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SYNOPSIS

A hot-press sizing technique has been developed for cladding
the inside surface of Zircaloy-2 pressure tubes with 1"S aluminum.
The process is performed in air with the Zircaloy-2 and aluminum
at a temperature of approximately 950 of. A controlled atmosphere
is not required, either during preheating or while the cladding is
being applied. Tubes 30 inches long and 3 1/4 inches ID have been
coated with IS aluminum in thicknesses ranging from 0.005 inches
to more than 0.02 inches; tubes longer than 30 inches have not
been attempted. The lining of aluminum is firmly attached to
the Zircaloy-2 at all points in the tube but the bond strength varie s
conside·rably - from 6500 to 28000 lbf/in2

•
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1. Introduction

Hydrogen pick-up in Zircaloy-2 pre ssure tubes
is expected to be greater in organic-cooled reactors than in
pre s surized-water reactor s. Sawatzky ( 1) has found that a
thin layer of aluminum on Zircaloy will reduce the hydrogen
pick-up by a large amount. The aluminum layer can be very
thin because it has been found that the oxide layer on the
aluminum is the rate controlling factor in the diffusion process.

A proce s s for producing a bonded thin layer of
aluminum on the inner surface of a Zircaloy-2 pre ssure tube
has been developed and is described in the following report.

2. Equipment and Materials

The equipment used to clad the inside of a
Zircaloy-2 pressure tube is shown in Figure 1. The tubing
was 3 1/4 in. ID with an approximate wall thickness of either
0.115 or 0.155 in. The tubing with the thinner wall was
generally out of round, sometime s by as much as O. 040 in.;
the tubing with the 0.155 in. wall was round to within 0.005 in.
The ram was made of Crodi hardened to Rockwell C 52. The
sleeve was made of 3 in. OD x 0.165 in. wall IS aluminum
tubing. About 1/64 in. was machined from the outside surface
of the sleeve to remove contamination that may have been
introduced during the manufacture of the tube. The ram force
of about 5 tons was supplied by a 150 ton hydraulic press.

3. The Reasonin~ehind the Process

3.1 How to Get a Bond

Good bonds have been formed between fresh hot
aluminum from a die, and the oxidized surface of
Zircaloy-2 2). A strong bond usually cannot be made
if the aluminum that comes in contact with the oxidized
surface of the Zircaloy-2 is also allowed to oxidize.
For this reason a good bond usually cannot be made
hy pre s sing two metal surface s together because the oxide
layers which cover the metal surfaces are not removed in
the process . In order to bond aluminum to Zircaloy-2
we believe it is necessary to remove the oxide from the
aluminum surface, or to reduce the oxide concentration
significantly. One way of doing this is to stretch and
elongate the aluminum just before it is forced against
the surface of the Zircaloy. Although this does not eliminate
the oxide layer completely, it does reduce the area covered



- 2 -

with oxide to a point where it is possible to obtain a bond
on at least 85% of the interface.

3.2 How the Process Works

At the star t of the bonding operation the ram, sleeve
and tube are positioned as shown in Figure 2 left. After a
short length of the inside of the tube has been clad the
position of the components is shown in Figure 2 right. When
the ram is pushed down inside the tube the aluminum sleeve
move s up over the ram and is forced against the tube. The
speed of the aluminum flow relative to the ram is low
.compared to the downward speed of the ram relative to the
tube because the cladding is very thin compared to the wall
of the aluminum sleeve. The friction between the aluminum
sleeve and the ram must be kept low to pr event the aluminum
layer from breaking at point 1 where it is very thin.

4. Procedure

4. 1 Making the Belled Sleeve

The ram, while still cold, is coated with lanolin. An
annealed JS aluminum sleeve shown in Figure 3 is slipped on
the ram as shown in Figure 4. The ram is forced down into
it until the top end of the tube is belled as shown in Figure 5.
A number of these sleeves are made at one time and are degreased
thoroughly before using.

4.2 Poli~hinK..the ZircaloC~.Jube

The inside surface of the Zircaloy-2 tube is polished
with 400 grit silicon carbide water proof paper, using water
as the lubricant. The tube is rinsed with water, dried and
then degreased thoroughly with trichlorethylene.

4.3 Lubricating the Parts Before Cladd~

A good layer of lubricant is absolutely necessary to
make the process work. Before heating, the ram is coated
with two layer s of colloidal graphite in water (the fir st coat
must be dry before the second coat is applied); the inside
of the aluminum sleeve is coated with one layer of colloidal
graphite in water, and care must be taken to see that no
graphite is applied to the outside surface.
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RAM

ALUMINUM SLEEVE

ZIRCALOY- 2 TUBE

STAND

Figure 1 Longitudinal Section of Apparatus
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u- ZIRCALOY
TUBE

AFTER CLADDING A SHORT LENGTH

Figure 2 Position of Ram and Aluminum before
and after Cladding Has Begun
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Figure 3 An Annealed
Aluminum Sleeve

Figure 4 Aluminum
Sleeve on Ram

Figure 5 After Belling
the Aluminum Sleeve
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4.4 Coating the Zircaloy-2 Tube with Aluminum

The Zircaloy-2 tube, the aluminum sleeve, the ram
and the stand are heated in air in an elec tric furnace at
about 1050°F for 15 to 45 minutes. When the desired
temperature of about 950 OF is reached the pieces are
removed from the furnace and set in position as shown
in Figure 1. The axis along which the ram travels must
coincide approximately with the axis of the tube when
it is in position. The threaded connection between the
ram and the cross head is purposely left loose so that
the ram can align itself concentrically within the tube.

The ram is set to move at a speed less than
6 in. Imino and this speed is maintained until the tube is
clad from one end to the other. The force required to
perform this operation is normally less than 5 tons.

4.5 Detonating a Charge Inside a Clad Tube

An explosive charge was detonated inside three
aluminum lined Zircaloy-2 tube s to see if the Zircaloy
aluminum bond could be improved. Dupont EL 506
sheet explosive with a charge density of 30 grains/in. 2

was shaped in the form of a tube about 5/8 in. diameter
and placed concentrically inside an aluminum-clad
Zircaloy tube filled with water. The Zircaloy tube was
restrained by a die which prevented it from bulging when
the charge was fired.

5. Results

5.1 Preliminary Work

In the beginning a number of differently shaped
ram tips (See Figure 6) were used to determine if it
was practical to clad the inside of a tube of Zircaloy-2
by a hot -pre s s - sizing operation. It was pos sible to clad
short tube s internally with each type but some tips
produced better re sults than other s. The type 2 and 3
tips caused bulging of the Zircaloy-2 tube some of the
time. With tips 1, 2, 3 and 4 the aluminum piled up
on the ram as shown in Figure 7. This pile-up of
aluminum was eliminated by using the type 5 tip shown
in Figure 8. The aluminum sleeves used in these tests
were all essentially the same as the one shown in Figure
5 except for the top part that was used to position the
sleeve in the tube. Some of the sleeve s were stepped
at the top, some were tapered, but all produced the
same general results when it came to cladding the tube.
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TYPE 5

TYPE 2

TYPE 4

Figu re 6 Five Diffe re nt Ram Shape 5
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Figure 7 Piling-up of Aluminum with Type 3 Tip (left)
and Type 4 Tip (right)

Figure 8 Aluminum Flow
with Type 5 Tip



- 9 -

During the preliminary tests the type 5 tip was
found to be the most suitable for the hot-press-sizing
operation and was used throughout the remainder of the
te s ts.

5.2 Continuity of Lining

The cladding produced on the inside of the Zircaloy-2
tubes by the hot-press-sizing operation was not always
uniform. The linings in a number of tubes were rippled
on one side as shown on Figure 9. This is believed
to be caused by excessive out-of-roundness in the tube.
The rippling was always produced on one of the surfaces
where the tube was wide st. It wa s appar ently caused by
a shortage of aluminum during the cladding operation.
If we look at the oval tube shown in Figure lOwe can
see that more aluminum is required at (a) than at (b).
If the sleeve is to be used up symmetrically
then the aluminum must flow in from two directions,
i. e., around the circumference from b to a, and parallel
to the axis of the sleeve. The circumferential flow is
limited by frictional resistance and so probably contributes
little to the supply of aluminum at (a). The rigidity of
the sleeve limits the amount of axial flow. Areas that
require much more aluminum than the average become
starved and the rippled surface re sults.

When round Zircaloy-2 tubes are used, the coating
produced on the inside surface is continuous and free of
imperfections (tube s 31, 41, and 44, Table 1). When
the Zircaloy-2 tubes are out-of-round by 0.020 in. or
more, the coating produced is rippled and may become
discontinuous if the out-of -roundne s s is great enough
(tubes 34, 38, 39 and 40, Table 1).

5.3 Breaking the Connec ting L~nk

It was difficult to keep from breaking the connection
between the aluminum sleeve and the cladding (point 1
Figure 2). If the ram was stopped and then started quickly,
t he sleeve would break away from the cladding. This
also happened whenever the friction between the aluminum
sleeve and the ram became excessive because of bonding
or galling. Most of our difficulty with breaking was probably
caused by insufficient lubrication between the aluminum
sleeve and ram. Only two lubricants were tried, molten
salt and colloidal graphite. The molten salt was too runny
and consequently difficult to use. and the graphite had the
disadvantage of having to be applied when the parts were
cold.
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Ripple s in the Aluminum Cladding

(looking inside the end of a clad tube)

a

ZIRCALOY - 2

Figu re lO Variation in Cladding Thickne s s
of an Out-of-round Tube



- 11 -

5.4 Thickness of Aluminum Lining

The thickne s s of the aluminum was adjusted by changing the
tube diameter or the tip diameter. Lining s of aluminum 0.0045
in. to 0.025 in. thick were applied with the type 5 tip. It
was difficult to apply very thin coating s (0.0045 in.) without
breaking the connection between the lining or cladding and
the slee ve (point 1 Figure 2 right). During the cladding of a
30 in. long Zircaloy tube with a coating 0.0045 in. thick the
ram was stopped and restarted several times. On the last
start the cladding separated from the sleeve and the last part
of the tube did not get clad.

5.5 Reasons for Lubricating the Tip and Sleeve

In order to make the hot-press-sizirg process work
it is important that the aluminum flow freely up the tip as
shown by the arrow in Figure 2 right. When bonding or
sticking took place between the tip and the aluminum sleeve
the flow stopped and the joint between the lining and the
sleeve broke. Houghton 430 neutral heat-treating salt was
originally used as the lubricant between the aluminum sleeve
and the tip. It worked satisfactorily but was diff icult to
use. The best results were obtained when colloidal graphite
in water (Aquadag) was used as the lubricant.

5.6 Burning off the Lubricant on the Ram and Sleeve

On several occasions when the ram or sleeve was left
in the furance longer than nece s sary to bring it up to temperat ure,
we found that the colloidal graphite on the surface disappeared.
Twice, when colloidal graphite in alcohol was used, the coating
burned off because the alcohol had not been completely evaporated.
On another occasion the coating on the ram just disappeared
when the ram was left in the furnace for about two hour s.

5.7 Tip and Sleeve Length

The sleeve length was based on the thickness of the coating
required and on the length of tube being clad. For a 0.020 in.
lining in a 30 in. long tube a sleeve 6 in. long was quite adequate.
During preliminary tests we found that the tip length had to be
made slightly longer than the sleeve so that the bottom corner
of the ram tip would not dig into the aluminum and restrict its
upward flow during the bonding proce s s. The long tip also
helped to ke ep the sleeve positioned properly in the tube and
helped to maintain its circular shape.
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Figure 11
lOOOX

A Section of Tube 37 Showing the
Oxide Layer at the Bond Interface

5.8 The Aluminum -Zircaloy Bond

The bond strength was determined by welding
aluminum studs to the cladding and pulling them off in
a tensile te st machine, The bond strengths are shown ln
Table 1. In the as-clad condition the bond strengths
were not nearly so good as those obtained by extrusion
bonding (3) with back-extruded flow.

Generally there was some improvement in the
bond strength when the cladding was subjected to shock
wave s from an explosive charge. In the absence of
an oxide layer on the Zircaloy-2 surface the shock
waves would be expected to produce diffusion between
the aluminum and the Zircaloy-2. Several piece s of
tube 37 were sectioned and polished and examined metal
lographically for diffusion at the interface. A repre sentative
section is shown in Figure 11. No diffusion was found.
The relatively thick oxide layer probably prevented
intermetallic s from forming.

Although the Zircaloy-aluminum bond strength m
the as-clad condition was relatively low the cladding
was firmly affixed to the tube at all points 0 Several
pieces of clad tubing with poor bond strengths as
indicated by stud weld tests were bent back and forth
several times over a mandrel about one inch in diameter
wIthout the aluminum separating from the Zircaloy-2.
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TABLE I-----
CLADDING PARTICULARS

Tube Heating Time (min.) Actual Temp. ('F) Max. out- Tube Explosive Bond Strength lb/inz Results
No. and Temp. (OF) of Parts oi-roundness Length Charge see Min. Max. Average

Zircaloy-2 Other Zircaloy-Z AI. -Others on Diam. in. in. Section 4.5
6:: AI. Sleeve Parts Sleeve

17 15-1050 Z5-1050 4 No 9500 23000 16500

31 15-1130 30-1050 0.014 4 No 6500 21000 12500 Good continuous
coating

32 15-1000 30-1050 4 Yes 7000 27000 18500 Gooq. continuous
coatlng

33 15-1000 30-1050 4 Yes 8000 28000 14500

34 15-1000 30-1050 0.040 4 No Cladding badly
rippled where out·
of-round is 0.040
in.

37 15-1000 30-1050 12 Yes 9000 27500 18000

38 15-1030 30-1030 0.035 12 No Cladding rippled
where ovalness
was greatest

39 15-1050 30-1050 940 "" 910 940 0.035 30 No Cladding badly
rippled and brok-
en where ovalness
was 0.035 in.

40 15-1050 30-1050 940 "" 910 "" 940 0.020 30 No Good continuous
coating except at
bottom where oval-
ness was 0.020 in.

41(a) 15-1050 45-1050 940 910 1000 0.004 30 No Good continuous
coating 0.004 in.
thick applied for
19 in. Aluminum
broke at this point
because of extrem-

44(a)
ely thin layer.

Zrz
30-1050 35-1050 950 950 960 0.005 30 No Good continuousA!.

coating 0.014 to10-1050
0.018 in. thick.

Tip type 5 used for these tests
(a) Tube wall thickness 0.155 in. - all other tube 5 had O. 115 in. wall
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5.9 T.he Oxide Layer on Zircaloy-2

An oxide layer is intentionally allowed to form
on the Zircaloy-2 tubing during preheating so that it can
act as a diffusion barrier either during the bonding process
or later on when the clad tube is used at high temperature s.
If diffusion occur s between aluminum and Zircaloy-2,
brittle compounds form which de stroy the bond. Pr evious
work(2) in bonding alu minum to Zircaloy-2 had shown that
hot unoxidized aluminum could be bonded easily to an
oxide layer. The oxide layer produced on the Zircaloy-2
pressure tube (Figure 11) is fairly thick and should be
quite effective in preventing diffusion.

5.10

5.11

Be st Conditions for Cladding

We found that cladding could be performed satis
factorily by starting with all the components at about
950 of. Since no heat was supplied during operation the
ac tual working temperature was usually Ie s s than thi s.
Because of their size and shape some of the parts took
longer than others to heat to this temperature in the
furnace. To limit oxidation of their surface s, the heating
time of the Zircaloy- 2 tube and aluminum sleeve was
generally less than the other parts (Table 1). However,
the thickness of the oxide layer on Zircaloy-2 did not
appear to affect the bond and this precaution may not
have been necessary.

If the cladding is to be continuous and uniform
the tubing must be round and of uniform diameter. A
limit of 0.010 in. on the difference in diameter at any
cross section of the tube would probably be necessary
to produce consistent results.

Better results might be possible with better
temperature control. Furnace heating is too slow;
induction healing would probably be much more satis
factory.

Length of Tube that Can be Clad

A tube 30 in. long was all that could be handled
in our vertical pre s s. It is probable that longer tube s
could be clad if the right equipment were available but
it is difficult to say what the maximum length would be.
A longer tip and sleeve would be required to supply the
aluminum for a longer tube and the success of the operation
would depend to a large extent on one IS ability to minimize
friction between the tip and the sleeve.
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6. Conclusion s

A hot- press-sizing technique has been developed
for cladding the inside surface of Zircaloy-2 pressure
tubes with IS aluminum.

Zircaloy-2 tubes 3 1/4 in. I.D. x 30 in. long have
been coated on the inside surface with IS aluminum in
thicknesses ranging from 0.005 in. to greater than
0.020 in.

A controlled atmosphere is not necessary either
during heating or while the cladding is being applied.
The oxide layer that forms on the Zircaloy-2 during
heating is used as a diffusion barrier.

The resulting layer of aluminum is firmly
attached to the Zircaloy-2 at all points in the tube
although the bond is not particularly strong.

The bond strength of the cladding as determined
by stud-weld tests varied from 6500 to 28000 Ibf/in2

and generally was considered to be poor.

The Zircaloy-2 pressure tube must be round
(within 0.010 in) and of uniform diameter if a continuous
and uniform layer of aluminum is to be produced on the
inside surface.
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