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Abstract The present essential models and some theories

were applied to explain the wavy phenomenon, micro-

structure and mechanical properties of the characteristic

joint area. Two phenomena occurring in the plate collision

zone during welding were carefully tested. These phe-

nomena were connected with forming the wavy joint sur-

face and the interpass. The available data referring to

forming the interpass were further developed.

Introduction

The products of the explosive welding technology are

effectively functioning in the power industry, petrochemical

industry and the electrical industry. The companies which

produce clad plates are among others the NOBELCLAD in

France and the Polish firm EXPLOMET.

In this paper was presented the explosive welding with

participation of two phenomena in the collision area. Those

phenomena referred to mechanical forming the wavy joint

surface and the interpass.

To describe forming the joining waves, the essential

models and some theories were applied. Some of those

theories also included acoustic waves. Conditions and the

course of forming the interpass were carefully analysed.

The presence of the interpass microstructure was connected

with the joint strength. Explosive welded joints were tested

in respect of material microstructure in joint area and

mechanical properties. For this wave joints in initial state,

i.e. without heat treatment were used.

The good knowledge of presented phenomena, micro-

structures and mechanical properties leads to final

improvement of the welded joints quality and the final

products as well.

Stages of welding process

The basic facts about such a welding process can be found

in Refs. [1–5]. The typical course of welding is shown in

Fig. 1. In the plate collision zone occurs the pressure

impulse within the range of a dozen or so GPa. This pro-

cess consists of the loading and unloading stage. During

a loading process occurs the wavy joint surface and the

interpass. The results of unloading are wavy tensile stresses

in the plate material and in the joint as well.

The both stages influence configuration of joint area.

The joint area in the wave joint consists of wave joint

surface, interpass and adjoining strain layers of bonded

materials. For the joints in initial state those layers are

strengthened.

Forming of joint waves

The basic condition of getting the joint is creating the

plastic zone in the collision area of welded materials [5]. In

this zone are formed joint waves whose courses were

modelled. Coordinated model groups refer to: pressure

changes [4], penetration with a jet [4, 6], instability of a

flow [7] and a flow around the roadblock [8]. Let us con-

sider the first two useful groups and add some supplements

to them in order to know this phenomenon much better.
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The joint waves describe the acoustic waves in accor-

dance with the harmonic movement [5]. Such a process

course results from the periodic change of collision pres-

sure p
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where A is the pressure amplitude, Zv is Bessel’s function

of order v, a and k are unspecified constants, x0 is the

beginning of the coordinate system x, y in which the col-

lision point is included, t is time and c0 is the mean sound

velocity in welded materials.

Stress waves reflected from the free plate surfaces do not

interfere with the incident wave in the collision point C,

because VC \ c0 [4].

The oscillator of harmonic vibrations around the point C

is the collision area with the radius R [9]
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Those vibrations have their own frequency m and the

period T

m ffi c0R; T ffi 2p=c0R ð3Þ

The acoustic waves were applied to describe periodicity of

the joint wave k [10, 11].
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where A is constant; z1, z2, z3 are acoustic impedances of

the flyer plate material, parent plate material and the anvil;

q1, q2, g1, g2, c1, c2 are accordingly densities, thicknesses

and velocities of acoustic waves in the material of the flyer

plate and the parent plate.

It also exists the simplified relationship for the wave

length in the welded joint [5]

k ¼ 26g1 sin2 b
2

ð6Þ

The acoustic unloading wave in the flyer plate is an

additional impulse to cause the joint waves [5]. That is why

waving starts in the distance l from the initial collision

point

l ¼ 2g1
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In the collision area occur pressures above which metals

behave as viscid and inviscid liquids [4]. It refers to zones

which together with the pressure gradient cause periodicity

of waves, their asymmetry and the vortexes.

Waviness of the joint results from the periodic change of

angle b and velocity VC [4, 5]

VC ¼
Vp

sin b
ð8Þ

The angle change results from the periodic outflow of

the material of the plastic zone and it is caused by

penetration of the flyer plate into the parent plate [7].

The evaluation of this structure and material properties

under the influence of dynamic loads was presented in Ref.

[12].

The interpass in wavy joints

The interpass results from the jet (Fig. 1) removing oxides

and pollutants from the welded joints. The welded joints

can be achieved also without the jet. In the wavy joints acts

the mass jet instead of the continuous jet close to the

cumulative jet. It is the jet of separate, dispersion particles

coming from the surface layers of welded plates [5]. The

mechanism of forming these two jets is the same. Increase

of velocity VC results in increasing velocity of a cumulative

jet Vk. Here it is convergence of thickness changes of the

interpass and the cumulative jet and at the same time the

mass jet.

The periodic outflow of the plastic zone material forms

the wave convex top. It overtakes the collision point C and

basically consists of the parent plate material. In accordance

with Eq. 8 at Vp = const., the minimal angle b produces the

temporary maximum velocity VC. At that time the jet

reaches the maximum thickness and velocity Vk. The larger

part of this jet jumps out of the recess beyond the wave top.

Thus, the front vortex is created, but the back vortex is left

at the opposite top side. Only the larger velocities VC create

Fig. 1 The course of the welding process at the skew collision of

plates: Vp is the flyer plate velocity, C is the collision point, VC is the

collision point velocity, Vd is the detonation velocity and b is the

collision angle
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chances of existing both vortexes. Intensity of vortexes kw

is formulated with a function graph of the same type like the

wave length k in Eq. 6, i.e.

kw ¼ 21g1 sin2 b
2

ð9Þ

The front and back vortex in range of intensity are

nearer than the adjacent wave tops. That is why in

accordance with (9) the result of coefficient value is 21,

then kw \ k.

Let us show better physical vortex mechanism against a

background of the interpass. The description of forming the

vortex zones is based on the analogy with behaviour of

liquid particles. In particles of swirled liquid the core as the

central part of this vortex rotates with the constant angular

velocity x. Linear velocities of particles vi, vo inside and

outside the core equal to vi = x r and vo = K/r (Fig. 2).

The jet forming the vortex consists of material particles

of various sizes. The impulse collision time of several

microseconds allows to accept the same and constant

velocity x for each particle. Within the range R C r [ 0

the centrifugal force W acts on the particle with a mass m

W ¼ m x2r ð10Þ

If W = const., then for the free vortex increase of m

decreases r and vice versa. In welding conditions the vortex

is limited by particles friction against both plates material.

Thus, particles of various sizes have in general accidental

distribution in the interpass (Fig. 3c).

For VC = Vf in spite of the jet existence occur wave

joints without any interpass (Fig. 3a). Then the thin jet is

removed outside. At the little greater velocities VC exist

small sections of the interpass from the back vortex

(Fig. 3b). The further increase VC starts up both vortexes

which form the interpass on both sides of the wave top

(Fig. 3c). The large steel inclusions and the fine-grained

matrix come from the mass jet.

At velocities VC ? co occurs the continuous interpass

dividing both welded materials (Fig. 4). The back part of

the vortex levels the steel wave top. It is the case close to

forming the flat joint with the continuous interpass.

Separate sections of the interpass meet the welded

materials, which have the role of chills. These conditions

do not favour forming of contraction cavities and porosities

which come from the casting. When the temperature

increases, dissolved gases on the surface and in the inter-

pass grains are emitted. In the time of welding process it is

possible to intercept and trap the external air by the vortex.

That is why the spherical or oval voids of the small surface
Fig. 2 Linear velocities vi, vo in the distance function r from the core

axis: L is the core radius and K is the vortex intensity

(a) 

Direction of detonation 

(b) 1

(c) 

Steel Brass Interpass
3

4 6 2 

0.1 mm 

7 

Interpass 
5

Fig. 3 Carbon steel–brass wavy welded joints, obtained at various

velocities VC: without the interpass at VC = Vf (a); with the section of

the interpass 1 from the back vortex at VC [ Vf (b); with sections of

the interpass 2, 3 from the back and front vortex at VC � Vf (c); the

single circular blowhole 4 and oval one 5, large inclusions of non

melted steel 6 and wavy inclined top 7 with elongated grains of ferrite

and pearlite in steel after plasic strain

Copper 

Steel 

1

2 

3

0.13 mm

Fig. 4 Carbon steel–copper wavy welded joint obtained at great

velocities VC: the continuous interpass from the back vortex 1 and the

front vortex 2 and blowholes 3 of various sizes
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roughness are blowholes. The variations of single blow-

holes and their groups are presented in Figs. 3c, 4 and 5.

Microstructure and mechanical properties of welded

joints

Actions of both phenomena in the collision area decide

about the specified microstructure and mechanical proper-

ties of welded joints. The wave length k stands for the

measure of the material plasticity in the collision area and

determines the joint strength. At VC and b = const., the

plastic zone can be changed with the thickness of parent

plate g2 [11].

Mechanical properties represented by peel strength r1

and shear strength r2 for initial joints are the increasing

functions of thickness g2 and at the same time the wave

length k in the joint (Fig. 6). Test results referred to wave

joints without interpass or with minimal quantity of it

(Fig. 3a, b). The increase of joint strength is caused by the

increase of material strain hardening which is the result of

plastic strain and sometimes a phase change in the joint

area. The shearing test was conducted in accordance with

General Specification NC 501, ASME SA 264.

Peel strength r11 for interpass joints with different

length ki and peel strength r1 for joints without interpass

were tested too. Longer sections of the interpass ki occur-

ring at wave lengths k (Figs. 3c, 4) decrease the joint

strength. This is testified by functional course of ratios r11/

r1 = f (ki/k) showed in Fig. 7. The less joint strength

results from negative properties of the interpass and is

caused by unfavourable structure with a big heterogeneity,

discontinuity (Figs. 3c, 4) and frequent brittleness.

Conclusions

Analysis of test results facilitated presentation of these

conclusions.

• Joint waves and the interpass occur in the collision zone

as two combined phenomena.

• Acoustic waves model the course of joint waves in the

form of periodic pressure change. This phenomenon

confirms the model of wave periodicity caused by

changes of velocity VC and angle b.

• Acoustic waves initiate joint waves too and are used to

describe the wave length k which detects thickness of

welded joints and the anvil.

• Together with waviness forms the interpass in places of

vortex zones. At the angle b = const., the amount of the

interpass and its distribution depends on velocity VC.

• The vortex zones are developed by the mass jet, i.e. the

jet of dispersing particles coming from surface layers of

welded plates. The particles of various sizes have in

general accidental distribution in the interpass.

• The formed spherical and oval voids in the interpass are

blowholes and not comes from the casting. They are

0.1 mm 

Fig. 5 Carbon steel–brass wavy welded joint with groups of

blowholes in the interpass

Fig. 6 Relationship between strengths r1, r2 and the wave length k
created by the change of parent plate thickness g2 for carbon steel–

brass wavy joints: r1 is peel strength and r2 is shear strength; t is a

program step (1 9 10-3)

Fig. 7 Relationship between strength ratio r11/r1 and geometric one

ki/k for carbon steel–brass wavy joints: r11 is the peel strength for

joints with sections of the interpass ki and r1 is the peel strength for

joints without interpass
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made by emitted gases during shaping the interpass and

intercepted and next trapped external air by vortex.

• Effects of both phenomena in the form of adequate joint

wave length and the amount of the interpass have

influence on mechanical properties of welded joints.

• The peel strength and shear strength for initial joints

without interpass are the increasing functions of the

wave length k in the joint. Strength increase is caused

by the increase material strain hardening in the joint

area of welded joints.

• The wave joints with interpass have less strength.

Unfavourable structure with a big heterogeneity, discon-

tinuity and frequent brittleness is the cause of that state.

References

1. Young GA (2005) Hydrocarbon Eng 10(3):109

2. Laermans J, Banker J (2003) In: Proceedings of the corrosion

solutions conference, ATI Wah Chang, Albany, Oregon, USA,

September 2003, p 157

3. Plaksin I, Campos J, Ribeiro J, Mendes R, Direito J, Braga D,

Pruemmer R (2003) In: Proceedings of the 7th international

conference on mechanical and physical behaviour of materials

under dynamic loading, Dymat 2003, Porto, Portugal, 8–12

September 2003 (EDP Sciences), p 797

4. Blazynski TZ (1983) Explosive welding forming and compac-

tion. Applied Scientific Publishers Ltd, London, New York, p 402

5. Deribas AA (1980) Fizika Uprocznenija i Svarki Vzryvom.

Nauka, Novosibirsk, p 112

6. Bahrani AS, Black TJ, Crossland B (1967) Proc R Soc A 296:123

7. Robinson JL (1975) Philos Mag 31(3):587

8. Cowan GR, Bergman OR, Holtzman AH (1971) Metall Trans

2(11):3145

9. Godunov SK, Deribas AA, Zabrodin A, Kozin NS (1970)

J Comput Phys 5(3):517

10. Kaczan MC, Triszin JA (1979) In: Proceedings of the IV sym-

posium explosive working of metals, Pardubice-Gottvaldov, DT

CSVTS, p 125

11. Wronka B (1999) Insight 41(6):383

12. Rittel D, Ravichandran G (2004) In: Proceedings of the 15th

Dymat technical meeting, crashworthiness and constitutive rela-

tionships for engineering materials, 1–2 June 2004, LPMM-

University of Metz, France, p 37

J Mater Sci (2010) 45:3465–3469 3469

123


	Testing of explosive welding and welded joints.  The microstructure of explosive welded joints  and their mechanical properties
	Abstract
	Introduction
	Stages of welding process
	Forming of joint waves
	The interpass in wavy joints
	Microstructure and mechanical properties of welded joints
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


