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A Critical Review on Dissimilar Welding of Stainless Steels to Titanium Alloys: 
Technology and Metallurgy

ABSTRACT

The jointment of titanium alloys to stainless steel poses significant challenges due 
to their substantially different physical, chemical, and thermal properties. The joint 
properties of 304 stainless steel and Ti6Al4V are highly important due to the extensive 
industerial application of 304 stainless steel and Ti6Al4V alloy. The formation of brittle 
intermetallic compounds such as Fe2Ti and FeTi in the weld zone is a primary cause of 
decline in joint strength and failure. This study investigates various welding methods, 
including solid-state and fusion weldings, and analyzes the impact of interlayer materials 
on improving the joint quality. Various welding methods have been used to join these 
two alloys among which, liquid-state weldings such as high energy beam welding, 
resistance welding, arc welding, and solid-state weldings like diffusion welding, friction 
stir welding can be mentioned. The results indicate the crucial role of welding process 
and parameter optimization for preventing the formation of intermetallic compounds 
and enhancing the joint strength. Diffusion bonding using niobium interlayer leads 
to the highest tensile strength (417.5 MPa) among the solid-state welding processes. 
Additionally, a combination of copper and vanadium interlayers in laser welding 
technique demonstrated significant strength of 350 MPa among the fusion welding 
techniques. In fusion welding processes, the use of copper as an interlayer not only 
reduced residual stresses but also prevented the formation of brittle phases, thereby, 
improving joint quality. This research highlights that the use of interlayers such as 
copper, nickel, silver, and niobium, combined with optimized welding processes, can 
effectively overcome the relevant challenges. These findings provide valuable guidance 
for designing welding processes and expanding industrial applications. The joint 
mechanical properties of the solid and liquid state weldings of stainless steels and Ti 
alloys were listed over the previous 3 decades. 
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1. Introduction

Welding titanium (Ti) alloys to stainless steel is a 

significant challenge in materials engineering due to the 
fundamental differences in their physical, chemical, and 
thermal properties. Titanium and its alloys are widely 
used in industries such as aerospace, chemical process-
ing, and medical fields because of their high strength, 
low density, excellent corrosion resistance, and thermal 
stability [1]. On the other hand, stainless steel is pre-
ferred in industries like automotive, construction, and 
energy due to its mechanical properties, cost-effective-
ness, and excellent formability. A combination of these 
two materials can result in joints with high strength and 
superior corrosion resistance; although, achieving such 
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diagram, λ depicts a solid solution of Fe2Ti and Cr2Ti. 
The λ-Laves compound has a close-packed structure. 
Meanwhile, this phase shows a homogeneity range 
of 64.8–72.4 at% Fe. The base centered cubic (BCC) 
structure of βTi transforms to αTi and FeTi by a eutectoid 
reaction at equilibrium conditions. The FeTi compound 
has a BCC structure and exists only in the range of 47.5 
and 50.2 at% Fe. αFe also has a BCC structure [1].

As depicted in Fig. 1. an eutectic reaction occurs on 
the Ti-rich side with the βTi and FeTi formation from 
the liquid. At the equilibrium, the formation of foremen-
tioned two compounds is in a lamellar structure with 
periodic βTi and FeTi plates. Each set plates of βTi and 
FeTi have a specific orientation relationship and the same 
crystal orientation to decrease the interfacial energy 
between two compounds. At high cooling rates, the 
directionality is discovered in the plates growth resulting 
in an aligned microstructure with the plates oriented in 
the heat flow direction [1].

Some elements like Cr, W, V, Ta, Nb, Fe, and Mo are 
β-stabilizer elements, whose presence decreases the α-β 
transus. Some other elements like O and Al are α-sta-
bilizer elements with the opposite influence. The over-
all influence of these elements can be measured by the 
calculating %Mo equivalent which as follows:

%Mo Equivalent = 0.67 (%V) + 1.0 (%Mo) + 0.44 
(%W) + 0.22 (%Ta)+ 0.28 (%Nb) ‒ 1.0 (%Al) + 1.6 
(%Cr) + 2.9 (%Fe)                                             Eq.(1)

It is supposed that a β-alloy will form when 
%Mo-equivalent values exceed 10 %. In the Fe-Ti pair, a 
few amount of mixing is needed to surpass the 10% Mo 
equivalent threshold. The expanded solubility of iron in 
βTi has been detected at elevated cooling rates. This per-
mits the formation of βTi(Fe) phase at composition levels 
apart from the equilibrium range [1].

3. Application of Ti-SS Joints

Thanks to their proper stiffness and high-temperature 

joints is associated with great technical complexity [3].
One of the primary challenges is the formation of 

brittle intermetallic compounds such as Fe2Ti and FeTi 
due to the limited solubility of iron and titanium. Par-
ticularly in fusion welding processes, these compounds 
significantly reduce the joint strength and increase sus-
ceptibility to cracking. Additionally, the substantial dif-
ferences between the thermal expansion coefficients and 
thermal conductivity of titanium and stainless steel gen-
erate great residual stresses at the weld interface, often 
leading to the joint failure [2].

Early research in this field was focused on fusion 
welding methods, such as arc welding and electron beam 
welding. While these methods succeeded in forming ini-
tial joints, the brittle intermetallic phases and residual 
stresses limited their success [3]. In recent decades, ad-
vanced techniques like laser welding, diffusion bonding, 
and friction stir welding have been developed to address 
the challenges associated with the welding of these ma-
terials. Among these advancements, the use of interlayer 
materials such as copper, nickel, niobium, and silver has 
proven to be effective in reducing the formation of brittle 
phases and enhancing the joint strength [2, 3].

This study aims to provide a comprehensive over-
view on the technological advancements in welding ti-
tanium alloys to stainless steel. Various welding methods 
were explored and their advantages and limitations were 
compared.  The impact of interlayer materials on the me-
chanical and metallurgical properties of the joints was 
also addressed. The findings of this research offer practi-
cal guidance for selecting optimal welding processes and 
parameters for these dissimilar materials, contributing to 
the development of industrial applications.

2. Phase Microstructure in Fe-Ti Phase 
Diagram

In the binary Ti-Fe phase diagram (Fig. 1.), λ 
represents the Fe2Ti compound. This phase has a C14 
hexagonal Laves structure. In the ternary Fe-Cr-Ti phase 

Fig. 1. Ti-Fe binary phase diagram [2].
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4.1.2. Effects of Intermetallic Compounds on 
the Weld Properties

Some weld properties may be affected by the interme-
tallic compounds:
• Hardness and Brittleness: Intermetallic phases may in-
crease the hardness of the weld but can simultaneously 
induce brittleness.
• Alteration of Physical Properties: These phases can 
modify physical properties such as thermal expansion 
and thermal conductivity [7].

4.2. Difference in Thermal Expansion

The second challenge of Ti-SS welding is the for-
mation of residual stresses and then cracks, due to the 
huge differences between thermo-physical properties 
of Ti alloy and SS. Regarding the extensive applica-
tion of Ti6Al4V and 304 SS, their physical and me-
chanical characteristics are shown in Table 1. The ther-
mal expansion coefficients of 304 SS and Ti6Al4V are 
17.3×10-6 K-1 and 8.6×10-6 K-1, respectively. After the 
welding process, assuming that the two alloys are initial-
ly at the same temperature, the titanium will undergo a 
lower contraction than the stainless steel during the cool-
ing. As the two alloys are welded, this dissimilarity leads 
to the tensile stress on the stainless steel side and also 
compressive stresses on the titanium side [1].

To examine the thermal stress during the Ti6Al4V-304 
SS laser welding, the coefficient of thermal expansion 
(CTE) and Young’s modulus of 304 SS and Ti6Al4V 
were investigated [13]. The thermal stress can be 
calculated by:

                                     Eq.(1)

Where E, ΔT, and α are Young’s modulus, tempera-
ture gradient, and CTE, respectively. For the Ti6Al4V 
and 304 SS:

                                                                             Eq.(2)

                  
Eq.(3)

For both Ti6Al4V and 304 SS, assuming constant 
temperature gradient:

            Eq.(4)

CTE and the Young’s modulus of 304 SS and Ti6Al4V 
are:

 Eq.(5)

mechanical properties, elevated strength, great corro-
sion resistance, stability in aqueous media, high specif-
ic strength, and enhanced oxidation resistance, titanium 
alloys have found extensive applications in astronautics 
and aeronautics for civil and military purposes. However, 
their high costs is a serious challenge [3]. Commercial 
pure (CP) titanium is roughly 10 and 100 times more 
expensive than the stainless steel (SS) and plain steel, 
respectively [4-6]. Austenitic SSs are utilized in appli-
cations requiring high levels of the workability [4, 5, 7].

Owing to its attractive characteristics like elevated 
toughness at ambient temperature, and proper high-tem-
perature creep resistance , Ti6Al4V (equivalent to TC4) 
is recognized as the most commonly used Ti alloy, cov-
ering 60% of the Ti global market. It has found a broad 
range of appications in chemical and aerospace industries 
[8].

High strength joints of SSs and Ti alloys offer exten-
sive advantages for medical, chemical, cryogenic, petro-
chemical, microelectronics, as well as heat exchangers 
for thermal power station, nuclear, aerospace, aeronau-
tics, astronautics, and spacecraft industries. Meanwhile, 
weight and cost reduction are highly demanded for car 
bodies to enhance fuel efficiency and decrease the air 
pollution [4, 5, 9-12].

4. Difficulties of Direct Welding of Ti-SS
4.1. Brittle Intermetallics Formation

The direct joining of SS and Ti alloys suffers from 
two main challenges. The first one is the formation of 
brittle intermetallic compounds (IMCs) like brittle Fe2Ti 
and Cr2Ti compounds due to the limited solubility of Fe 
and Ti. Intermetallic phases form at the interface between 
two metals, in this case, titanium and stainless steel. 
These phases usually arise due to chemical reactions be-
tween the elements of different metals, significantly in-
fluencing the mechanical and metallurgical properties of 
the weld [5]. Based on the binary Ti-Fe phase diagram 
(Fig. 1.), the solubility of iron in titanium is very low 
(0.1% at room temperature), beyond which, the fragile 
IMCs TiFe (600 HV) and then TiFe2 (1000 HV) start to 
form [1, 6]. 

4.1.1. Factors Affecting the Formation of 
Intermetallic Compounds 

The following factors influence the formation of in-
termetallic compounds:
• Welding temperature: The welding temperature and 
process parameters, such as welding speed, can affect the 
type of intermetallic phases.
• Chemical composition: The ratios of different elements 
in titanium and stainless steel impact the formation and 
stability of intermetallic phases [6].
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5. How to Prevent Brittle IMCS Formation

The Ti-Fe phase diagram shows the insufficient solid 
solubility between Ti and Fe. Also, the formation of IMC 
depends on the temperature-time profile of both alloys. 
Due to the dependence of the formation of IMCs on the 
diffusion of elements from the parent alloys towards each 
other and then the reaction of elements with together, an 
increase of the temperature-time cycles enhances the 
mobility of metallic elements and thus, the formation of 
different intermetallics. The direct Ti-SS weldments are 
too brittle with weak joining strength due to the forma-
tions of brittle σ phase and IMCs. Two approaches can be 
adopted to prevent the formation of brittle IMCs:
• The control of the welding process (adjusting the heat 
input).
• Welding metal engineering (utilizing of other metals as 
interlayers to modify the composition of the weld zone) 
[22].

6. Interlayer Engineering

The mechanical properties of the SS-Ti alloy welds 
can be enhanced by insertion of the intermediate foils 
to modify the interaction character of the melted zone 
(MZ), and promote the formation of compounds other 
than Fe-Ti-rich IMCs [17]. The most common of these 
intermediate foils are Cu, Ni, Mg, Al, and Ag capable 
of forming intermetallic compounds with titanium. These 
fois hinder the diffusion of atoms between Fe and Ti, Ni, 
or Cr [16]. Zr, V, Mo, Nb, Hf, and Ta are another group 
of candidates for the welding SSs to Ti alloys which do 
not produce IMCs with Ti. Pure vanadium is the most 
favored of these elements which can create solid 
solutions with titanium. The melting temperature of 
V (1914 ºC) is close to Ti (1670 ºC) [23]. It is well 
recognized that Ti does not produce IMCs with pure Nb, 
Zr, Ta, Mo, Hf, or V. The weldability of  these metals with 
SS, and also their high-cost result in the utilization of 
low-cost and more available metals like Ni, Cu, and their 
alloys [17]. These intermediate layers have been applied to 
prohibit the formation of Fe-Ti IMCs during the welding [14]. 
The mechanical strength of such joints could be increased 
by adding an interlayer to modify the composition of the 
final compound [9]. 

                                                                           Eq.(6)

                        Eq.(7)

                               Eq.(8)

Thus:

               Eq.(9)

Based on Eq.(9), the thermal stress in the 304 SS is 
3.22 times higher than the TC4 alloy without contemplat-
ing the formation of compounds at the interface. Regard-
ing the formation of the brittle IMCs in the Ti-SS joints, 
the residual stresses and then cracking can occur due to 
the difference in thermal stresses of Ti6Al4V alloy and 
SS [15].

4.3. Differences in the Thermal Diffusivity 
and Heat Conductivity 

The coefficients of the heat conductivity of TC4 alloy 
and 304 SS are 6.7 W/m.K and 16.2 W/m.K, respectively. 
The samples spontaneously crack at sufficient contents of 
intermetallic compounds. Consequently, prevention from 
the formation of brittle intermetallic compounds pro-
motes the formation of strong joints between SSs and Ti 
[9, 11, 15-20]. The difference in the heat conductivity can 
be the principle reason for the propagation of the cracks. 
Therefore, the induced heat spreads twofold quicker in 
the 304 SS compared to TC4 [20]. The audible rupture 
occur during the solidification of welds [1].

The Ti thermal diffusivity, 6.9×10−6 m2/s, is almost 
twice that of SS, 4.08×10−6 m2/s. In the meanwhile, Ti 
also has a greater melting temperature, 1665 °C vs 
1375 °C. Thus, more heat should be provided for the ti-
tanium to assure it attains its melting temperature which 
is executed through the heat source offset (like a laser 
beam) toward the Ti [1]. The temperature in the SS plate 
is bigger than that in the Ti plate because the efficiency of 
the heat dissipation of the SS side is greater than that of 
the Ti side due to the higher heat conductivity of SS [5].

Table 1. The physical and mechanical properties of pairing materials and pure Cu [21].
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Accordingly, V and Cr showed the highest solubility in 
both Ti and Fe.

7.2. Composite interlayer suggestion

The use of a single intermediate layer between two al-
loys suffers from high cost of V and Cr and also low resis-
tance to corrosion of Cr in SS-Ti alloy joints. Meanwhile, 
the selection area for the suggestion of a single interlayer 
is more limited than that of the composite interlayers. 
Consequently, the composite interlayers comprising two 
different interlayers are needed. Elmi Hosseini et al. [14] 
suggested a topological diagram (Fig. 3.) to illustrate the 
elementary transition lines between some elements with 
the maximum solubility at room temperature, based on 
the binary phase diagrams [2].

7. Interlayer for Ti-SS Welding

The mutual solubility of Fe and Ti with the other ele-
ments in a binary system are depicted in Fig. 2. Titanium 
almost reacts with the most elements to produce brittle 
intermetallic compounds, except for some elements such 
as Zr, V, Ta, and Nb. Ti creates the most brittle Fe-Ti 
IMCs with the iron exists in SS [24].

7.1. Single Interlayer Suggestion

A proper intermediate layer for the welding 304 SS 
to Ti6Al4V should possess enough solubility in both Ti 
and Fe. Okamoto et al. [2] extensively addressed this 
topic whose results are listed in Table 2. which pres-
ents the elements with maximum solubility in Fe and Ti. 

Fig. 2. Mutual solubility of (a) titanium and (b) iron with the other elements in the binary periodic system 
(up to 1200 °C) [24].

Table 2. Elements with the highest solubility in Ti and Fe at the single interlayer condition.

Fig. 3. The elements topological diagram with the maximum solubility in Ti and Fe with no IMC formation [2].
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to decrease inner stress concentrations during the liquid 
state welding and lighten the residual stresses created by 
linear expansion mismatch [4]. According to Zhang et al. 
[5], lateral and the maximum longitudinal residual ten-
sile stresses decreased from 88 and 260MPa to 57 and 
194 MPa, respectively after the copper sheet addition. 
This indicates that the Cu metal is a proper choice for 
welding Ti alloy to SS in terms of residual stress [5].
3- The copper melting point is greater than that of Mg 
or Al, signifying high corrosion resistance and high-tem-
perature performance of the joint with copper interlayer 
[15].
4- The copper melting point is not very high, therefore, 
the copper filler is completely melted while partial Ni 
and V fillers remain in the weld due to their higher melt-
ing points [4, 15].
5- The copper is also less expensive than Ni and Ag, de-
creasing the production costs [14, 25].
6- Clearly, the Fe/Cu/Ti joint temperature is less than that 
of the Fe/Ti joint. The copper heat conductivity is greater 
than SS or Ti alloy. Therefore, the Cu filler metal could 
be considered a “cold source”. Consequently, the tem-
perature is declined in both sides [5].
Some disadvantages of Cu as the interlayer are:
1- The properties of Ti-Cu-Fe systems express that the 
joint temperature durability is much inferior to that of Ti 
alloys and steels according to low temperature transfor-
mations of the copper containing compounds [9].
2- Copper is occasionally welded by the laser welding 
due to elevated reflection of the laser beam which reduc-
es the process efficiency and durability [15].

9. Solidification of MZ

The large surface area which connects the molten 
metal to the both interface sides as well as limited pro-
portion of molten metal would increase the cooling rate 

Based on Fig. 3. Ti does not form brittle IMCs with 
W, Sc, V, Mo, Cr, Nb, or Ta. Furthermore, Fe cannot form 
brittle intermetallics with elements such as Cr, V, La, Mn, 
Ag, Pd, Cu, Au, and Co. Considering the composite in-
terlayers containing two metallic layers, either interlayer 
next to Ti and SS sides with enough solubility in each 
other are connected by dark lines in the topological di-
agram. Consequently, all combinations of two columns 
of elements such as Nb-Cu, V-Cu, and W-V can be con-
sidered as composite interlayers to join Ti alloy and SS, 
especially Ti6Al4V-304SS pair.

8. Cu Interlayer

Wang et al. were the first scientists to execute the liq-
uid state welding of Ti alloy to stainless steel with the 1 
mm Cu interlayer [4]. The weldment was achieved by 
two pass electron beam (EB) welding. Furthermore, the 
MZ was depicted to contain Fe2Ti IMCs dispersed in the 
Cu medium. The mechanical strength of the weld was 
224 MPa. Meanwhile, brittle fracture occurred within the 
intermetallic layer near the MZ/titanium interface [17]. 
Among the mentioned elements, copper is considered a 
proper choice to meet the industrial requirements due to 
the following reasons [23]:
1- Copper is compatible with iron and does not form 
brittle IMCs with Cr, Fe, C, or Ni. The copper interlayer 
refines the metallurgical reactions within the weld pool 
and leads to the formation of Cu-Ti IMCs by decreas-
ing the proportion of TiFe and TiFe2 intermetallic com-
pounds. The formation of TixCuy compounds is compen-
sated by high toughness of Cu and leads to acceptable 
joint strength. Moreover, copper-containing IMCs are 
tougher with lower hardness compared to Ti-Fe IMCs [17, 
18, 22]. The Cu-Ti binary phase diagram is exhibited in 
Fig. 4.
2- Copper is a soft metal which can be easily deformed 

Fig. 4. Ti-Cu binary phase diagram [2].
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For the non-ideal solutions in which the properties of 
the pure form and solution are different, the Gibbs free 
energy can be calculated by:

                           Eq.(4)

Where Xs are the difference of the values relative to 
the ideal solution.

Eq.(4) indicates the Gibbs free energy of a distinct 
compound as a function of composition and temperature 
but constant pressure. As the mentioned relationships are 
recognized for each compound, the equilibrium phase di-
agram could be generated by plotting the compound with 
minimum free energy at each temperature and composi-
tion. This is the base of the CALPHAD (the abbreviation 
of CALculation of PHAse Diagrams) [1].

11. Welding Processes for Ti-SS Joining
11.1. Liquid State Weldings

Liquid state welding processes, which are extensively 
employed in industry, are accompanied by a challenge in 
the welding of Ti alloys to steels. Liquid state welding 
involves melting the materials by heat followed by their 
joining. This method is typically used to bond metals 
or other materials at high temperatures. In this process, 
the workpieces are heated to their melting temperature, 
such that the material is liquified in the welding zone. 
After cooling, a strong and cohesive bond is formed .The 
molten zone of steel-titanium mixture could be hardly 
managed in traditional arc welding due to metallurgical 
incompatibilities, and the formation of long-lasting MZs 
with a complete mixing of the elements. Therefore, IMCs 
are formed during the welding. The instability of electric 
arc hinders the continuous energy supply, leading to local 
variations of the MZ content. Elevated power beam tech-
niques like electron beam and laser weldings have made 
the liquid state welding of stainless steel to titanium alloy 
possible as they obtain accuracy in the weld realization, 
rapid cooling/heating gradients, and a local heat supply 
[4, 9, 16-18, 28].

The development of liquid state welding methods for 
the welding of Ti alloy to stainless steel by using the in-
terlayer opens fascinating alternatives for the solid state 
weldings as it enables easy preparation of the junction 
surfaces, a fast-welding technique, and high flexibility in 
the geometry of welds [17].

Principles of liquid state welding can be listed as [17]:
1. Heat generation: To perform liquid state welding, the 

of this region and also non-equilibrium compounds and 
microstructures formation [1]. Since titanium has the 
greatest melting temperature (1725 ºC), the solidification 
starts on the interface between Ti6Al4V and the molten 
bath. The 2nd area that starts to be solidified is the stain-
less steel melted zone (Tm of Fe = 1538 ºC). High Cu 
content besides its gamma type character as well as high 
cooling rate stabilizes γFe to room temperature [26].

Regarding the Ti-Fe equilibrium diagram, the for-
mation of Fe2Ti phase is initiated at 1427 ºC and the 
FeTi compound appears at the nodular inclusions edge 
at 1317 ºC, on the titanium alloy/molten bath interface 
as well as in the copper-rich liquid regions [26]. After 
that, the Fe(Cr)-Ti phases nucleated firstly in the weld 
pool, and Fe(Cr) and Ti contents in the residual liquid 
declined quickly. As the temperature achieved the Cu 
melting point, a solid-solution of the copper appeared in 
the residual liquid [27]. The solidus temperature of the 
Cu-rich solid solution (near the 1085 ºC) is greater than 
the melting temperatures of Ti–Cu IMCs which is about 
890 ºC for Cu3Ti2. Consequently, it solidifies in the shape 
of large dendrites [17].

10. Computational Thermodynamics

While the ternary and binary phase diagrams are fa-
vorable for understanding the influences of 2 or 3 main 
components on the compounds created during the weld-
ing, they are not capable of considering more than 3 con-
stituents. Computational thermodynamics methods are 
usually utilized to describe the influence of more compo-
nents. The fundamental of the phase prediction by com-
putational thermodynamics is investigated by the calcu-
lation of the Gibbs free energy of different compounds of 
a material as a function of composition, X; pressure, P; 
and temperature, T. At a mechanical mixture of two pure 
constituents, the Gibbs free energy could be given as: 

                           Eq.(1)

Where Si, Hi , and Xi show the entropy, enthalpy, and 
mole fractions of the corresponding constituents (A and 
B), respectivey. As a solution is formed, the Gibbs free 
energy can be determined by:

                Eq.(2)

Where barred quantities indicate values in the solu-
tion, ΔSM denotes the entropy of mixing that accounts the 
solution configurational entropy. For the dilute solutions, 
the configurational entropy is given by:

       Eq.(3)
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1. Wire feed pulsing: In CMT, the welding wire is fed 
into the weld pool in a controlled and pulsed manner. The 
wire is advanced towards the weld pool and then briefly 
retracted. This controlled movement of the wire reduces 
the heat introduced into the weld zone.
2. Reduction in heat input: The key innovation of CMT 
lies in its ability to minimize the heat input into the work-
piece, preventing the overheating of thin materials. The 
short-circuiting behavior (when the wire touches the 
workpiece) is also controlled in such a way that the ener-
gy delivered during the short circuit is limited. After the 
wire is retracted, it cools quickly and reintroduces a new 
drop of molten metal with a controlled amount of energy.
3. Stable arc behavior: Due to the precise control of the 
wire movement and the arc, CMT ensures a stable arc 
throughout the welding process. This results in signifi-
cantly reduced spatter and better control over the weld 
pool, allowing for a higher-quality weld, especially on 
thin materials.
4. Minimal heat affected zone (HAZ): The heat-affected 
zone (HAZ) is minimized in the CMT process as it uses 
lower heat input. This is particularly advantageous for 
welding heat-sensitive materials such as aluminum and 
high-strength steels. The reduced HAZ helps prevent ma-
terial deformation, oxidation, and changes in mechanical 
properties near the weld.

11.1.1.2. Advantages of CMT Welding

Some advantages of the CMT process are [23, 24, 32]:
1. Reduced heat input: The most significant advantage 
of CMT is its ability to weld with reduced heat input. 
This makes it ideal for welding thin materials or delicate 
parts where high temperatures could lead to distortion, 
warping, or other unwanted effects.
2. Low spattering: CMT produces significantly less spatter 
compared to conventional MIG welding, which results in 

workpieces must first be heated to their melting point 
(depending on the material type). This could be achieved 
by various heat sources such as gas torches, electric arcs, 
lasers, or hot plasma.
2. Formation of the molten pool: Once the metals reach 
their melting temperatures, a molten pool is created 
where the metal is liquified. This molten pool is the area 
where two metal pieces melt and fuse together.
3. Alloying and mixing: During welding, additional filler 
metals or materials may be introduced into the molten 
pool, leading to the formation of alloys or mixing. This 
helps to enhance the strength and properties of the weld.
4. Cooling and Solidification: At the end of the welding 
process, the molten metal gradually cools and solidifies. 
This is a critical step as the cooling rate and the type of 
material welded can significantly affect the mechanical 
and physical properties of the weld.

11.1.1. Cold metal transfer

Cold metal transfer (CMT) process is also used for 
the welding of SS to Ti. This technique is suggested not 
only for its flexibility but also for its low heat input. This 
method does not require the furnace and could be utilized 
for different types of joints. Meanwhile, CMT could be 
adapted for many paths or designs of the joint when com-
pared with other welding processes such as explosion 
welding and infrared brazing. A CuSi3 wire with a diam-
eter of 1 mm was deposited between the SS and Ti plates 
by using the CMT process as depicted in Fig. 5 [22].

11.1.1.1. Principles of CMT Welding

The core principle of cold metal transfer is to reduce 
the heat applied to the workpiece by using a controlled, 
pulsed wire feed mechanism. The process is character-
ized by the following steps [22]:

Fig. 5. A schematics of the CMT process used for Ti-SS welding [22].
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11.1.1.4. Applications of CMT welding

Some applications of the CMT process include [22, 
27]:
1. Automotive industry: CMT is commonly used in the 
automotive industry for welding body panels, sheet met-
al, and other thin-walled components. The low heat input 
and minimal spatter are ideal for delicate parts requiring 
high-quality, precise welds.
2. Aerospace industry: The aerospace industry benefits 
from CMT due to its ability to weld thin materials like 
aluminum alloys with minimal thermal distortion. The 
reduced heat input ensures the structural integrity of sen-
sitive components.
3. Thin-walled products: CMT is extensively used for 
welding thin-walled metal products such as kitchen ap-
pliances, furniture, and various consumer goods where 
precision and minimal distortion are crucial.
4. Stainless steel and aluminum welding: This technique is 
especially advantageous for welding heat distortion-sen-
sitive materials like aluminum as well as heat-sensitive 
samples such as stainless steel, where excessive heat in-
put can alter material properties. The controlled arc and 
wire feed ensure minimal damage to properties of these 
materials.

11.1.2. Laser Welding

Laser welding is extensively utilized to weld 304 
SS and Ti6AI4V. As one of the most advanced welding 
methods, laser welding employs a laser beam to melt and 
join the pieces. Thanks to its high precision, ability to 
focus energy on a small area, and high speed, it has been 
used in various industries such as automotive, aerospace, 
medical, and electronics. Laser welding utilizes laser 
technology to produce a high-energy light beam capable 
of raising the temperature of the materials in the welding 
area to their melting point. The schematic of the laser 
welding process is depicted in Fig. 6. [26, 40].

cleaner welds requiring less post-weld cleanup. This is 
highly beneficial in terms of quality and efficiency.
3. Improved weld quality: The precision of the wire feed 
and the stability of the arc result in high-quality welds 
with smooth, uniform bead appearance. This method also 
enables proper control over the penetration depth and 
weld pool, ensuring a strong and durable bond.
4. Welding of thin materials: CMT is especially well-suit-
ed for welding thin materials (such as sheet metal or 
light-gauge materials) without burn-through or excessive 
distortion. This feature makes it highly effective in auto-
motive, aerospace, and other industries where thin metals 
are common.
5. Versatility with different materials: While it is partic-
ularly popular for welding aluminum and high-strength 
steels, CMT is also approperiate for a variety of other 
metals, including stainless steel and mild steel. The pro-
cess can be adjusted to handle a wide range of material 
types with various thicknesses.

11.1.1.3. Disadvantages of CMT Welding

Some disadvantages of the CMT process can be listed 
as [22]:
1. Equipment cost: CMT requires specialized equipment, 
including advanced power sources and wire feed sys-
tems, which can is more expensive than traditional MIG/
MAG welding setups. However, this cost may be offset 
by the increased efficiency and reduced need for post-
weld cleaning and rework.
2. Limited thickness range: While CMT excels at 
welding thin materials, it may not be as effective for thick 
samples, where traditional welding processes might be 
more suitable.
3. Need for skilled operators: The precision required 
for CMT welding means that operators need to be 
well-trained to fully utilize its capabilities to achieve the 
highest quality.

Fig. 6. The schematic of the laser welding process [26].
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melting and the formation of clean and accurate welds.
2. Continuous laser welding:                                                                           

In this method, the laser beam is continuously applied 
to the surface of the workpiece. This method is suitable for 
high-speed welding of thicker materials. The continuous 
energy from the laser allows deep penetration and forma-
tion of stronger bonds in the materials.

11.1.3. Laser Arc Welding

 The laser arc hybrid welding process is employed to 
weld SS and Ti alloy to avoid the high reflection of the 
laser beam. This method has recieved much attentions due 
to its dominances acquired from the arc and laser like: 
• Elevated welding speed, 
• Process stability,
• Useful bead appearances,
• Fantastic mechanical properties,
• Appropriate ability of the gap bridging [15].

The process is schematically illustrated in Fig. 7.

11.1.4. Electron beam welding

Electron beam welding is reccommended as a liquid 
state welding process for welding dissimilar alloys due 
to its narrow heat-affected zone, accurate control of the 
heating position and area, vacuum atmosphere, and high 
energy density [4]. This process should be executed in vac-
uum, limiting its utilization. The schematic of this process 
is shown in Fig. 8. [18, 31].

This process demonstrates the following advantages:
• Cost reduction with minimum destruction to the work-
piece. 
• Possibility of increasing the depth of the MZ under a con-
stant pulse width by raising the pulse repetition rate.
• The quality of the welding has an acceptable standard in 
terms of cracking, strength, and microstructure. 
• Elevated efficiency, great flexibility, and fantastic con-
trollability,
• Applicability in various environments (vacuum and 
non-vacuum environment) [18, 20, 22].
• Minimum thermal deformation, 
• High local heat concentration in the weld seam with high 
cooling and heating rates [29],
• Bright promises in welding dissimilar metals like Ti/SS, 
steel/Mg, Ti/Mg, Ti/Al, Al/steel, and Cu/steel [15],
• Safety and feasibility [30].

11.1.2.1. Principles of Laser Welding

In laser welding, the laser energy is focused onto a spe-
cific point on the surface of the materials. This energy caus-
es the materials to melt. A strong bond is formed between 
the two pieces after cooling and solidification. This process 
is typically carried out in two different modes [18, 22]:
1. Laser pulsed welding:                                                                                         

In this method, the laser is applied in short and intense 
pulses. This type of welding is commonly used for thin 
materials or precise joints. The laser pulses transfer a large 
amount of energy in a very short time, allowing rapid 

Fig. 7. A schematic diagram of the hybrid laser-arc welding [15].

Fig. 8. The schematic of the electron beam welding process [8].
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facilitate the joining. Solid-state welding processes typ-
ically occur at temperatures below the melting point of 
metals, ensuring no disturbance to the crystal structure 
and mechanical properties of the materials [62].

11.2.2. Diffusion Bonding

Diffusion bonding is considered a solid-state welding 
process to prohibit melting as schematically illustrated in 
Fig. 9. [31-36]. The bonding procedure including heat-
ing, pressing, and cooling is  carried out under vacuum. 
IMCs volume fraction can be sufficiently decreased if the 
joints stay at high temperatures only for a short time [37]. 
Some disadvantages of this technique for the welding SS 
to Ti include:
• Careful surface preparation  with high cleanliness stan-
dards of the joint interfaces [1, 9, 11, 15]. Using large 
sheets of SS and Ti in this method is impossible due to 
the applying huge stresses on the surface of both materi-
als and also high volume manufacturing capacity. 
• The materials should be entirely heated to a high tem-
perature, which might not be desirbale on some cases. 
• A time-consuming process [31].

11.2.2.1. Principles of Diffusion Bonding

In diffusion bonding, heat is applied to promote 
atomic diffusion across the interface of the two close-
ly-connected surfaces. The heat typically ranges from 
60% to 90% of the melting point of the material. The 
pressure applied during the process helps to close any 
microscopic gaps between the materials, facilitating the 
atomic diffusion and formation of a strong bond. This 
bonding process can take from several minutes to hours, 
depending on the materials and temperature used [37, 
42].

11.1.4.1. Principles of Electron Beam Welding

In electron beam welding, an electron beam is gen-
erated by an electron gun and accelerated towards the 
workpiece. Upon  collision with the surface of the ma-
terial, the kinetic energy of electrons is converted into 
heat, causing the material to melt in the targeted area. 
This process enables deep and high-quality welding due 
to the highly focused energy in the welding zone [31, 56].

The process is generally carried out in a vacuum 
chamber, which prevents contamination such as oxidation 
and ensures high-quality welds. As a result, welds pro-
duced by this method are typically characterized by high 
strength, high precision, and excellent quality [8, 31].

11.2.  Solid-State Weldings 

Solid-state welding refers to a group of welding meth-
ods where two workpieces are joined without the mate-
rials melting. In these processes, the joining is achieved 
through the application of pressure, heat, or a combina-
tion of both, at temperatures below the melting point of 
the materials. Unlike conventional welding methods, 
where the materials are melted, the materials bond to-
gether through mechanical or metallurgical approaches 
under the influence of temperature and pressure, forming 
a solid weld [8, 62].

11.2.1. Principles of Solid-State Welding

In solid-state welding, the two pieces are mechanical-
ly joined with no melting. This process is carried out in 
one or more stages, which may involve the application 
of pressure, heat, and in some cases, relative motion be-
tween the two pieces. Depending on the process specifi-
cations, additional materials or coatings may be used to 

Fig. 9. A diagram of the diffusion bonding process [31].
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process, requiring extended times for the materials to dif-
fuse and form a strong bond. This can make the method 
unsuitable for large-volume productions.
2. Need for high-temperature control: Achieving the nec-
essary temperatures for diffusion bonding requires pre-
cise temperature control. Inconsistent heating can lead to 
poor bonding quality or material degradation.
3. Surface preparation is critical: A successful diffusion 
bonding requires precise surface preparation as diffusion 
process may not occur effectively  on the surfaces with 
poor cleanness preparation, leading to weak joints.
4. Limitations for thin materials: Diffusion bonding is of-
ten more effective for joining thin materials, as it relies 
on atomic diffusion, which may take too long or be less 
efficient for thicker sections.

11.2.2.5. Applications of Diffusion Bonding

Some applications of diffusion bonding process are 
[31, 58, 85, 93]:
1. Aerospace: Diffusion bonding is used in the aerospace 
industry for assembling turbine blades, engine compo-
nents, and heat exchangers. The ability to join dissimi-
lar materials (like metals to ceramics) makes it ideal for 
lightweight, high-performance components.
2. Electronics: Diffusion bonding is used to manufacture 
hermetically sealed packages for electronic devices, such 
as sensors and integrated circuits. It ensures a high-qual-
ity seal without affecting the sensitive internal compo-
nents.
3. Nuclear industry: Diffusion bonding is particularly 
beneficial in the nuclear industry for joining materials re-
quiring high strength and resistance to radiation damage. 
It is used in manufacturing reactor components and fuel 
rods.
4. Medical devices: The process is also used in the med-
ical industry for creating implants or surgical tools with 
high strength and biocompatibility. Aabsence of melt-
ing preserve the original properties, a crucial feature for 
medical applications.
5. Automotive industry: Diffusion bonding can be used 
to join complex components in the automotive industry, 
where high precision and strong bonds are necessary, es-
pecially in applications like engine parts, transmission 
components, and exhaust systems.

11.3. Friction Stir Welding

Friction stir welding (FSW) is a type of solid state 
welding process, mainly applied for welding dissimilar 
alloys. As depicted in Fig. 10. heat is created by the rel-
ative motion of two alloy surfaces to be welded, thus, no 
interfacial melting occurs under normal conditions [31]. 
FSW enjoys higher operational efficiency compared to 
the other solid state welding techniques. FSW was in-
vented for welding light alloys. Todays, FSW enables 
welding materials with high-melting temperature like 

11.2.2.2. Key Characteristics of Diffusion 
Bonding

Some key characteristics of the diffusion bonding 
processes can be listed as below [31,36,73]:
1. No melting of materials: Unlike fusion welding meth-
ods, diffusion bonding does not involve the melting of 
the workpieces, hence, preserving the properties of mate-
rials, such as strength, hardness, and corrosion resistance, 
particularly in sensitive materials.
2. Controlled temperature and pressure: The process typ-
ically requires precise control of both temperature and 
pressure. The temperature must be high enough to pro-
mote atomic diffusion but sufficiently low to avoid melt-
ing. The pressure ensures intimate contact between the 
surfaces, reducing any voids or gaps which might impair 
the bond.
3. Time-dependent process: Diffusion bonding is gen-
erally a time-dependent process. The bonding strength 
increases over time as atoms diffuse more thoroughly 
across the interface. Therefore, the bonding time can 
vary depending on the materials and conditions.
4. Surface preparation: An effective diffusion bonding re-
quires highly clean and smooth surfaces. Contaminants 
or oxides on the surfaces can impede the diffusion pro-
cess, leading to weak or poor-quality bonds. Many cases 
also require surface treatments like polishing or cleaning.

11.2.2.3. Advantages of Diffusion Bonding

Some advantages of diffusion bonding process in-
clude [63, 73]:
1. High-quality bonds: Diffusion bonding typically pro-
duces strong, reliable, and uniform joints at minimal 
distortion. It is especially suitable for joining dissimilar 
materials or materials that are difficult to weld by other 
methods.
2. Preservation of material properties: Since diffusion 
bonding does not involve melting, the base materials 
maintain their original mechanical properties, such as 
strength, ductility, and hardness, which could be compro-
mised in fusion welding methods.
3. No filler material required: Diffusion bonding does 
not need any filler material, making the process suitable 
for applications in which filler metals are undesirable or 
when joining materials with different compositions.
4. Ability to join dissimilar materials: One of the key ad-
vantages of diffusion bonding is its ability to join dissim-
ilar materials, such as metals to ceramics or metals with 
varying alloys. This is especially useful in applications 
like aerospace, nuclear industries, and electronics.

11.2.2.4. Disadvantages of Diffusion Bonding

Some disadvantages of diffusion bonding process in-
cudes [54, 81, 96]:
1. Slow process: Diffusion bonding is typically a slow 
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Nevertheless, the flexibility of this technique is very low 
comparing with the liquid-state welding techniques 
[22, 36, 38]. The issue of connecting interface plastic 
deformation is serious. Meanwhile, it is prone to produce 
crevices and discontinuities in the interface regions [37].

EW of the steel with Ti alloy forms an IMCs layer on 
the joint interface. Nevertheless, the IMCs thickness is 
less than that of the other welding processes. Moreover, 
the wave formation process on the joint boundary dis-
turbs the coherence and continuity of the layer, enhanc-
ing the joint strength [6]. Some of the advantages of EW 
in welding the steel to titanium alloy are: 
• The possibility of welding both small and large sheets,
• Outstanding mechanical properties of the joints,
• Low cost.

The disadvantages of the EW of steel with titanium 
alloy are the place could be performed the joining process 
and also the correct choice of the welding parameters [6].

different types of steels and Ti and Ni-base alloys with 
the help of high performance tools [31]. This process re-
quires only a short heating time comparing with the dif-
fusion bonding; thus, the IMCs layer growth could be de-
creased [38]. FSW poses a great challenge for the stirring 
pin when the joining is accomplished on elevated melting 
point alloys like Ti and Fe base alloys, particularly during 
long-term utilization of the pin [11, 14]. 

11.4. Explosive Welding

As a type of solid-state welding process, explosive 
welding (EW) offers a fantastic alternative for welding 
dissimilar alloys with different physical/metallurgical 
properties. The schematic of this technique is depict-
ed in Fig. 11. [31]. Furthermore, this process has been 
used to weld SS and Ti; the tensile shear strength of the 
joint is bigger than the strength of the base material. 

Fig. 10. A diagram of the friction stir welding technique [31].

Fig. 11. The schematic of the explosive welding process [31].
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welding: The brazing process requires lower temperatures 
compared to traditional welding methods, lowering the 
thermal damages to the base materials.
3. High-strength joints: When done correctly, brazing 
produces strong and reliable joints with good resistance 
to corrosion and wear.
4. Energy and time efficiency: Brazing is faster and more 
economical, especially for large-volume productions.
5. Suitable for thin parts: Brazing is well-suited for 
joining thin parts that cannot withstand the high 
pressures or temperatures used in other welding 
processes.

11.5.3. Disadvantages of Brazing

Some disadvantages of brazing process are [22, 37, 49]:
1. Limited to thin parts: Brazing is more effective for 
joining thin or medium-thickness materials. Joining thick 
parts may be challenging as the filler metal may not flow 
evenly into the joint.
2. Importance of filler metal selection: the proper choice 
of filler metal with good compatibility to the base 
materials is crucial. Inapproperiate filler metal result in 
weak or unstable joints.
3. Potential for contamination: If the surfaces are not 
properly cleaned, contaminants may hinder the bonding 
process, resulting in weak joints.
4. Process precision required: Brazing requires 
precise control over heat and filler metal flow as incorrect 
application can lead to poor joints or incomplete 
bonding.

11.5.4. Types of Brazing Methods

There brazing process can be devided into four types 
[93, 97, 104]:
1. Gas brazing: This method uses a gas flame (typically 
a mixture of oxygen and acetylene) to generate the heat 
needed to melt the filler metal. It is suitable for joining 

11.5. Brazing

Brazing process is not a good choice for high-tem-
perature applications. The schematic of this process is 
shown in Fig. 12. [9, 40]. Vacuum brazing has follow-
ing advantages compared to the diffusion bonding:
• Low residual stress in the brazed joint because the fill-
er metal serves as a buffer for the stress, and 
• Low pressure is needed within the bonding area during 
the joining [8].

11.5.1. Principles of Brazing

In brazing, the base metals (the pieces to be joined) 
are placed in close contact with each other, and a 
filler metal is used as an intermediary. The melting 
point of the filler metal is typically lower than the base 
metals. Upon heating, the filler metal melts and flows 
into the joint, metallurgically bonding to the base 
materials [61,65,94].
• Heat: Heat is applied to melt the filler metal, typical-
ly between 430 to 1200°C, depending on the materials 
being joined.
• Pressure: In many cases, light pressure is applied to 
assist the flow of the filler metal to improve the quality 
of bonding by removing any imperfections or air pock-
ets.
• Filler metal: The common filler metals include bronze, 
brass, silver, gold, or specific alloys such as aluminum 
and copper [44].

11.5.2. Advantages of Brazing

Some advantages of brazing are [37, 72]:
1. Joining dissimilar materials: Owing to its lower 
temperature and lack of melting, brazing is especially 
useful for joining metals to non-metals such as ceramics, 
glass, graphite, and even plastics. 
2. Lower temperature requirement compared to 

Fig. 12. The schematic of the brazing process [9].
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sealed packages for sensors and integrated circuits.
3. Aerospace industry: Brazing is widely used in the 
aerospace industry for joining high-performance compo-
nents that require resistance to heat and corrosion, such 
as turbine blades and heat exchangers.
4. Medical devices: Brazing is used in the production 
of medical tools and implants where high strength and 
biocompatibility are essential. The preservation of mate-
rial properties is critical for these applications.

11.6. Roll Welding

Laser roll welding (LRW) is a new welding technique. 
This process is not classified as a liquid or solid state 
weldings, and brazing/soldering. In this process, one of 
the base metals is heated up to the bonding temperature, 
followed by being pressed to the adjacent base metal 
without application of any intermediate layer, resulting 
in quick cooling by cold base metal as demonstrated in 
Fig. 13(a). [1, 12, 37]. For comparison, the weld appear-
ance of the fusion, solid-state, LRW, as well as brazing, 
are displayed in Fig. 13(b).

lightweight and thin materials.
2. Furnace brazing: In furnace brazing, the parts are heat-
ed in a furnace to melt the filler metal and form the joint. 
This method is typically used in high-volume production 
and for larger parts.
3. Induction brazing: Induction brazing uses electric cur-
rent to generate heat through induction coils. This is a 
fast and efficient method, particularly for small, precise 
joints.
4. Resistance brazing: In this method, an electric current 
is passed through the joint to create heat through electrical 
resistance, melting the filler metal and forming the bond.

11.5.5. Applications of Brazing

Some applications of this process are [64, 99, 106]:
1. Automotive industry: Brazing is used in the automo-
tive industry for joining parts such as HVAC systems, 
heat exchangers, and other components requiring light-
weight, strong connections.
2. Electronics industry: In electronics, brazing is used for 
joining delicate components or for creating hermetically 

Fig. 13. A schematic diagram of (a) the laser roll welding and (b) comparing the weld appearance of some joining 
processes [12].
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Table 3. Results on dissimilar fusion welding of Ti alloy-SS over last two decades.
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12. Recent in Vestigations on Ti-SS Joints

The researchers have attempted to accomplish many 
fusion welding techniques on the Ti-SS pairs in the last 
24 years as illustrated in Table 3. Meanwhile, the re-
sults of the last investigations performed with solid-state 
welding processes for the welding of SS to Ti are listed in 
Table 4. Regarding the extensive applications of Ti6Al4V 
and 304 SS, it is necessary to consider the results 
performed on the same mentioned dissimilar materials. 

Tables 5 and 6. list the results of the recent investigations 
on the laser and the solid-state weldings, respectively. The 
maximum joint strength of fusion welded Ti6Al4V-304 
SS with the thickness of 2 mm was reported by Elmi Hos-
seini et al. [14,121]. The strength of ~350 MPa was ob-
served using the combination of 1 mm Cu and 0.5 mm V 
as the interlayer between the pairing materials. However, 
the highest tensile strength of the Ti6Al4V-304 SS joint 
is roughly 417.5 MPa when the diffusion bonding pro-
cess and Nb interlayer are used for the investigation [32].
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Table 4. Results on dissimilar solid state welding of Ti alloys-SS over last three decades.
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CP Ti: Commercial Pure Ti.
TC4 equals Ti6Al4V.
Offset: - for the radiation towards Ti, + for the radiation towards SS.
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MDSS: Micro-Duplex Stainless Steel

Table 5. Results on dissimilar fusion welding of Ti6Al4V-304 SS over the last two decades.
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13. Conclusions

This study presents an in-depth investigation into the 
welding of titanium alloys to stainless steel, addressing 
critical challenges such as the formation of brittle 
intermetallic compounds (e.g., Fe2Ti and FeTi), residual 
stresses, and significant differences in the thermal and 
mechanical properties of the two materials. The key 
findings and insights derived from this research could be 
listed as follows:
•	 The primary issues in joining these materials include 

the formation of brittle intermetallic compounds due 
to limited solubility between titanium and iron, as 
well as the development of residual stresses by the 
disparity in thermal expansion coefficients. These 
factors negatively impact joint strength and durability, 
especially in fusion welding methods.

•	 Advanced fusion welding techniques, such as laser 
welding and electron beam welding, demonstrated 
the ability to produce high-quality joints at optimized 
process parameters. Laser welding, in particular, 
is effective when coupled with interlayers to 
suppress intermetallic formation. For example, the 
combination of copper and vanadium interlayers 
achieved a tensile strength of 350 MPa, while pure 
copper interlayers significantly reduced the residual 
stresses and improved the joint performance.

•	 Solid-state welding methods, such as diffusion 
bonding and friction stir welding, effectively 
decreased the formation of brittle phases by operating 
at lower temperatures and shorter heat exposure times. 
Diffusion bonding using niobium interlayer achieved 
the highest tensile strength of 417.5 MPa, showcasing 
its superiority for producing strong and reliable joints. 
Friction stir welding offered additional benefits, such 
as minimal residual stress and consistent mechanical 
properties, making it suitable for high-performance 
applications.

•	 The incorporation of interlayers, including copper, 
niobium, silver, and vanadium, effectively improved 
the joint quality. These interlayers not only minimized 
the formation of brittle intermetallic compounds but 
also improved the overall mechanical properties of 
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Table 6. Results on dissimilar solid state welding of Ti6Al4V-304 SS over the last three decades.

the welds. Niobium interlayers were particularly 
effective in diffusion bonding, while copper provided 
excellent thermal conductivity and stress relief in the 
fusion welding.

•	 The findings of this study are highly relevant to 
industries such as aerospace, chemical processing, 
automotive, and medical fields, which demand 
lightweight, high-strength, and corrosion-resistant 
joints. The use of optimized welding techniques 
and suitable interlayers offers a practical pathway 
for reducing production costs and enhancing the 
reliability of dissimilar joints in these critical 
applications.

•	 Despite significant progress in this field, further 
research is recommended to explore the optimization 
of interlayer compositions, the use of novel materials, 
and the development of hybrid welding techniques. 
These advancements could further enhance the 
mechanical and metallurgical properties of titanium-
stainless steel joints, enabling broader industrial 
adoption.
In summary, this study highlights the critical role 

of advanced welding techniques and interlayers in 
overcoming the inherent challenges of joining titanium 
alloys to stainless steel. The results provide valuable 
guidance for the design and implementation of welding 
processes, ensuring high-performance and reliable joints 
for a wide range of industrial applications.
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