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Micro-analysis of explosive cladding interface of Nb/304L
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Abstract: Nb/304L stainless steel composite plate was fabricated by explosive welding. Microstructure and content distribution
along the interfaces of composite were studied by optical microscope (OM), scanning electron microscope (SEM) and energy
spectrum (EDS). The results show that the waveform bonding can be obtained when proper dynamic parameters of explosive
cladding are subjected. The interfaces undergo severe plastic deformation, which leads to the increase of hardness. There exist molten
regions on both sides of wave peak and molten layers in bonding interfaces. And there is no obvious element diffusion on the both

sides of bonding interface.
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1 Introduction

Nb and 304L stainless steel are important materials
in the area of nuclear engineering. However, it is hard to
combine them by general welding due to the difference
in physical and chemical properties between them[1-2].
The welding between them can be resolved by explosive
binding which has extensive applications in large plate
welding[3—4]. Since Nb/304L composite is used in the
corrosive environment, the quality of the welding
interface will play an important role for application[5].
At the same time, feature and distribution of content in
the melting layer between interfaces also have great
effect on corrosion resistance for the composite.

It has been reported that metallurgy combination
can be formed along the interface of Nb/304L explosive
rods[6]. However, few have been reported on explosive
welding on Nb/304L stainless steel plates. Explosion
parameters have great effect on morphology of welding
interfaces [7]. In this study, with proper parameters
selected, Nb/304L stainless steel plate was successfully
fabricated in laboratory by explosive binding technology.
The feature of microstructure between the binding
interfaces was studied. The results could be applied to
the industry in future.

2 Experimental

The Nb plate (cladding plate) and the 304L stainless
steel (base plate) subjected to annealing were used for
explosive welding. The thicknesses of Nb and 304L
plates are 1.5 mm and 10 mm, respectively. Ingredients
of 304L are listed in Table 1.

Table 1 Ingredients of 304L stainless steel (mass fraction, %)
Fe Cr Ni C

Bal. 18.2 8.4 0.03

Low speed ammonium nitrate mixture dynamite
was used in this study. Cladding plate was placed parallel
to the base plate. Dynamic parameters were selected in
the window of up limitation. Experimental dynamic
parameters are listed in Table 2.

Table 2 Dynamic parameter for exploding processing

Clad/ Detonation Collision Impact angle/
Base  velocity/(ms ') velocity/(m's™") )
Nb/3041 2270 850 21.6

Parameters for explosive cladding are selected
according to the following experiential formula[8]:

C=k /6 pi (1)
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where C is unit area dynamite capacity; k is the
coefficient related dynamite and cladding material; J; is
thickness of cladding plate; p; is the density of cladding
plate; S is the clearance between base and cladding plate;
H is thickness of placing dynamite.

Specimens were cut from the center of the sheet in
the plane parallel to the direction of jetting. After burnish
and polish, specimens were eroded in corrosive
((V(HCI1): (HNO3=3:1). Microstructure and morphology
along the interfaces were observed by optical microscopy
(OM). Ingredients of interfaces was obtained by EDS
based on JSM-5800 scanning electron microscopy
(SEM). The microhardness around interfaces was
measured by V-sclerometer.

3 Results and discussion

3.1 Nb/304L interface morphology

Morphologies of the Nb/304L interfaces are shown
in Fig.1. The large wavy interface with molten region in
swirl was observed. The periodical near-sine wave can
be clearly found. The wavelength 4 is 0.648 2 mm, and
the amplitude 4 is 0.305 mm. A/4 is 0.471. Intermittent
molten layers also occurred along the Nb/304L interface.

The waveform interface was formed just because of
plasticity deformation of metal plate under the explosive
impact wave. Molten region was formed at the wave
peak because of thermal energy produced by high speed
impact. Then the molten region at the wave peak was
pressed for the later jet power. Finally, molten material
fell down to the both sides of wave peak and formed the
front and black molten region (Fig.1(b))[9].

On the other hand, large plasticity deformation
occurred in base and clad plate after explosive cladding.
From Fig.1(b), it can be found the stainless steel grains
were elongated into streamline shape in 50—70 pm far
from bonding boundary.

The large wavelength, amplitude and the molten
region on both sides of wave peak indicate that the
collision velocity is very high during explosive cladding.
Most materials in molten region located both sides of
wave peak are jet material. All those material are harmful
to the binding strength of cladding plate, which may
cause failure during application later. Therefore, it’s
necessary to adjust the process parameters for Nb/3041
stainless steel explosive cladding.

3.2 Composition distribution on cladding interface
The feature of molten region in back swirl is shown
in Fig.2. There exist particles distributing in back molten
region. Compositions of back molten region (point 1)
and particle (point 2) are listed in Table 3.
Molten region is comprised of Fe-Nb-Cr-Ni alloy

formed from melting and solidifying of Nb and stainless
steel. The particle (point 2) consists of Fe, Cr, Ni. During
deformation by explosive welding, grains of the stainless
steel will be subjected to high-speed severe plastic
deformation, grains will be elongated and brushed off,
therefore, the particle, which may be the fragment of
stainless steel, is remained.

Fig.1 Nb/304L interface morphologies

Fig.2 Molten region in back swirl and twins

On the side, twins are also found on the stainless
steel far away from the bonding boundary. Twinning is
the main type for plastic deformation under high strain
speed. And it is one of the characters for high speed
deformation[10—12]. It is indicated that the plastic
deformation mechanism for the 304L base plate would
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be twinning.

Table 3 Compositions in back swirl (mass fraction, %)

Point Nb Fe Cr Ni
1 20.87 57.52 14.46 7.16
2 0.93 17.2 72.56 9.32

The appearance of molten region in front swirl is
shown in Fig.3. There also exist particles distributing in
black molten region. Compositions of front molten
region (point 1) and particle (point 2) are listed in Table
4. The particles contains Nb over 98% (mass fraction).
The particles might be formed from the solidification of
Nb liquids from the content and appearance of particles.
Cladding and base plate would be melted at nearly the
same time during cladding plate impacting the base plate
in short time. During the following quick cooling, large
Nb drops might have little time to diffuse with nearby
stainless steel liquids, then the Nb particles would occur
just like forming of Nb inclusion during casting Nb alloy.

Fig.3 Molten region in front swirl

Table 4 Compositions in front swirl (mass fraction, %)

Point Nb Fe Cr Ni
1 98.01 1.07 0.27 0.65
2 29.13 51.16 13.18 6.53

Similar with composition of the point 1 shown in
Fig.2, the composition in point 2 shown in Fig.3 is also
comprised of Fe, Nb, Cr, Ni formed from melting and
solidification of Nb and stainless steel.

Besides the molten region on both side of wave
peak, there exist some intermittent molten layers along
the interface (Fig.4(a)). Element distribution lines from
cladding plate to base plate (4—B—C) are shown in
Fig.4(b). 4, B and C are cladding layer, molten layer and
base layer, respectively. The content of element Nb
decreases slowly in molten layer, while contents of Fe,
Cr, Ni increase slowly.

(b)
NbLal, 580
CrKa, 114
W

NiKae, 33
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Fig.4 Elements distribution lines in molten layers:

(a) Morphology; (b) Elements distribution lines of Nb, Cr, Fe
and Ni

This suggests that the element in molten layer has
very weak diffusion in cladding layer and base layer. The
main component in intermittent molten layers is
Fe-Nb-Cr-Ni alloy.

Just like the situation in base plate, there exists a
large plastic deformation which contributes to the
formation of a swirl region in cladding plate as shown in
Fig.5(a). Elements distribution line from cladding plate
to base plate (4—B—C) are shown in Fig.5(b). 4, B and
C are cladding layer, molten region and base layer
respectively. The major component in molten region is
also Fe-Nb-Cr-Ni alloy.

The element distribution in the Nb/304L stainless
steel interface indicates that the main component in
molten region and interface molten layer is Fe-Nb-Cr-Ni
alloy formed from melting Nb and stainless steel.
Furthermore, there also exist some Nb and stainless steel
in molten region and molten layer. Diffusion is found on
the both sides of molten layer. But the distance is very
short because the explosive cladding process finishes in
short time (about 107 s). There is little time for the
diffusion of elements.

3.3 Distribution of microhardness in interface
With changing explosive cladding parameters,
Nb/304L cladding plate was prepared. The interface
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Fig.5 Elements distribution lines between interfaces:

(a) Morphology; (b) Elements distribution lines of Nb, Cr, Fe
and Ni
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Fig.6 Interface of Nb/304L(a) and distribution of

microhardness(b)

waveform is shown in Fig.6(a). The size and quantity of
molten region decrease. The distribution of
microhardness beside the wave peak is shown in Fig.6(b).
The microhardness has the trend as low—high—low
from interface to stainless steel. On the cladding plate
side, microhardness shows the feature as high—low from
interface to Nb plate. These results of hardness are quite
different from those of other reports in which the
hardness at the bonding interface is the highest[13].

It has been reported that the change of
microhardness is related to the thermal effect caused by
explosion[14]. In this study, the working hardening and
thermal effect are related with the change of
microhardness beside interface. The microhardness has
the trend as high—low from interface to Nb plate, which
indicates that the influence of working hardening is
larger than that of thermal softening. On the contrary, for
stainless steel, recovery and recrystallization of grains
near interface reduce the hardness caused by working
hardening. Therefore, the microhardness of stainless steel
reaches the maximum 200 pm distance far from
interface.

4 Conclusions

1) In the up limitation of explosive window, molten
region is found on both sides of wave peaks along the
interface of Nb/304L stainless steel composite, and
intermittent melting layer is generated at the interface.
Nb/304L explosion composite plate would be given a
suitable interface with the wavy by adjusting the
parameters of the explosion.

2) Nb and stainless steel with particle feature as
well as Fe-Nb-Cr-Ni alloy solidified from Nb and
stainless steel are found within the molten region and
molten layer along the interface.

3) Very short-distant diffusion is found on both
sides of the molten layer. Severely deformed belt with
width in 50—-70 pum, featured in streamline shape, is
found close to the side of 304L, while farther region
deformed twins grains can be observed.

4) The maximum microhardness is observed close
to interfaces of Nb layer, while the same phenomenon is
found some distant from the interface in stainless steel.

References

[1] HE P, LIU D. Mechanism of forming interfacial intermetallic
compounds at interface for solid state diffusion bonding of dissimilar
materials[J]. Materials Science and Engineering A, 2006, 437(2):
430-435.

[2] DURGUTLU A, GULENC B, FINDIK F. Examination of
copper/stainless steel joints formed by explosive welding[J].
Materials & Design, 2005, 26(6): 497-507.

[31 KAHRAMAN N, GULENC B, FINDIK F. Joining of
titanium/stainless steel by explosive welding and effect on



s130

(4]

(3]

(7]

(8]

WU Jin-ping, et al/ Trans. Nonferrous Met. Soc. China 17(2007)

interface[J]. Journal of Materials Processing Technology, 2005,
169(2): 127-133.

MAMALIS A G, VAXEVANIDIS N M, SZALAY A. Fabrication of
trimetallic strips by explosive cladding and rolling[J]. Journal of
Materials Processing Technology, 1994, 45(1/4): 407—414.
KAHRAMAN N, GULENC B, FINDIK F. Corrosion and
mechanical-microstructural aspects of dissimilar joints of Ti-6Al-4V
and Al plates[J]. International Journal of Impact Engineering, 2007,
34(8):1423—-1432.

JIAO Yong-gang, MA Dong-kang, GUO Yue-xia, PEI Da-rong.
Producing Nb-stainless steel clad rods by outer-clad explosive
welding method[J]. Explosion and Whock Waves, 2004, 24(2):
189—192. (in Chinese)

VAIDYANATHAN P V, RAMANATHAN A R. Design for quality
explosive welding[J]. Journal of Materials Processing Technology,
1992, 32(1/2): 439—448.

ZHENG Zhe-min, YANG Zhen-sheng. Explosive machining[M].
Beijing: National Dependence Industry Press, 1981. (in Chinese)
SHAO Bing-huang, ZHANG Kai. Explosive welding principal and

[10]

(1]

[12]

[13]

[14]

it’s application[M]. Dalian: Dalian University of Science and
Technology Press, 1987. (in Chinese)
CHRISTIAN J W, MAHAJAN 8. Deformation twinning[J]. Progress
in Material Science, 1995, 39(1/2): 1-157.
MEYERSA M A, XUB Y B, XUEA Q, PEREZ-PRADOA M T,
MCNELLEY T R. Microstructural evolution in adiabatic shear
iocalization in stainless steel[J]. Acta Materialia, 2003, 51(5):
1307-1325.
CHEN G L, ZHANG L C. Deformation mechanism at large strains in
a high-Nb-containing TiAl at room temperature[J]. Materials Science
and Engineering A, 2002, A329/331: 163—170.
ZHENG Yuan-mou, HUANG Rong-guang, CHEN Shi-hong.
Hardening of metal in explosive welding composite material[J].
Mining & Metallurgy, 1999, 8(3): 60—64. (in Chinese)
YANG Yang, LI Zheng-hua, CHENG Xin-lin, ZHU Xiao-bei, PEI
Da-rong, GAO Wen-zhu. Microstructure of Cu/Mo/Cu explosive clad
interface[J]. Rare Metal Materials and Engineering, 2001, 30(5):
339-341. (in Chinese)

(Edited by YANG You-ping)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


