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Introduction

Titanium (Ti) is the material of choice for demanding

corrosive environments such as in the power generation

and chemical processing industries [1]. With the expanding

use of Ti, there is a great demand for joining of Ti to more

commonly used stainless steels (STS) [2]. However, fusion

welding of Ti to STS readily causes a severe thermal

cracking or distortion due to the large difference in their

physical properties [3, 4]. So, considerable interest has

been given to brazing of Ti to STS in recent years, since

brazing eliminates the problems that occur when dissimilar

substrates are fused [4–6].

Nevertheless, there are two major problems in Ti–STS

dissimilar brazing. First, brittle intermetallic compounds

(IMCs) such as TixFey, TixCuy, and TixNiy are frequently

formed, especially at the interface between the substrates

and the filler after brazing [6–8]. Although there have been

many studies on a dissimilar brazing of Ti to STS using

several Ag-based fillers, most of the joints have revealed

poor bonding strengths (usually less than 100 MPa) due to

the formation of such brittle IMCs [1–8]. The higher the

brazing temperature is, the more intensive reaction occurs

among the substrates and the filler, and consequently,

thicker intermetallic layers may be formed at the interface,

thereby resulting in a significant deterioration in the

bonding strength of the Ti–STS dissimilar joint [6, 7].

Consequently, a low brazing temperature is desirable to

minimize the intermetallic formation in Ti–STS dissimilar

brazing. Second, the natures of Ti and STS determine

important temperature limits of brazing cycles. Heating Ti

above its a $ b transformation temperature will induce

excessive grain growth of Ti and the mechanical properties

of Ti will be impaired [9, 10]. Also, it is crucial for STS to

avoid sensitization during brazing. As STS is heated above

its sensitization temperature, huge chromium carbides will

be precipitated along the grain boundaries and the con-

sumption of the chromium content may result in loss of

corrosion resistance of STS [11, 12]. Therefore, it is

required that brazing temperature should not exceed both

the a $ b transformation temperature of Ti and the sen-

sitization temperature of STS in Ti–STS dissimilar

brazing.

In our previous study, a Zr–Ti–Ni–Cu–Be amorphous

alloy was successfully applied as a filler for the low

temperature brazing of Ti [13]. Since this alloy has a quite

low melting temperature of 725 �C, it was able to braze

Ti effectively at a considerably low temperature range

(below 800 �C). Furthermore, this amorphous alloy can be

produced easily in a thin ductile ribbon form with a quite

homogeneous composition, resulting in joint properties

unattainable for crystalline fillers in powder or clad strip

form [14, 15]. The purpose of this investigation is focused

on the possible application of the Zr–Ti–Ni–Cu–Be

amorphous alloy as a filler for the low temperature

brazing between dissimilar Ti and STS. The related

microstructure and the bonding strength of the Ti–STS

brazed joints with the Zr-based amorphous filler were

comprehensively studied with regard to the brazing

temperature.
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Experimental

Square rods of Ti (Gr.2) and STS (UNS S31254) with a

size of 10 9 10 9 15 mm were used as the substrates in

this study. UNS S31254 was a super STS containing 20Cr–

18Ni–6Mo (wt%). A Zr41.2Ti13.8Ni10.0Cu12.5Be22.5 (at.%)

alloy ribbon with the thickness of 50 lm, width of 7 mm

and length of 10 mm was used as a filler material. Infrared

brazing was performed in a temperature range of 750–

900 �C for 10 min. Prior to brazing, the infrared chamber

was pre-vacuumed and then a constant (4 L/min) flow of

argon was supplied during brazing. The heating and cool-

ing rates were maintained constant at 100 �C/min

throughout the experiment. After brazing, the cross-section

of the brazed specimens was examined using a scanning

electron microscope (SEM) and quantitative chemical

analysis was performed using an energy dispersive spec-

troscope (EDS) in an SEM. In order to evaluate the

bonding strength of the Ti–STS dissimilar joint, seven

tensile test specimens for each brazing condition were

machined with a gauge length of 10 mm, and the room-

temperature tensile tests were conducted at a strain rate of

8.3 9 10-4 s-1. After the tensile tests, the cross-sectional

areas adjacent to the fractured surfaces were investigated

using an SEM.

Results and discussion

Figure 1 shows the SEM back-scattering electron image

(BEI) and EDS chemical analysis results of the Ti–STS

dissimilar joint brazed at 800 �C for 10 min. The joint

consists of two distinctive regions as indicated by (A) and

(B) in Fig. 1. (A) is the b-Ti phase region and (B) is

composed of b-Ti and NiTi2 phases dispersed in a

[FeTi,NiTi] matrix. From the experimental observation, the

dissolution of the Ti substrate was more prominent than

that of the STS substrate. At the beginning of brazing, the

Ti substrate was dissolved by the molten Zr–Ti–Ni–Cu–Be

filler with a dilution of the filler elements. Then, the iso-

thermal solidification was initiated from the Ti substrate

because a liquidus of the liquid at the solid/liquid (S/L)

interface was increased to the brazing temperature. As the

brazing proceeded, the isothermal solidification was con-

tinued by the diffusion of the molten filler elements into the

Ti substrate. This diffusion phenomenon could be con-

firmed from the decreasing brightness from the joint center

to the Ti substrate in the BEI (a, b in Fig. 1). The primary

phase solidified isothermally from the Ti substrate was the

b-Ti and this b-Ti layer still remained at room temperature

after subsequent cooling ((A) in Fig. 1), since the Ni, Cu,

and Fe elements diffused into the Ti substrate are the b-Ti

stabilizers. Since the dissolution of the Ti substrate was

prominent, the remaining region (B) of the joint became

rich in Ti during brazing. In the ternary phase diagram of

the Ti–Fe–Ni system [16], the equilibrium field comprising

three phases of [FeTi,NiTi], NiTi2, and b-Ti exists in the

Ti-rich corner (A in Fig. 2) and this equilibrium is well

coincident with the microstructure of the region (B) in

Fig. 1. As the primary [FeTi,NiTi] phase nucleated and

started to grow in the region (B) by the reaction of

at.% Ti Zr Cu Fe Ni Cr Phase

a 86 2 2 6 1 3 -Ti

b 77 5 3 7 3 5 -Ti

c 40 15 9 15 13 8 [FeTi,NiTi]

d 80 6 3 6 2 3 -Ti

e 53 7 4 13 19 4 NiTi2

(A) (B)

a b

d
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Fig. 1 SEM BEI and EDS chemical analysis results of the Ti–STS

dissimilar joint brazed using a Zr–Ti–Ni–Cu–Be amorphous filler at

800 �C for 10 min

Fig. 2 Isothermal section of Fe–Ni–Ti equilibrium ternary phase

diagram at 900 �C
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dissolved Ti and (Fe,Ni) from each substrate, the excessive

Ti should be expelled from the [FeTi,NiTi] phase and then

the NiTi2 and b-Ti phases were formed at the intercellular

regions as shown in Fig. 1.

The microstructure of the Ti–STS dissimilar joints

brazed with the Zr–Ti–Ni–Cu–Be amorphous filler was

significantly changed for the increased brazing tempera-

ture. As shown in Fig. 3, the region (B) that had been

observed in Fig. 1 disappeared completely when the

brazing temperature was increased to 850 �C. As described

above, the isothermal solidification of the b-Ti phase took

place during brazing by the diffusion of the molten filler

elements into the Ti substrate. At the elevated brazing

temperature of 850 �C, the isothermal solidification might

be accelerated by the enhanced diffusion of Ni, Cu, and Fe

elements in the Ti substrate. Consequently, the isothermal

solidification could be terminated during brazing when the

front of the solidified b-Ti phase encountered the STS

substrate at this brazing temperature. At this moment, the

region (B) that had been observed in Fig. 1 disappeared

completely and the joint only consisted of the isothermally

solidified b-Ti phase as shown in Fig. 3. After the initiation

of the isothermal solidification of b-Ti phase, a (a ? b)-Ti

reaction zone ((C) in Fig. 3) was also produced by a solid-

state interdiffusion reaction between the b-Ti phase and the

Ti substrate at this temperature [17]. At the STS interface,

two thin and continuous layers can be observed as indi-

cated by a and b in Fig. 3. When the isothermally solidified

b-Ti phase encountered the STS substrate, it can be

deduced from the Ti–Fe–Ni ternary diagram (B in Fig. 2)

[16] that the NiTi2 phase (a in Fig. 3) was formed by the

interfacial reaction between the b-Ti phase and the STS

substrate. In addition, the r phase is formed frequently at

the Ti–STS dissimilar interface at high temperatures [18].

When the Ti atoms diffused into the STS substrate, the

activity of the Cr element might be decreased in the STS

substrate, and then the uphill diffusion of the Cr element

occurred toward the interface. As a result, the continuous r
phase layer (b and b0 in Fig. 3) was formed along the STS

interface by the cooling of such the Cr-enriched region

[19].

The variations in tensile strength of the Ti–STS dis-

similar joints with the change in brazing temperature are

shown in Fig. 4. It is obvious that the average tensile

strength of the joints is decreased upon increasing the

brazing temperature from 800 to 900 �C. The specimen

brazed at 800 �C for 10 min demonstrates the highest

tensile strength, up to 190 MPa. However, the average

tensile strength of the joint is as low as 100 MPa for the

specimen brazed at 900 �C for 10 min.

It is expected that the presence of interfacial IMCs is

detrimental to the bonding strength of the joints. Further-

more, the species and morphologies of IMCs in the joint

have a strong effect on its bonding strength. As shown in

Fig. 3, the facture in the joint brazed at 850 �C was located

at the interface between the joint and the STS substrate.

The interfacial reaction of the STS substrate was not

prominent as compared to that of the Ti substrate, but it

greatly deteriorated the bonding strength of the joint. It is

deduced that the presence of the NiTi2 and r phases, which

was formed continuously along the STS interface, was

detrimental to the tensile strength of the joint. On the other

hand, the fracture location was shifted to the joint area ((B)

in Fig. 1) when the brazing temperature was decreased to

at.% Ti Zr Cu Fe Ni Cr Mo Phase

(C) 96 - 1 - 3 - - (α+β )-Ti

(A) 82 3 3 6 3 3 - β -Ti

a 60 8 2 15 12 4 - NiTi2

b 13 - - 44 5 34 4 σ

b' 4 - - 47 7 36 6 σ

(C)

a

b

(A)

a b

Before tensile test
(STS interface)

Ti STS

2 μm

Fig. 3 SEM BEI and EDS chemical analysis results of the Ti–STS

dissimilar joint brazed using a Zr–Ti–Ni–Cu–Be amorphous filler at

850 �C for 10 min
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Fig. 4 Relation between average tensile strength of the joint and

brazing temperature
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800 �C. At this brazing temperature, no interfacial reaction

compound was formed at the STS interface, but the joint

was composed of the intercellular b-Ti and NiTi2 phases

dispersed in the [FeTi,NiTi] matrix as shown in Fig. 1.

This microstructure of the joint might cause a homoge-

neous distribution of a stress and a considerable crack

deflection during loading, which resulted in a high bonding

strength [20]. When the brazing temperature was decreased

further to 750 �C, however, the bonding strength of the

joint was greatly impaired. It is expected that several

defects like pores were formed at the STS interface owing

to the insufficient reaction of the STS substrate with the

molten filler at 750 �C. And these defects were applied as

the initiation sites of a permanent crack at a low stress

level, inducing a poor bonding strength of 50 MPa.

Conclusions

Ti and STS have been brazed at a low temperature of

800 �C using a Zr–Ti–Ni–Cu–Be amorphous filler. At the

brazing temperature of 800 �C, the joint was composed of

the intercellular b-Ti and NiTi2 phases dispersed in the

[FeTi,NiTi] matrix. This microstructure of the joints

resulted in the highest tensile strength of 190 MPa. As the

brazing temperature was increased from 800 to 900 �C,

however, the interfacial NiTi2 and r phases were formed

continuously along the STS interface. In this case, the

fracture occurred catastrophically along the brittle IMCs

and the bonding strength of the joints was as low as

100 MPa.

Acknowledgements This research was supported by the Ministry of

Knowledge Economy (MKE) and the Ministry of Education, Science

and Technology (MEST), Korea.

References

1. Elrefaey A, Tillmann W (2010) J Mater Sci 45:4332. doi:

10.1007/s10853-010-4357-z

2. Lee JG, Hong SJ, Lee MK, Rhee CK (2009) J Nucl Mater

395:145

3. Liu CC, Ou CL, Shiue RK (2002) J Mater Sci 37:2225. doi:

10.1023/A:1015356930476

4. Elrefaey AAM, Tillmann W (2007) J Mater Sci 42:9553. doi:

10.1007/s10853-007-1935-9

5. Yue X, He P, Feng JC, Zhang JH, Zhu FQ (2008) Mater Charact

59:1721

6. Shiue RK, Wu SK, Chan CH, Huang CS (2006) Metall Mater

Trans 37A:2207

7. Elrefaey A, Tillmann W (2009) J Alloys Compd 487:639

8. Elrefaey A, Tillmann W (2007) Metall Mater Trans 38A:2956

9. Botstein O, Rabinkin A (1994) Mater Sci Eng A188:305

10. Liaw DW, Wu ZY, Shiue RK (2007) Mater Sci Eng

A454–455:104

11. Porter DA, Easterling KE (1992) Phase transformation in metals

and alloys. Chapman & Hall, New York

12. Okada O, Nakata K, Kasahara S (1999) J Nucl Mater 265:232

13. Lee JG, Choi YH, Lee JK, Lee GJ, Lee MK, Rhee CK (2010)

Intermetallics 18:70

14. Shapiro A, Rabinkin A (2003) Weld J 82(10):36

15. Jayalakshmi S, Fleury E (2009) Met Mater Int 15:701

16. Villars P, Prince A, Okamoto H (1995) Handbook of ternary alloy

phase diagram. Metal Park, Ohio

17. Shiue RK, Wu SK, Chan CH (2004) J Alloys Compd 372:148

18. Orhan N, Khan TI, Eroglu M (2001) Scripta Mater 45:441

19. Bhanumurthy K, Kale GB (1993) J Mater Sci Lett 12:1879

20. Lee JG, Kim GH, Lee MK, Rhee CK (2010) Intermetallics

18:529

6840 J Mater Sci (2010) 45:6837–6840

123

http://dx.doi.org/10.1007/s10853-010-4357-z
http://dx.doi.org/10.1023/A:1015356930476
http://dx.doi.org/10.1007/s10853-007-1935-9

	Microstructure and bonding strength of titanium-to-stainless steel joints brazed using a Zr--Ti--Ni--Cu--Be amorphous filler alloy
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	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


