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ABSTRACT

The microstructure of explosive welded joints between Zircaloy-4 and 18/8

stainless steel has been investigated by transmission electron microscopy (TEM).

The metallurgical bonding was achieved by combining effect of diffusion and local

melting when the explosive parameters were selected correctly. The molten region

which consists of amorphous and crystalline with hexagonal crystal structure is

hard and brittle. But the welded joints can be pullled, bent and cold rolled without

cracks formed on the bonding layer, so as the molten regions are small and dis-

tributed as isolated islands.



INTRODUCTION

The welding between zirconium alloys and stainless steel may be met in nucle-

ar reactor engineering. But it does not success with melting welding, because very

hard and brittle intermetallic compounds will be formed and the mechanical proper-

ties of welded joints are very bad. Explosive welding can make up this problem. The

examination of microstructure in bonding layer in detail is an important approach

for evaluating the reliability of welded joints and selecting the correct parameters of

explosive welding. On the other hand, the non-equilibrium microstructure in bond-

ing layer caused by rapid heating and cooling during explosive welding process is al-

so interesting for metallurgists. Because the bonding layer of explosive welded joints

is very thin, the heated-affect zone or diffusion layer can not be distinguished by op-

tical microscopy, and it can only be solved by the examination of transmission elec-

tron microscopy (TEM). But it is very difficult to prepare thin film specimens

which are necessary for TEM examination, particularly for the bonding layer be-

tween a pair of dissimilar metals. It is found that there are no reports on the study

of microstructure in explosive welded joints between Zircaloy and stainless steel by

TEM in literature so far.

1 EXPERIMENTAL METHODS

After making explosive welded joints between lapped tubes of Zircaloy-4 and

18/8 stainless steel (18Cr-8Ni-0. 5Ti) , the samples for tensile and bend tests were

cut along the axial direction of the tube, and TEM samples were cut perpendicularly

to bounding interface. Thin specimens for TEM examination were prepared by me-

chanical thinning to about 0. 08 mm first, then by joint method of double-jets elec-

tron polishing and ion spattering thinning. Because the spattering thinning speed of

Zircaloy under the bombardment of argon ions or electron polishing speed on

Zircaloy side is faster than that of stainless steel, sheltering was carried out on

Zircaloy-4 side in order to get satisfactory thin specimens for TEM examination,

which need a small penetration hole across the bonding interface. On the other

hand, since an interior stress exists in the bonding layer, sometimes a small penetra-

tion hole will be formed by tearing, and without a thin area around the edge of the

hole can be obtained, which is needed for TEM examination. So the preparation of

thin specimens for TEM examination is a toughness job.
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2 RESULTS AND DISCUSSION

2.1 The morphology of bonding interface and the composition of molten regions
By the optical microscopy examination, the typical explosive welded interface

in a wave-like manner with small molten regions distributed on the interface can be

observed (Fig. 1). The bonding layer is very thin only about a few micrometers, the

heat-affected zone or diffusion layer can not be distinguished. Due to the process of

explosive welding is taken place in a short moment, which is designed to detonate in

range of approximately 2000^3000 m/s depending on the materials combination

being welded. The whirlpool marks in the resolidification of molten regions show

that the distribution of composition in molten regions is probably not uniform. The

average composition of molten regions is analyzed by electron microprobe, and the

results show that each alloy, Zircaloy-4 and stainless steel, is about the half in the

composition of molten regions. For example, the mass fraction of Zr, Fe, Cr and

Ni are equal to 49. 4%, 36. 6%» 9. 6% and 4. 4% respectively in one molten re-

gion, which coincides with the results obtained previously l , and also accords

with the conclusion:n The composition of molten regions is related to the difference

of melting point of metals on both sides. The metal with low melting point will be-

come the main part in the composition of molten regions. When the melting point

of metals on both sides is approximately equal, each metal will be about the half in

the composition of molten regions. " t2-1. The cracks existing in some molten regions

show that they are very brittle.

2. 2 The mechanical properties of welded joints

Microhardness on both sides of bonding layer was measured and shown in

Fig. 2. The molten regions are much harder than 18/8 stainless steel or Zircaloy-4 ,

and its hardness is equal to that of Zr(Fe,Cr)2 metallic compound Cl3. Due to the

deformation caused by shock-wave impaction,the work hardening on both sides can

be detected,but on the stainless steel side is more severe. The hardness on the stain-

less steel side decreases near the interface within 4 ptm, which is caused by recov-

ery. But this phenomenon is not clear on Zircaloy-4 side. Based on the variation of

hardness, the width of heat-affected and deformation layer is judged only less than

20 fxm. The specimens cut from welded joints were pulled and failed on the side of

Zircaloy-4 with 0b™ 509 MPa. Specimens were bent into " U" type or cold rolled

to 70% reduction without cracks formed in the bonding layer under the examina-

tion of optical microscopy. The original wavy interface is made straight after cold
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Fig. 1 The morphology of bonding layer for explosive welded joints between Zircaloy-4
and stainless steel (a, b) and after cold rolling 70% (c) ,
Zry-4 Zircaloy-4» S. S. —— stainless steel» M molten region.

rolling. As work hardening of 18/8 stainless steel is more severe than that of

Zircaloy-4»the molten regions are embedded in the side of Zircaloy-4 (Fig. lc) . All

of the results show that the mechanical properties of explosive welded joints are

very good.

2. 3 Microstructure in the explosive bonding layer

Fig. 3 shows the microstructure of molten region, the whirlpool marks which

were established by solidified layers in thickness about 200 nm with different mi-

crostructure caused by the difference of composition can be observed clearly. As the

disparity in the composition between one layer and the other, the grain size in dif-

ferent layers is different too. Some spherical grains formed in amorphous zone or

complete crystalline regions can also be observed (Fig. 3b and c). Selected area

diffraction (SAD) patterns of amorphous (maybe some nano-crystals exist in the

amorphous zone) and crystal phases are shown in Fig. 4. The crystal structure cal-

culated based on SAD pattern (Table 1) in molten region, which coincides with

hexagonal Zr (Fe ,Cr ) 2 with Fe/Cr ratio 1.75, is determined. No tetragonal

Zr2(Fe,Ni) can be detected. Fig. 5 shows the morphology of bounding interface be-

tween Zircaloy-4/molten region/stainless steel and Zircaloy-4/stainless steel. Sub-
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Fig. 2 The microhardness measured on both sides of bonding layer

B. I. bonding interface, M molten region.

Fig. 3 The microstructure of molten region in bonding layer

a. whirlpool-like manner, b. crystal formed in amorphous region, c. crystal phase.

grains exist at 18/8 stainless steel side (Fig. 5a) , but not at Zircaloy-4 side

(Fig. 5b) f adjacent to the molten region, so it generates the hardness dropping on

stainless steel side near the bonding interface (Fig. 2) . Fig 5c shows a narrow

molten zone existed between Zircaloy-4 and stainless steel. A diffusion layer with

less than 20 nm in width is observed between stainless steel knd Zircaloy-4 on non-
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molten zone > and subgrains caused by recovery is also observed on the side of stain-

less steel (Fig. 5d). A lot of twins exist at both sides in bonding layer (Fig. 6)»

which were produced by shock-wave during explosive process.

Fig. 4 SAD patterns in amorphous (a) and crystal (b) phases regions

M :| 100 nrn Jjj *7/-* \]f.y.'. &\^8f^_M_

Fig. 5 The microstructure of bonding layer
a. between molten region and stainless steel, b. between molten region and Zircaloy-4, c. a narrow

molten region between Zircaloy-4 and stainless steel, d. between Zircaloy-4 and stainless steel in non-

molten region.

Zry-4 Zircaloy-4» S. S. stainless steel, M molten region, D —— diffusion layer.

The bonding nature of explosive welding is neither " a discrete boundary be-

tween the two metals without any heat-affected zone or diffusion layer. Yet > the

weld is truly metallurgical in nature" »pointed out by Linse et al.[3] • nor " the bound-

ing is achieved by a short-time melting of a narrow zone, only 0.5 to 4 ~~ 5
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Fig. 6 Deformation twins in Zircaloy-4 side (a) and stainless steel side (b).

wide, with subsequent extremely rapid cooling" , concluded by Hammerschmidt[4].

The explosive welding is truly metallurgical bonding with the combination effect of

diffusion and local melting at the contacted interface, if a correct parameters of ex-

plosive welding are selected. So as the brittle intermetallic compounds which will be

formed in molten regions distribute as isolated islands in the bonding layer, the ex-

plosive welded joints possess good mechanical properties. So does the Al/Cu '-5-1, Al /

Ti and Cu/Ti [ 6 ] dissimilar metals explosive welded joints.
Table 1 Interplanar d spacings calculated from SAD pattern Fig. 5b

Zr(Fe,
hexagonal* c

d/nm

0.296
0. 249
0.230
0.216
0.213
0.208
0.204
0.191
0.184
0.152
0.144
0. 140
0.136
0.130

0.125

Cr),, Fe/Cr ratio 1
i=0. 489 nm, c=0.
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104
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measurement values
from Fig. 5b SAD pattern

d/nm

0.406

0.249
0.227

0.213
0.208
0.204

0.183
0.159
0.142
0.139
0.316
0.130
0.123

intensity
w

m

m

s

m

m

w

w

w

m

m

m

m

vw very weak, w weak» m medium, s strong.

3 CONCLUSIONS

(l)The explosive welding exhibits a wavy interface. The bonding layer is very
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thin. There are many small molten regions distributed on the interface isolatedly.

(2) The composition in molten region is not uniform, but it is approximately

equal to 50% of stainless steel and Zircaloy-4 respectively. An amorphous and crys-

tal phases, which is coincident with hexagonal Zr (Fe, Cr)2 structure and with same

hardness of Zr (Fe, Cr)2» exist in molten region. Zr2 (Fe, Ni) phase is not found.

(3) On both sides of the interface, work hardening is established. The harden-

ing on stainless steel side is more severe than that on Zircaloy-4 side, and recovery

taken place on stainless steel side near the interface causes the decrease of the hard-

ness.

(4) Interdiffusion layer with less than 20 nm in width between stainless steel

and Zircaloy-4 can be observed at non-molten zone.

(5) Metallurgical bonding including melting and diffusion can be achieved by

correct selecting the explosive welding parameters to get small molten regions dis-

tributed on the bonding layer as isolated islands.

(6) The explosive welded joints between Zircaloy-4 and stainless steel can be

pulled, bent and cold rolled without cracks formed on the bonding interface. They

have very good mechanical properties.

The authers are deeply grateful to Mr. WU Xiangdong and Mr. MEI Shucai

for their kindly offering materials for this work.
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