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Abstract: The microstructures of the brazed joints for commercially pure Ti and stainless steel were investigated by the applications 
of various filler alloys including Ag-, Ti-, Zr- and Ni-based alloys. Generally, the dissimilar joints between Ti and stainless steel were 
dominated by the Ti-based intermetallic compounds (IMCs), e.g. (Ti, Zr)2(Fe, Ni), TiFe, TiCu, and Ti2(Fe, Ni), due to a significant 
dissolution of Ti from the base metal. The (Fe-Cr) σ phase was also observed near the stainless steel due to a segregation of Cr into 
the interface region. This research demonstrates empirically that the brittleness of the Ti and stainless steel joint can not be avoided 
only by applying single braze alloy or single insert metal, and thus an introduction of additional suitable interlayer between the filler 
alloy and the base metal is necessary to prevent the brittleness of the joint. 
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1 Introduction 
 

The utilization of costly metals and alloys with 
excellent properties is increasing. As a result, there is a 
demand for methods to join these expensive metals with 
the more commonly used metals. This requirement is not 
always caused by the cost, but also by the desire for new, 
basically improved structures. Joining dissimilar metals 
also enables us to use the most suited materials for each 
part of the structure. Titanium and its alloys have been 
considered one of the best engineering materials for their 
use in various industrial applications[1−2]. A main cause 
is their excellent corrosion resistance, which is capable 
of being comparable to platinum, due to a stable, 
protective and strongly adherent oxide film layer[3]. 
With the increasing use of Ti, the joining technology of 
Ti and its alloys has become more important, particularly 
their joining to various structural iron-base steel alloys. 

The present study reports the typical brazing 
characteristics and origin of the brittleness for the 
commercially pure Ti-to-stainless steel (STS) joints by 
employing various filler alloy classes including Ag-based, 
Ti-based, Zr-based and Ni-based alloys. Discussions are 
also made in view of an introduction of the interlayer 
metal as an interfacial diffusion control layer for 
achieving strong Ti-to-STS brazed joints. 

 
2 Experimental 
 

The base materials used for a dissimilar joining 
were commercially pure Ti (Gr. 2) and super stainless 
steel (UNS S31254), and were rectangular cubes with 
dimensions of 10 mm × 10 mm × 15 mm. UNS S31254 
is one of the super stainless steels containing 
20Cr-18Ni-6Mo (mass fraction, %). 

The infrared brazing was employed as a joining 
technique, because it is characterized by an 
extraordinarily fast heating rate up to 3 000 °C/min, and 
thus the interfacial reaction between the molten filler and 
the solid base metals may be considerably decreased due 
to a rapid thermal history[4−5]. The chamber was 
evacuated up to approximately 6.7 mPa and then purged 
with Ar gas at a flow rate of 4 L/min. After this, the 
infrared heating was started with a heating rate of 100 
°C/min, and the specimen was isothermally held at a 
fixed temperature, finally followed by a cooling at 100 
°C/min. During the joining, the specimens were 
compressively loaded with 0.13 MPa. 

The microstructure and quantitative chemical 
analyses for the cross-sections of the joints were 
performed by SEM (JEOL 6300) equipped with an energy 
dispersive spectroscopy (EDS) with an operating voltage 
of 20 kV and a spot size of 1 μm. The room temperature 
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tests were performed to evaluate the bonding strength 
with a tensile testing machine (INSTRON MODEL 4465) 
at a strain rate of 8.3×10−4 s−1. 
 
3 Results and Discussion 
 

Generally, brazing cycles of titanium and its alloys 
are limited by their bulk property, which is “beta transus”, 
i.e. the critical temperature for α-to-β phase 
transformation. As their structure and properties are 
impaired above the beta transus, the filler metals with 
brazing temperatures below the beta transus are 
preferable. All known titanium brazing filler metals can 
be grouped by five major families, as shown in Fig.1, 
and they are aluminum-, silver-, zirconium-, titanium-, 
and palladium-based alloys. The aluminum-based filler 
and some of the silver-, zirconium-, and titanium-based 
alloys may satisfy the criteria that the brazing is 
preferred at temperature lower than the beta transus. As 
the brazed joints by the Al-based filler are known to be very 
brittle with low fatigue resistance and impact strength[6], 
temperature much more than 1 100 °C, those two groups 
 

 

Fig.1 Basic classes of filler alloys for brazing titanium and its 
alloys[6] 

of filler alloys are ruled out in this study. Besides three 
groups of filler alloys (silver-, zirconium-, titanium-), the 
Ni-based alloys are also introduced for dissimilar brazing 
Ti and STS, despite their high melting temperatures 
exceeding 1 000 °C, since they are currently untilized in 
brazing STS . The composition and melting temperature 
properties for the four groups of filler alloys used in this 
study and the corresponding infrared brazing conditions 
are summarized in Table 1. 

The SEM back-scattering electron images (BEIs) 
for the Ti-STS dissimilar joints with regard to Ag-, Ti-, 
Zr-, and Ni-based filler alloys are shown in Figs.2(a)−(h), 
respectively. The resultant interfacial brittle phases and the 
joint strength brazed by various filler alloys are summarized 
in Table 2. From the experimental observation, the 
dissolution of the Ti substrate was much more prominent 
than that of the STS substrate, thus the joint was mainly 
involved in an intensive reaction of the dissolved Ti with 
the molten filler elements. For the Ag-based filler alloys, 
the joint was mainly dominated by thick Ti2Cu, TiCu and 
Ti3Cu4 IMC layers, along with a formation of the 
segregated Ag-rich phase region in the center of the joint. 
The TiFe and TiCu IMCs were also produced at the STS 
interface (Figs.2(a) and (b)). This is a typical 
microstructure formed by using Ag-based filler alloys. The 
tensile strength of the joint sample was as low as about 60 
MPa and the fracture occurred along the brittle IMCs. 

In case of the Ti- and Zr-based filler alloys, the 
similar microstructures are observed, as shown in 
Figs.2(b)−(f). After melting of the filler, the isothermal 
solidification started near the Ti interface due to 
dissolution of Ti from the base metal and the induced 
change of composition. So, the β-Ti and (α+β)-Ti region 
continued to form and the remnant elements were 
segregated close to the STS interface. The segregated 
layer was found to be the brittle IMC, i.e. (Ti, Zr)2(Fe, Ni). 
Finally, the resultant joint was typically composed of 
(Ti, Zr)2(Fe, Ni) layer, β-Ti region, and (α+β)-Ti from  

 
Table 1 Composition of filler alloys used and infrared brazing conditions 

Main element Filler composition/% tS/°C tL/°C Brazing temperature/°C Time/min 

Ag60Cu40 780 780 780−810 5−20 
Ag 

Ag57Cu39Ti4 775 795 780−810 5−10 

Ti58Zr16Ni26 844 857 850−930 5−60 

Ti40Zr40Cu10Ni10 805 830 900 10 Ti 

Ti39Zr39Co22 844 917 900−950 10 

Zr55Ti25Ni20 795 806 850−930 5−60 
Zr 

Zr41Ti14Ni10Cu13Be23 665 725 750−900 5−60 

 Ni50Zr30Ti10 1 023 1 041 1 100 10 

Ni Ni67Cr7Fe4Si8B14C0.2 969 1 024 1 050−1 100 10 

 Ni75Si9B16C0.3 984 1 054 1 050−1 100 10 
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Table 2 Summary on resultant interfacial brittle phase and 
joining strengths measured by room temperature tensile tests 
for samples brazed by various filler alloys 

Fill alloy Interfacial brittle phase Joining strength/MPa

Ag-based TiFe, Ti-Cu IMC ~60 

Ti-based 
(Ti, Zr)2(Fe, Ni), 

σ phase 50−280 

Zr-based 
(Ti, Zr)2(Fe, Ni), unknown 

IMC, σ phase 50−190 

Ni-based Ti2(Fe, Ni), [FeTi, NiTi] 50−70 
 

 
STS towards Ti. When the brazing temperature became 
higher, the Fe-Cr σ phase was also observed in the 
vicinity of the STS interface, probably owing to the 
segregation of Cr in the base metal towards the interface. 
The tensile strength of the joint sample was in the range 
of 50−280 MPa. The fracture occurred at (Ti, Zr)2(Fe, 
Ni) layer or the interface between the (Ti, Zr)2(Fe, Ni) 
and Fe-Cr σ phases. 

As shown in Figs.2(g) and (h), the joint regions were 
very thick with about 400 μm, when the Ni-based alloys 
were applied. This is because the dissolution of base applied.

 

 
Fig.2 SEM images showing typical microstructure with respect to various filler alloys: (a), (b) Ag-based; (c), (d) Ti-based; (e), (f) 
Zr-based; (g), (h) Ni-based alloys 
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This is because the dissolution of base metals was 
significant due to higher brazing temperature more than 
1 000 °C. The joint had typical brittle phases of (FeTi, 
NiTi) and Ti2(Fe, Ni), and was composed of a region of 
β-Ti + (FeTi, NiTi) + Ti2(Fe, Ni), a region of β-Ti + 
Ti2(Fe, Ni), and Ti-rich solid solution. The tensile 
strength of the sample was less than 70 MPa. 

From the above investigations, it is suggested that 
the Ti-to-STS joints were very brittle with poor bonding 
strength regardless of the filler due to the formations of 
the stable brittle IMCs and σ phases, and their 
fundamental brittleness might be inevitable only by 
applying single braze alloy or single insert metal. This is 
also understood well from the knowledge of the mutual 
solubility between the two elements of the periodic 
system, as shown in Fig.3. The Ti readily reacts with 
most other elements to form the stable and brittle IMC 
phases, except for a few elements in the same or adjacent 
groups of the periodic system (V, Zr, Nb, Ta, etc). 
Especially, it forms the most brittle Ti-Fe IMCs among 
Ti-based IMCs with the main element Fe in STS. 
Unfortunately, none of the elements is highly soluble at 
the same time in both the Ti and Fe over the whole 

period system. 
The above investigations lead to a consideration that 

another interlayered structure between the filler alloy and 
the base metal may be necessary to prevent such a 
fundamental brittleness. One of the candidates for 
suitable interlayer metals may be vanadium (V). The 
β-Ti forms a complete range of solid solutions with the 
elements V, Nb, and Ta, whereas the behavior of α-Ti is 
more limited in this respect. At 700 °C, 3% V (in mass 
fraction) can be dissolved in α-Ti. Vanadium dissolves 
87% Ti at this temperature[7]. These promising 
properties are further enhanced by thermal expansion 
coefficients with a molar ratio (Ti : V) of 8.5 : 8.3. Thus, 
V can be used as a suitable insert or interlayer metal. 

In order to utilize the V interlayer for Ti-to-STS 
joint, the compatibility of V with the STS base metals 
should also be considered. Vanadium forms only with 
alpha Fe a complete series of solid solutions. In γ-Fe, its 
solubility is rather limited and IMC phases are present. 
Only Cr has an unlimited solubility in V, whereas Ni has 
only a limited solubility to form V-Ni IMC phases. 
Another important consideration can be made on a 
formation of the stable V-Fe σ phase in the composition

 

 
Fig.3 Mutual solubility properties of Ti (a) and Fe (b) with other elements in binary alloy periodic system (up to 1 200 °C) 
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range from 30% V to 60% V(molar fraction) at 
temperatures below 1200 °C[7−8]. Since the σ phase 
exhibits generally deleterious effects on the mechanical 
behavior due to its brittle nature, it should be also 
eliminated from the joint. For this, the Cr and Ni metals 
may be applied consecutively as interlayers between the 
V layer and STS. The Cr is highly soluble with Ni[7], 
and at the same time exhibits a complete range of solid 
solutions with V[7]. The Ni is also applied between Cr 
interlayer and STS to suppress the formation of the Fe-Cr 
σ phase. It is, therefore, suggested that three layers of 
Ni-Cr-V may be suitable as interlayers for achieving a 
strong Ti-to-STS joint without any brittle IMC or σ 
phase.  
 
4 Conclusions 
 

1) The dissimilar brazing characteristic between the 
commercially pure Ti and stainless steel (STS) was 
investigated, with regard to various filler alloys including 
Ag-based, Ti-based, Zr-based and Ni-based alloys.  

2) The joint was mainly involved in an intensive 
reaction of the dissolved Ti with the molten filler 
elements, and the Ti-based brittle IMC phases formed.  

3) The vanadium is proposed as a suitable interlayer 
metal to prevent the brittle IMC in the Ti-to-STS 
dissimilar joints, and the Ni and Cr are recommended as 
interlayers between the V and STS to avoid the brittle 
V-Fe and Fe-Cr sigma phases. 
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