that it was almost 90 degree s and there was some back
extrusion; in the second apparatus some of the force exerted by the
aluminum was used to propel the Zircaloy rod forward, no back extrus·on
could be tolerated, and the angle between the aluminum flow and the
Zircaloy was relatively small.

Because of the difference in bond strength produced by two different
pieces of equipment an attempt has been made to find out what effect the
aluminum flow pattern has on the bond between extruded aluminum and
Zircaloy-Z. This work is reported below.

Z. EQUIPMENT

The extrusion apparatus developed by Watson l and used in thes
experiments is shown in Figure 1. The die container is supported by
the block which is supported by four columns, one at each corner.
Transite, l/Z in. thick, is used a~ 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 surfaces of the die container and block are insulated by rings
and sheets of transite.

The container is heated by six Z50W cartridge type heater elements.
The block is heated by one 1000 W heater element fastened to the peri
meter of the block. The temperature is controlled by a Brown controller
operating in conjunction with a thermocouple connected to the die insert.

The test specimen or tube is fastened to the drive shaft by an
expanding mandrel shown in Figure Z. Rollers mounted on the drive
shaft at both ends of the tube are supported by roller s connected to the
adjustable cradle shown below the die in Figure 1. The cradle is pivoted
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Figure 1 Extrusion Bonding Apparatus
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at one end and can be raised or lowered by a jack at the opposite end.
The drive shaft is rotated by a high-torque variable-speed drive unit
through a flexible coupling and two univer sal joints.

The extrusion pressure is <;lpplied by a 1-1/32 in. diameter ram
connected to a 150 ton hydraulic press.

DRIVE SHAFT
THIN WALL TUBE

EXPAN ING
__----- MAND EL

OLLER

Figure 2 Details of Specimen Holder

3. SIZE AND PREPARATION OF SPECIMENS

Zircaloy-2 tubes 1-11/16 in. OD X 2-1/8 in. long X 0.040 in.
wall were carefully polished with 360A silicon carbide grit abrasive
paper using water as the lubricant until the effects of previous surface
finishing had been removed. They were then dried with a clean cloth,
degreased in methanol and wrapped until required.

-' 4. PROCEDURE

The die container shown in Figure 1 was cleaned out and several
IS aluminum billets 15/16 in. OD X 1 in. long were inserted. The
extrusion apparatus was heated to 496°C. A Zircaloy-2 tube was placed
on the expanding mandrel shown in Figure 2 and heated in air at 454°C
for 15 minute s. The assembly was placed in position on the cradle below
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the die orifice and raised with the jack until the Zircaloy-l tube was in
contact with the die snout. The ram was lowered at a predetermined
constant rate until aluminum began to appear at the exit of the die orifice.
Th~n the drive shaft was rotated and the jack was lowered until the flow
of the aluminum resembled that shown in Figure 3 top. After a strip of
aluminum about 4 in. long had been applied to the Zircaloy-l tube, the
drive motor was stopped and the extrusion pressure was removed. The
jack was lowered until the roller s on the drive shaft were no longer in
contact with the rollers on the cradle, the ram pressure was again
applied until the clad tube was at least 1/4 in. from the die snout. The
connecting link between the specimen and the die was broken with a
cold chisel and the drive shaft was removed and allowed to cool. The
aluminum left at the exit of the die was planed off until it was flush with
the bottom surface. This procedure was repeated a number of times
with the type of flow alternating between that shown in Figure 3 top and
that shown in Figure 3 bottom. Two series of tests were made. Die
orifices with cross-sections of 1/8 in. X 1 in. and 1/16 in. X 1 in. were
used during the first and second tests respectively.

___-[==~~=~::::::::====s-- ZI RCALOY - 2
BACK- EXTRUDED FLOW

•
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STREAMLINE FLOW

Figure 3 Two Type s of Flow
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5. BOND STRENGTH DETERMINATIONS

The strip of aluminum on the Zircaloy-2 tubular specimens was
machined to a thickness of 0.020 in. to 0.030 in. Four studs 3/16 in.
diameter were welded to the strip on each tube and then pulled off in a
tensile test machine. The three different type s of break that occurred
are described below.

(1) Weld break - where the weld between the stud and the aluminum
strip broke before the bond.

(2) Part weld, part bond break - where part of the weld between the
stud and the aluminum strip broke, along with part of the bond
between the aluminum and the Zircaloy-2.

(3) Bond break - where failure occurred between the aluminum strip
and the Zircaloy-2.

The pull-off load and the type of break were recorded for each stud.

6. RESULTS AND DISCUSSION

6. 1 Bonds Produced with Streamline and Back Extruded Flow

The thickness of the aluminum strip produced on Zircaloy-2
tube s with streamline flow (Figure 3 bottom) was approximately
0.054 in. for both orifice size s; the thickne s s of the strip produced
with back-extruded flow (Figure 3 top) was approximately 0.048
and 0.022 in. for the large and small orifice s re spectively.

The bonds produced with back-extruded flow were definitely
better than those produced with streamline flow. Table 1 give s the
bond strength value s for the two type s of flow with two different
orifice sizes. Of the 48 studs pulled on tube s clad using stream
line flow all failed at the Zircaloy-aluminum bond interface; of the
52 studs pulled using back-extruded flow, only 6 failed at the
Zircaloy-aluminum bond. The re st failed at the weld between the
aluminum cladding and the stud. The overall average bond
strengths of the tubes clad using streamline flow was considerably
Ie ss than those clad using back-extruded flow.
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A1uminum-Zirca1oy-2
No. of Bond Strength Die Orifice
Studs 1b/in. 2 Size In. Type of Flow
Pulled

Max. Min. Average

28 19000 6100 13000 1/8 X 1 Streamline flow
32 >24000 13700 >19000 1/8 X 1 Back-extruded flow

20 18000 4300 12000 1/16 X 1 Streamline flow
20 >23000 >16000 >20000 1/16 X 1 Back-extruded flow

TABLE 1 Bond Strength of Clad Tubes

The tube s in Figure 4 show quite clearly the difference in the bond
produced by streamline flow (left) and by back-extruded flow (right).

Figure 4 Aluminum Clad Zircaloy-2 Tube s after Pulling Studs.
(Left tube was clad using streamline flow, right tube
with back-extruded flow.)

The pressure developed between the aluminum and the Zirca10y is
probably greater with back-extruded flow than with streamline flow, and
for this reason it is difficult to say whether the improvement in the bond

•

..



7

strength is due entirely to the increase in bonding pressure or to
a reduction or elimination of oxidation of the aluminum that comes
In contact with the Zircaloy to produce the bond.

Cowan and others 3 have found that with explosive bonding
a necessary requirement for the production of a bond is the
formation of a jet in the space ahead of the region of impact.
Surface contamination is removed by the jet shown in Figure 5
and the bonding takes place between two oxide-free surfaces.

-

Figure 5

COLLISION
REGION

Two Impinging Streams

-
JET

With extrusion bonding only one oxide -free surface is believed to
be required to produce bonding. If the aluminum flow during
extrusion bonding is split into two streams, one flowing at a given
rate in one direction and the other flowing at the same rate in the
opposite direction as shown in Figure 6, then the aluminum that

ALUMINUM

""'"""--"'-&"""":',,--- ZI RCALO Y- 2Vz --- L- ---.,;.j

Figure 6 Split Flow
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comes in contact with the oxidized Zircaloy surface is free of oxide
and bonding can take place. If the Zircaloy is moved in the direction
shown by V Z at a speed greater than VA then the streamline flow
shown in Figure 3 bottom will probably result. If V Z is equal to
VA then the back-extruded flow shown in Figure 3 top will re sult.
If V Z is less than VA then excess aluminum will probably pile up
below the die and stall the mechanism.

6.2 Flow Line s in Extruded Aluminum

A number of the tubular specimens were sectioned radially
as shown in Figure 7 and then polished and etched to bring out the
flow line s in the aluminum.

An example of streamline flow is shown in Figure 8, top left.

Figure 7 Radial Section of a Partly Clad Tube

The Zircaloy tube which is below the aluminum in the photograph
cannot be seen because it is out of focus. The aluminum that goes
to form the bond with the Zircaloy tube comes out of the die orifice,
passes through the air for a short distance, changes direction and
then is stretched while flowing against the surface of the Zircaloy tube.

Back extruded flow is shown in Figure 8, top right. The back
extruded portion shown at left in the photograph appear s to remain
stagnant during the extrusion operation. The aluminum that goes to
form the bond with the Zircaloy-2 tube appear s to travel through the
back extruded portion before it come s in contact with the Zircaloy
surface. If this is true then the aluminum that forms the bond is not
exposed to the atmosphere after leaving the die.
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Figure 8 Flow Lines in Extruded Aluminum (Top left - stream
line flow, top right - back extruded flow, orifice size
1/8 in. X 1 in.: bottom - back extruded flow, orifice
size 1/16 in. X 1 in.



10

An example of back extruded flow from a smaller orifice is
shown in Figure 8, bottom. Again the aluminum that goes to form
the bond is cleansed after leaving the die by passing through the
back extruded aluminum before reaching the surface of the Zircaloy.

7. CONCLUSIONS

Better Zircaloy-aluminum bonds can be produced with back extruded
flow than with streamline flow, although it has not been definitely established
that this improvement is due entirely to a reduction in the oxidation of the
aluminum that comes in contact with the Zircaloy surface.
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