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An investigation was carried out to characterize the microstructure and bonding properties of the zirconium-carbon steel explosive
clad. The microstructure and the composition of the clad were characterized using optical microscopy and scanning electron
microscopy. Bonding properties were inspected by using bending and shearing tests. The examination results indicate that the
R60702 and Cr70 plates were joined successfully without visible defects. The interface wave is symmetrical. There is no element
diffusion across the interface of the clad plate. There are melt blocks at the interface. Bending and shearing test results indicate that
the bonding properties of the clad meet the requirements of the ASTM B898 specification. And after shell rolling, no delamination
appeared at the interface. Thus, it indicates that the clad plates have good bonding quality and meet the processing requirement.

1. Introduction

Zirconium (Zr) and its alloy have excellent corrosion resis-
tance in acid and alkali environment. They show more excel-
lent corrosion resistance than stainless steel, titanium alloy,
and nickel alloy. Therefore, Zr is widely used in harsh envi-
ronments, such as dehydration tower of acetic acid project in
the chemical industry, synthesis tower in urea project, and
reactor in alcohol production [1–7]. However, Zr is difficult
to separate hafnium during refining. Therefore, the price of
industrial pure zirconium is relatively expensive, which is
4-5 times that of high-grade stainless steel and 2-3 times that
of titanium. Therefore, in recent years, zirconium-steel clad
materials are used to replace pure Zr in chemical equipment.
The processing method of zirconium-steel clad material is
usually explosive welding. In this method, the explosive is
used as the energy source, so that the atoms between the
two metal interfaces are infinitely close, thus forming a firm
combination. However, the physical and chemical properties
of zirconium and steel are very different, so it is difficult to
clad zirconium and steel by explosive welding method. Thus,
Ti is used to the interlayer between zirconium and carbon

steel to bond them. The microstructure and properties of
zirconium-steel clad materials with Ti interlayer have been
investigated by more studies [8–15]. Generally, the interface
is the weakness of the clad plate, but the zirconium-steel clad
with interlayer has two interfaces. Thus, the study on the
zirconium-steel clad materials without the interlayer is use-
ful. However, not too much work has been implemented
on zirconium-steel clad materials without the interlayer.
Therefore, in this paper, the R60702-Gr70 clad material with-
out the interlayer was prepared by explosive welding. The
microstructure and mechanical properties of the clad mate-
rial were characterized. The results show that the clad mate-
rial meets the requirements of specification and processing.

2. Experimental Procedure

2.1. Materials. The flyer and the base plate are zirconium
(ASME SB551 R60702) in solution-annealed condition and
carbon steel (ASME SA Gr70) in normalization condition,
respectively. The chemical compositions of R60702 and
Gr70 are listed in Table 1 and Table 2. The flyer and base
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plate were sequentially prepared with dimensions of 3 ×
2330 × 6000mm and 25 × 2330 × 6000mm, respectively.

2.2. Explosive Welding Process. Figure 1 shows the assemble
sketch of explosive welding. The R60702 and Gr70 plates
were placed in a parallel direction. The spacers (R60702)
were put on the surface of Gr70 to support the R60702 plate.
The height of the spaces is about 8mm. The ANFO explosive
layer was put on the surface of the R60702 plate. The thick-
ness of the explosive was 33-35mm, the density was
0.75 g/com-3, and the velocity was 2300m/s-1. An electronic
detonation was placed in the long edge of the pate. By ignit-
ing the electronic detonator, the detonation initiated the
explosives, and the R60702 plate was accelerated to shock
rapidly the Gr70 plate.

2.3. Specimen Characterization. Ultrasonic examination
(UT) was employed to inspect the clad plates according to
ASTM A578 specification with the Hanwei HS150 equip-
ment [16]. After that, samples were cut parallel to the detona-
tion direction. The cross-sections of specimens were
grounded with SiC sandpaper up to No. 2000 and polished.
The micrographs of R60702, Gr70, and the interface were
examined by optical microscopy (Olympus GX51). The
cross-sectional observation of the clad plate after explosive
welding and their element analyses were conducted using a
scanning electron microscopy (SEM, SSX-550) equipped
with an energy dispersed X-ray microanalyzer (EDX). The
specimens for the shearing test were prepared according
to the ASTM B898[17]. The shearing test was carried
out on the testing machine (DLY-10A). The shearing
speed was 0.2mm/min-1. The bending test was also per-
formed with the same instrument. The specimens for out-
side bending were bent up to 105°. And the specimens for
inside bending were bent up to 180° (according to specifi-
cation ASTM B898).

3. Results and Discussion

Explosive welding on the R60702 plate and Gr70 plate were
carried out using ANFO explosives; then, the size of the clad
plate was 3/25 × 2330 × 6000mm. Figure 2 shows the photo-
graphs of the clad plate. During the explosive welding pro-
cess, the flyer plate impacted drastically to the base plate,

leading to the clad plate appeared apparent plastic deforma-
tion (Figure 2(a)). Thus, after explosive welding, the clad
plate was flattened (Figure 2(b)). As shown in the two pic-
tures, there is no a crack or disjoint defect on the clad plate
by visual inspection. For further confirmation of bonding
quality, UT was employed to check the continuities of the
clad plate. During the UT process, high-frequency ultrasonic
energy is introduced and propagated through the R60702
material of the clad plate in the form of pulse. Once there is
a defect (such as the unbounded area) in the pulse path, parts
of the energy will be reflected back from the defect surface. In
the present work, the UT records show that there is no area
where one or more discontinuities produced a continuous
total loss of back reflection pulse. Figure 3 is a UT record of
the clad plate. There are the first back reflection and the
second back reflection pulses in the clad plate. According
to the ASTM A578 specification, it indicates the interface
of the R60702-Gr70 clad plate is continuous. Thus, the
bonding quality of the clad plate meets the requirement
of ASTM A578.

After UT, microstructure analysis was implemented on
the R60702 plate clad, Gr70 plate, and clad plate. Optical
views of the microstructures of the clad plate are shown in
Figures 4 and 5. Figure 4(a) shows the microstructure of
the R60702 plate. It can be seen from the picture that zirco-
nium alloy (R60702) consists of the α phase with a large grain
size (about 20-40μm). The size of α-Zr grains is about 8.5
level. The structure is made up of fully equal-axed grains.
And there is no abnormal deposition in the metal structure.
Figure 4(b) illustrates the microstructure of Gr70. This steel
contains ferrite and pearlite grains with a band-like distribu-
tion. Figure 5 shows the optical interface micrograph of the
clad plate. It can be seen from Figure 5(a) the explosive weld-
ing process led to the formation of a wavy interface along
with the detonation direction. The formation mechanism of
this wavy interface is when R60702 and Gr70 plate collided
at a high velocity with an oblique angle; a high-velocity
cumulative jet was spouted from the squeezed surface of both
plates, and behaves as inviscid fluid [18]. The flow pattern of
the jet depends on the destiny of the plates being joined [19]
The cumulative jet moved along the bisector of the collision
angle to form a symmetrical wavy interface in the R60702-
Gr70 plate because of their similar densities (shown in
Figure 5(a)), as explained in the swinging wake model [20],
as shown in [19–21]. And there are no visible defects like
pores or cracks in the interface at high magnification
(Figure 5(b)). However, during the explosive welding, the
R70602 plate collided the Gr70 plate at high velocity (above
1000m per microsecond); the mechanical energy released
during collision leads to a rapid pressure boost, intense plas-
tic deformation in the interface area, friction, and shear of the
two materials. This leads to partial melting of the wave crest

Table 1: The components of R60702.

Material
Chemical element (%)

Hf Fe+C C N H O Zr

ASTM SB551 R60702 ≤4.5 ≤0.1 ≤0.05 ≤0.025 ≤0.005 ≤0.10 Bal.

Measured values 2.21 0.066 0.007 0.003 0.001 0.068 Bal.

Table 2: The components of Gr70.

Material
Chemical element (%)

C Si Mn P S Fe

SA 516 Gr70 ≤0.20 ≤0.035 1.20~1.60 ≤0.015 ≤0.015 Bal.

Measured values 0.18 0.015 1.14 0.005 0.008 Bal.
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regions and to the formation of melt blocks (Figure 5(b),
white arrow).

To further observe the microstructure characteristic of
the welded interface, the SEM was employed to investigate
the bonding interface as shown in Figure 6(a). And there
are also no defects like pores and cracks on the surface of
the clad plate. The results are in accordance with that of
optical micrographic examination. And base on the results
mentioned above, high-velocity collision leading to the
temperature increase in local zones, melt blocks formed at
the vortices in the clad surface (Figure 6(b)). The elemental
components of the melt blocks were measured using EDX
at the positions marked with white arrows 1, 2, and 3, in
Figure 6(b). The results are shown in Figure 7. The spectrum
positions in Figure 7(a) are corresponding to the arrows in
Figure 6(b). As confirmed by the EDX analysis, the region

at arrow 1 consists of 97.56% Fe, 2.06% Zr, and 0.38% Si;
the region at arrow 2 consists of 100% Fe; and the region at
arrow 3 consists of 44.51% Fe and 55.49% Zr (Figures 7(b)
and 7(c)). Base on the EDX analysis results, it can be con-
cluded that R60702 and Gr70 melted during the explosive
welding, and the temperature at the welding interface
exceeded the melting temperature of R60700 (1852°C) in a
short time. The melt blocks resulted from the melting and
mixing of the R60700 and Gr70 plates.

Because of the high temperature at the interface during
the explosive welding, it could lead to the formation of the
element diffusion across the interface [19–21]. However,
Figure 6 indicates that there is no diffusion layer across the
interface. In order to confirmation the element diffusion pro-
cess (possible), line scanning of Fe and Zr, Cr, and Si ele-
ments are carried out away from 200μm across the
interface. The results are shown in Figure 8. The R60700
and Gr70 materials contain different elements. At the bond-
ing interface from the R60702 to Gr70, it can be seen from
Figure 8(b) that the contents of Fe and Zr elements all show
sharp transitions across the interface. It indicates that ele-
ment diffusion during the explosive welding process is not
observed under the accuracy of line scanning detection.
And there is no silicon in R60702 material (Table 1), thus
the silicon element in the specimen is from SiC sandpaper
contamination during polishing.

Figures 9 and 10 show the mechanical properties of the
R60702-Gr70 clad plate. The bending test was conducted to
evaluate the bonding quality of the clad plate. Figure 9 shows
the cross-sectional images of the R60702-Gr70 specimen
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Figure 1: The sketch of explosive welding: (1) detonation, (2) explosives, (3) baffle, (4) R60702, (5) spacer, (6) Gr70, and (7) anvil.

(a) (b)

Figure 2: Photographs of the R60702-Gr70 clad plate after (a) explosive welding and (b) flattening (plate size: 3/25× 2330× 6000mm).
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Figure 3: UT record of the clad plate.
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after the bending tests. During the face-bend test, the R60702
plate was subjected to tensile stress, and the Gr70 plate was
subjected to compressive stress. During the reversed-bend
test, the R60702 plate was subjected to compressive stress,
and the Gr70 plate was subjected to stress. Either face-bend
specimen or reversed-bend specimen was not delaminated
at the interface or parent metals. The result meets the
requirements of the ASTM B898 specification. The shearing
test was also employed to evaluate the bonding quality of
the clad plate. The shearing strength is 412MPa. It is much
higher than that of the ASTM 898 requirement (137MPa).
Figure 10 shows the shearing specimen after the shearing test.
It can be seen that the separation appears at the interface.
After the above examination, the clad plate was cut and rolled
to the shell structure (shown in Figure 11). The diameter of

the shell is φ508mm. During the rolling, the clad plate was
not delaminated at the interface or base metals. It indicates
the clad plate meets the processing requirement.

4. Conclusion

An investigation on the R60702-Gr70 explosive clad plate
was carried out to understand the microstructure and bond-
ing properties. The important findings are as follows:

(1) The R60702-Cr70 clad plate with 3/25 × 2330 ×
6000mm was successfully obtained by the explosive
welding technique. UT inspection indicates that the
bonding quality meets the requirement of the ASTM
A578 specification

100 𝜇m

(a)

100 𝜇m

(b)

Figure 4: Optical micrographs of (a) R6070 and (b) Gr70.
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Figure 5: Optical micrograph of the joint cross-section (a) at low magnification and (b) at high magnification.
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Figure 6: SEM microstructure of the joint cross-section (a) at low magnification and (b) at high magnification.
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Figure 7: Continued.
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(2) The R60702-Gr70 explosive clad plate has a wavy
interface. The wave is symmetrical. No cracks or pore
defects were observed at the interface. And there is no
element diffusion across the interface of the clad plate

(3) There are melt blocks on the interface. These melt
blocks resulted from the melting and mixing of the
R60702 and Gr70 materials during the high-velocity
collision

Spectrum Si
0.38 97.56 2.06

0 100 0
44.51 55.49 100.00

100.00
100.00

0

Fe Zr Total
Spectrum 1
Spectrum 2

Spectrum 3

All results in weight%

(c)

Figure 7: SEM micrographs of the clad plate (a) and corresponding EDX spectrums: (b) white arrow 1 (spectrum1), (c) white arrow 2
(spectrum2), and (d) white arrow 3 (spectrum3).
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Figure 8: The bonding interface in the R60702-Gr70 clad plate: (a) microstructure; (b) line scan analysis from R60702 to Gr70 plates.
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Figure 9: The specimens after bending test: a) and b) outside bending (bended up to 105°), c) and d) inside bending (bended up to 180°).
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(4) Bending test results indicate that no delamination
appears at the interface. And the shearing strength
reaches 412MPa. All the results meet the require-
ments of the ASTM B898 specification. Also, after
shell rolling, there is no delamination that appears
at the interface. It indicates that the clad plate has
good bonding quality and meets the processing
requirement
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