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Abstract

The thermal stability and brazing characteristics of Zr–Be binary amorphous alloys as a new filler metal for joining
Ž .zirconium alloy were investigated in order to supersede physically vapor-deposited PVD beryllium used conventionally

Ž .with many disadvantages. The Zr Be 0.3FxF0.5 binary amorphous alloys were produced by melt-spinning method.1yx x

In the selected composition range the Zr–Be amorphous alloys have two crystallization modes which are dependent on
beryllium content in alloys. The temperatures and activation energies for crystallization depend on crystallization-mode as
well as beryllium content. These amorphous alloys were put into practical use in joining bearing pads on zircaloy cladding
sheath. Using Zr–Be amorphous alloys as filler metals, the reduction in thickness of cladding sheath wall are prevented.
Especially, in the case of using Zr Be and Zr Be amorphous alloys, smooth interface and spherical primary a-Zr0.65 0.35 0.7 0.3

particles appear in the brazed layer, which is desirable microstructure in the view of the corrosion–resistance. q 1998
Elsevier Science B.V.

1. Introduction

In the manufacture of CANDU and CANFLEX fuel
Žbundles, various components spacer pads, bearing pads,

.buttons are joined by a brazing process on the surface of
w xthe cladding sheath made with zirconium alloy 1 . Physi-

Ž .cally vapor-deposited PVD metallic beryllium has been
w xused currently as a brazing filler metal 2 . In this case, the

chemical toxicity of beryllium vapor requires a very com-
w xplicated PVD process for physical protection 3 . More-

over, there are several shortcomings such as the reduction
of the sheath wall and difficulty of microstructural control

w xdue to the nature of diffusion brazing 4,5 . At first,
Ž .zirconium–beryllium Zr–Be binary crystalline alloys

) Corresponding author. Tel.: q82-42 869 3313; fax: q82-42
869 8910; e-mail: jailee@sorak.kaist.ac.kr.

were used as brazing filler metals. However its brittleness
and difficulty in handling during the joining process re-

w xsulted in unsound brazing 6 . Therefore, Zr–Be amor-
phous alloys have been selected as other filler metals for
joining zircaloy. In particular Zr–Be alloy has an eutectic

Ž .composition Bes35aro , so that it has a low melting
w xtemperature and good amorphous formability 7–10 .

There have been numerous researches on the applica-
tions of metallic amorphous alloys for brazing filler metals
w x11,12 . The rapidly solidified amorphous alloys offer su-
perior chemical and microstructural homogeneity. The duc-
tility of metallic glass alloys enables themselves to deform
for direct application. In brazing, the amorphous filler
metals can be inserted as an interlayer between the base
metals. This does not only eliminate the dependence on
capillary action to convey filler metal throughout the joint

w xarea but also prevents the erosion of base metals 13 .
In this work, the amorphous formability and the ther-

mal stability of Zr–Be amorphous alloys are investigated.

0022-3115r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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The joints brazed by using PVD Be metal and Zr–Be
amorphous alloys are compared in view of microstructural
standpoints. It is hoped that the Zr–Be amorphous filler
metal is able to overcome a lot of disadvantages caused by
the use of conventional PVD beryllium metal. The Zr–Be
binary amorphous alloys applicable to the joining zirco-
nium alloys are suggested.

2. Experimental

The Zr Be alloys, where x ranged from 0.3 to 0.5,1yx x

were prepared from materials with 99.9 wro purity by
means of arc-melting under an inert atmosphere of argon.
These alloys were remelted three times for homogeneity.
These are from hypo-eutectic to hyper-eutectic composi-
tions of Zr–Be binary alloy system. Amorphous ribbons

w xwere prepared by the melt-spinning method 14,15 under a
low pressure of argon. The alloys were heated to about

Ž .10008C above the corresponding liquidus temperature in
a quartz tube by high frequency induction heating and
injected by argon pressure of 0.7 atm onto the copper
wheel which was turning at a tangential speed of 32 mrs
in the Ar atmosphere to prevent the oxidation of ribbons.
The thickness and width of the ribbons were about 40 mm
and 2 mm, respectively.

The amorphization of these ribbons was examined by
Ž .an X-ray diffractometer Rigaku DrMAX-IIIC with Cu-

Ka radiation and by transmission electron microscopy
Ž .TEM; Phillips CM20 . In order to examine the crystalliza-
tion behavior and the thermal stability of the amorphous
ribbons, thermal analysis was conducted using a differen-

Ž .tial scanning calorimeter Perkin–Elmer DSC-4 . The
amorphous ribbons were heated from 30 to 5008C at
heating rates of 10, 20, 30 and 508Crmin.

After the amorphous ribbon was located between a
Ž .bearing pad 2.5=30=1.5 mm and a Zircaloy-4 cladding

sheath which is a tube of 0.4 mm thick and 13 mm
diameter, the pad was temporarily and mechanically joined
onto the sheath by a press. Brazing was then carried out
under 10y5 Torr at 10508C for 20 s. Six types of filler

Ž .metals which are physically vapor-deposited PVD beryl-
Ž .lium and Zr Be xs0.3, 0.35, 0.4, 0.45 and 0.5 were1yx x

used as filler metals. The microstructures of the brazed
layer were examined metallographically by optical mi-
croscopy and scanning electron microscopy to evaluate the
thickness and morphology of the brazed layer with respect
to the composition of the filler metals.

3. Results and discussion

3.1. The formation and thermal stability of Zr Be1y x x
( )0.3FxF0.5 amorphous alloys

Ž .The X-ray diffraction XRD patterns of the Zr–Be
ribbons made by the melt-spinning method are shown in

ŽFig. 1. X-ray diffraction patterns of Zr Be xs0.3, 0.35, 0.4,1y x x
.0.45, 0.5 ribbons prepared by melt-spinning.

Fig. 1. There are no distinguishable peaks in these patterns
over all experimental compositions except a broad peak
centered in the vicinity of 368 observed from all XRD
patterns. The TEM diffraction patterns of the ribbons show
a diffuse halo-ring, as shown in Fig. 2. From the above

Fig. 2. TEM diffraction pattern of Zr Be ribbon prepared by0.7 0.3

melt-spinning.
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ŽFig. 3. DSC curves of amorphous Zr Be xs0.3, 0.35, 0.4,1y x x
.0.45, 0.5 alloys at 208Crmin heating rate.

results, it is confirmed that the ribbons prepared by melt-
spinning are amorphous alloys.

The DSC results obtained from the ribbons having a
different amount of Be are shown in Fig. 3. In the case of
Zr Be and Zr Be amorphous alloys, single0.5 0.5 0.55 0.45

exothermic peak is observed. The others have double
exothermic peaks. The presence of single peak in the DSC
curve means the direct transformation from the amorphous
phase to stable crystalline phase. The occurrence of double
peaks implies that the formation of stable crystalline phases
is conducted by two step processes. In the first step, the
amorphous phase is transformed into the metastable phase
or stable crystalline phase plus another amorphous phase.
In the second step, the intermediate phases transform into
final equilibrium phases. In order to analyze the final

Žcrystalline phases transformed from Zr Be 0.3FxF1yx x
.0.5 alloys, XRD patterns of the samples rapidly quenched

from the temperature of the peak tails, which means the
end of crystallization, in the DSC curve were examined.

w xFrom comparison with the JCDPS 16 , it is found that the
final stable crystalline phases transformed from the amor-
phous alloys are a-Zr and ZrBe , as shown in Fig. 4,2

regardless of both the composition of alloys and the num-
ber of peaks in DSC curve. The relative XRD intensity
ratio of a-Zr to ZrBe peaks increases with the content of2

zirconium in the alloys.
After the amorphous ribbons of Zr Be alloys were0.7 0.3

Ž .heated up to the end of the first peak point a in Fig. 3 and
were immediately quenched to room temperature, they
were analyzed by an X-ray diffractometer in order to
investigate the two step crystallization process. The XRD

Fig. 4. X-ray diffraction patterns of fully crystallized Zr Be1y x x
Ž .xs0.3, 0.35, 0.4, 0.45, 0.5 alloys.

of the Zr Be alloys which were heated up to the end of0.7 0.3
Ž .the second peak point b in Fig. 3 and quenched immedi-

ately was also measured. The XRD results obtained from
the samples quenched at temperature a and b are shown in
Fig. 5. The crystalline phase formed at a relatively low
temperature is revealed as a-Zr from comparison with the
data in JCPDS. In the XRD pattern obtained from the
sample quenched after the relatively high temperature peak

Ž .Fig. 5. X-ray diffraction patterns of Zr Be alloys; a as-re-0.7 0.3
Ž .ceived ribbons from melt-spinning, b after first reaction

Ž . Ž . Žquenched from a in Fig. 3 , c after full crystallization quenched
.from b in Fig. 3 .
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Fig. 6. TEM diffraction pattern of Zr Be alloy after first0.7 0.3
Ž .reaction quenched from a in Fig. 3 .

Ž .at temperature b , there are new peaks which were not
observed in the XRD measured from the sample quenched
at temperature a. By indexing the peaks using the JCPDS,
the new peaks prove to be the ZrBe phase. The TEM2

diffraction pattern measured from the samples quenched at
temperature a shows both diffuse halo-ring and broad spots
here and there as shown in Fig. 6. Therefore, the crystal-
lization process of the amorphous Zr Be alloys which0.7 0.3

have two exothermic peaks in the DSC curve consists of
the first step in which the amorphous Zr–Be alloy trans-
forms to the a-Zr phase plus another amorphous phase at a
relatively low temperature and the second step in which
the ZrBe phase is formed from them at a relatively high2

temperature.
Ž .The crystallization temperatures T as a function ofx

beryllium content are shown in Table 1. It is found that the

Table 1
Ž .Crystallization temperature T K and activation energy D Ex x

Ž .kcalrmol for the crystallization reactions of Zr–Be amorphous
alloys

Ž . Ž .Composition T K D E kcalrmolx x

T T D E D Ex1 x 2 x1 x 2

Zr Be 624 697 54.35 77.500.70 0.30

Zr Be 683 704 55.61 73.880.65 0.35

Zr Be 676 692 51.71 65.460.60 0.40

Zr Be 706 61.550.55 0.45

Zr Be 693 62.840.50 0.50

crystallization temperatures of the amorphous Zr Be1yx x

alloys in the composition range of 0.3FxF0.5 are inde-
pendent of the content of beryllium.

Ž .The activation energy D E of a crystallization reac-x
w xtion can be determined by the Kissinger method 17 :

d ln frT 2 rd 1rT syD E rR ,Ž .Ž .p p x

where f is the heating rate, T is the peak temperature inp

the DSC curve and R is the gas constant. The Kissinger
plots of the first and second exothermic reactions are
shown in Fig. 7. The activation energies calculated from

Ž .Fig. 7. Kissinger plots a for the first peak reaction of Zr Be1y x x
Ž . Ž .xs0.3, 0.35, 0.4 alloys b for the second peak reaction of

Ž .Zr Be xs0.3, 0.35, 0.4, 0.45, 0.5 alloys in DSC.1y x x
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the slope of these plots are presented in Table 1. The
activation energy for the formation of a-Zr is about 54
kcalrmol and that of ZrBe is about 72 kcalrmol. The2

activation energy for the crystallization of the Zr Be0.55 0.45

and Zr Be alloys which have only one crystallization0.5 0.5

reaction is almost the same as the average value of the
activation energy of the first and the second crystallization
of the Zr Be , Zr Be and Zr Be alloys. From0.7 0.3 0.65 0.35 0.6 0.4

the X-ray analysis as shown in Fig. 4, the crystalline
phases from the Zr Be and Zr Be alloys after0.55 0.45 0.5 0.5

annealing are the a-Zr and ZrBe phases. Therefore, it can2

be said that the two amorphous alloys simultaneously
transform to the a-Zr phase and ZrBe phase with an2

activation energy of about 62 kcalrmol. From the above

Ž .results, the Zr Be 0.3FxF0.5 amorphous alloys are1yx x

separated into two groups by crystallization behavior. The
Zr Be and Zr Be alloys are crystallized by the0.55 0.45 0.5 0.5

eutectic crystallization to form simultaneously the a-Zr
and ZrBe phases. In the case of the other three amor-2

phous alloys the crystalline a-Zr phase emerges in the
amorphous matrix at the first peak temperature and then
the remaining amorphous alloy transforms to the ZrBe2

phase at the second peak temperature.

3.2. Microstructure of the brazements

Bearing pads were brazed on the surface of the cladding
Ž .sheath with Zr Be 0.3FxF0.5 amorphous ribbons1yx x

Ž . Ž . Ž . Ž . Ž .Fig. 8. Optical photographs of the interfaces brazed with a Be metal film, b Zr Be , c Zr Be , d Zr Be , e Zr Be0.5 0.5 0.55 0.45 0.6 0.4 0.65 0.35
Ž .and f Zr Be amorphous ribbons as filler metals.0.7 0.3
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of 40 mm thickness as filler metals at 10508C. The mi-
crostructures of the brazed layers are shown in Figs. 8 and
9. For comparison, the microstructures of the layer brazed
with PVD metallic beryllium, which is a filler metal
currently used to join bearing pads on the Zircaloy-4
cladding sheath in the nuclear fuel reactor, are also shown
in Figs. 8 and 9.

In the case of using the PVD metallic Be with 20 mm
thickness, the width of the brazed layer is about 80 mm, as

Ž . Ž .shown in Fig. 8 a and Fig. 9 a . The melting temperatures
of Be and Zr are 1289 and 18558C, respectively. However,
the eutectic temperature of the Zr and ZrBe is 9658C2
w x18,19 . As the composition of the Zircaloy cladding sheath
made contact with the PVD, Be reached almost the eutec-

tic point by the diffusion of Be atoms into the sheath and
the alloys in the contact zone which was near the eutectic
composition began to melt into the liquid phase at 10508C.
This liquid fills up the brazing gap and solidifies by
cooling. Solidification of the melt starts at the cladding

Ž .wall and forms a dendrite structure as shown in Fig. 9 a .
On the other hand, in the case using the Zr–Be amor-

phous ribbons there was no remarkable increase in the
width of the brazed layer to compare with the original
thickness of the filler metals. So, the erosion of the
cladding wall can be prevented by application of the
Zr–Be amorphous filler metals in the brazing process.
There is only a small difference in the width of the brazed
layer depending on the content of beryllium in the amor-

Ž . Ž . Ž . Ž . Ž .Fig. 9. SEM photographs of the interfaces brazed with a Be metal film, b Zr Be , c Zr Be , d Zr Be , e Zr Be and0.5 0.5 0.55 0.45 0.6 0.4 0.65 0.35
Ž .f Zr Be amorphous ribbons as filler metals.0.7 0.3
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phous ribbons. Increasing the content of Be in the amor-
phous alloys, the concentration gradient of Be between the
ribbons and the cladding sheath becomes larger and the
diffusion of Be atoms to the wall is promoted. Therefore,
the thickness of the brazed layer is relatively thick using
the Zr–Be amorphous ribbons with a relatively large
amount of beryllium as shown in Fig. 8.

Brazed interface layers consist of a eutectic matrix and
primary particles. According to the equilibrium phase dia-

w xgram of the Zr–Be binary system 18,19 , island particles
in the eutectic bed are primary a-Zr for hypo-eutectic
compositions and primary ZrBe for hyper-eutectic com-2

positions, respectively. Using the PVD metallic Be as a
filler material, there are well developed dendrite structures

Ž .in the brazed layer as shown in Fig. 9 a .
In the case of hyper-eutectic compositional ribbons

which contain a relatively large amount of Be in alloys, the
interface between the cladding sheath and the brazed layer
is rough and the dendrite structure which grows from the
interface into the brazed layer appears as shown in Fig.
Ž . Ž . Ž .8 b , c and d . The diffusion of beryllium atoms toward

the zircaloy causes the formation of a liquid alloy at
10508C. As solidification proceeds the equilibrium primary
particles will be produced from the liquid alloy in the
brazed gap by nucleation at the interfaces of the cladding
sheathrliquid and growth into the brazed gap. So, the
dendrite structure in the eutectic bed appears.

Using the hypo-eutectic compositional amorphous al-
loys as filler materials, the smooth interface and spherical
particles are formed in the eutectic bed as shown in Fig.
Ž . Ž . Ž . Ž .8 e and f and Fig. 9 e and f . The thickness of the

brazed layer is smaller using hypo-eutectic compositional
materials than using hyper-eutectic ones. Therefore, the
decrease in the thickness of the cladding wall by brazing
can be reduced by using the amorphous Zr–Be binary
alloys with hypo-eutectic composition. In the case of
Zr Be and Zr Be amorphous alloys which have a0.7 0.3 0.65 0.35

hypo-eutectic composition, the liquid phase is formed by
melting down of the amorphous filler metals at 10508C.
With decreasing temperature, the equilibrium phases of the
filler metals change from liquid to another liquid and
isolated primary particles. Because the primary particles
are surrounded by isotropic liquid alloy, the spherical
shape of the particles is produced in the eutectic bed to
minimize the interface energy between the particles and
liquid phase.

From the microstructural evolution of the brazed joints
with the change of composition in amorphous Zr Be1yx x
Ž .0.3FxF0.5 filler materials, it is found that the mor-
phology of brazed layers can be easily controlled without
the change of other brazing parameters if Zr–Be amor-
phous filler metals are used.

In respect to the corrosion behavior of brazed layers, it
is known that the corrosion rate of ZrBe is faster than that2

w xof a-zirconium 20 . This fact proves that the corrosion
resistance of brazed joints in the nuclear fuel reactor will

be enhanced when the brazed layer has primary a-Zr
particles in the eutectic bed.

From the above results, the Zr Be amorphous alloy0.7 0.3

is the best filler metal for the joining of zirconium alloys
from the viewpoint of corrosion resistance.

4. Conclusions

Zr Be binary amorphous alloys in the composition1yx x

range of 0.3FxF0.5 were produced by the melt-spinning
method. The Zr Be amorphous alloys could be sepa-1yx x

rated into two groups by crystallization behavior. The
Zr Be and Zr Be alloys were crystallized by0.55 0.45 0.5 0.5

eutectic crystallization to form simultaneously a-Zr and
ZrBe phase. In the case of Zr Be , Zr Be and2 0.6 0.4 0.65 0.35

Zr Be amorphous alloys, the crystalline a-Zr phase is0.7 0.3
Žformed at the first peak temperature at a relatively low

.temperature; about 3808C and the remaining amorphous
phase transformed to the ZrBe phase at the second peak2

Ž .temperature at a relatively high temperature; about 4308C
of DSC curve.

The thickness of the brazed layer using the Zr–Be
amorphous alloy was thinner than that using the PVD Be
metal. In the case of using hyper-eutectic compositional
ribbons which contained relatively large amount of Be in
alloys, a rough interface between the cladding sheath and
the brazed layer appeared and a dendrite structure grew
from the interface into the brazed layer. Using the hypo-
eutectic compositional amorphous alloys, Zr Be and0.7 0.3

Zr Be , the smooth interface and spherical shape pri-0.65 0.35

mary particles are formed in the eutectic bed. Morpholo-
gies of the brazed layer could be controlled by changing
the composition of the amorphous filler metal. Zr Be0.7 0.3

amorphous alloy is the most probable filler metal for the
joining of Zr alloys in the viewpoint of corrosion resis-
tance.
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