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Abstract

Diffusion welding has emerged as a promising solid-state joining technique, 
particularly in applications where high heat input from fusion welding can 
introduce defects and negatively affect the properties of base materials. This 
process operates at lower temperatures than fusion welding, thereby preserving 
the mechanical properties of the joined materials. The success of diffusion 
welding relies on critical parameters such as temperature, pressure, time, and 
surface preparation. While it is an established method for joining similar alloys, its 
application to dissimilar alloys presents unique challenges, including differences 
in thermal expansion coeffi cients, melting points, and the potential formation 
of brittle intermetallic compounds. This review article aims to consolidate 
existing research on diffusion welding of similar and dissimilar alloys, providing 
a comprehensive understanding of the process and its parameters. Through 
critical analysis and evaluation of previous studies, the article proposes new 
inferences based on combined fi ndings. It draws conclusions that will guide future 
experiments and applications, particularly in industries where precision and 
material integrity are paramount requirements, such as aerospace, automotive, 
and power generation. The application of diffusion welding as a reliable alternative 
to fusion welding highlights its potential to overcome the limitations of the high-
heat-input process and enable successful joining of diverse/dissimilar material 
combinations.
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Introduction 

Welding is a method of permanently joining metals, 
preventing them from being separated. With or without ϐillers, 
heat or external pressure, it is the most effective and cost-
effective method for joining similar or dissimilar materials. 
Welding can be performed in a variety of environments, 
including outdoors, indoors, underwater, and even in outer 
space [1]. There are two main types of welding methods: 
Solid-State Welding (SSW) and fusion welding, both of which 
are used to join metals. Welding by fusion involves the 
fusion of parent materials at the connecting surfaces, along 
with ϐiller materials, to form a weld bead. There are three 
types of welding in this category: gas welding, arc welding, 
and intense beam welding [2]. Various industries use these 
welding processes to manufacture automobile bodies, aircraft 
frames, boilers, pressure vessels, ships, tanks, and structural 
components, as well as to repair defects in both welded and 

cast products. It is important to note, however, that welding 
has drawbacks, including internal stresses and distortions 
in welded components, changes in microstructure, and 
exposure to hazards such as ϐlashes, ultraviolet radiation, high 
temperatures, and fumes [3].

Several challenges are associated with welding dissimilar 
joints using traditional fusion rates. For example, ϐiller metals 
should be selected based on their melting points, mechanical 
properties, and thermal expansion coefϐicients [4]. As a result 
of the formation of intermetallic compounds (ICs) during 
welding, metal joints may become brittle and have limited 
mutual solubility. Welding aluminum alloys with stainless 
steel, aluminum alloys with carbon steel, aluminum alloys 
with copper, copper alloys with titanium alloys, aluminum 
alloys with magnesium alloys, or tungsten-copper alloys with 
copper alloys presents particular challenges [5]. Researchers 
have extensively studied various fusion welding techniques 
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for joining metals and creating multi-component assemblies. 
Fusion welding causes workplace air pollution, which poses 
signiϐicant health risks to workers and negatively impacts the 
environment through fumes and gas emissions [6,7]. Metal 
joining engineers face new challenges due to technological 
advances in missiles, rockets, nuclear energy, and electronics, 
particularly when working with dissimilar-metal joints. 
In certain specialized applications, traditional bonding 
techniques can be difϐicult to implement or fail to produce 
satisfactory bonds. Traditional fusion welding processes are 
facing signiϐicant challenges due to the increasing demand 
for higher productivity, efϐiciency, welding quality, and safety 
 [8]. These challenges are not being addressed effectively by 
traditional welding processes as materials become more 
advanced an requiring speciϐic properties. Solid-state welding 
(SSW) is a new technique that aims to meet evolving design 
requirements, adapt to advances in modern materials 
[9,10] and address the ϐlaws and problems that accompany 
conventional welding techniques  [11]. In solid-state welding 
(SSW) processes, no direct heat is applied. Most methods 
employ sufϐicient pressure to generate heat in the contact zone, 
but the resulting temperature typically falls below the melting 
point of the base materials [12]. Since there is no melting 
in SSW, the formation of intermetallic compounds (ICs) is 
minimized. Therefore, SSW is capable of joining dissimilar 
metals without any difϐiculty. It's possible that these processes 
won't consistently achieve the desired joint characteristics 
for speciϐic applications [13]. Diffusion bonding (DB), friction 
stir welding (FSW), forge welding (FW), cold welding (CW), 
and explosive welding (EW) are the primary SSW techniques 
shown in Figure 1. This study analyzes the evolution of alloy 
microstructures utilizing solid-state welding techniques and 
reviews the most recent studies and developments in diffusion 
bonding (DB) for various alloy junctions.

Diffusion Bonding (DB)

Diffusion Bonding (DB) is a solid-state joining method 
that eliminates the need for a liquid interface, brazing, or 
the formation of cast products via melting and subsequent 

solidiϐication  [14]. DB creates a solid-state bond between 
similar or dissimilar materials by applying controlled 
pressure at temperatures below the materials' melting points. 
A vacuum or inert atmosphere is required as a nonoxidizing 
environment to avoid oxidation of the joining surfaces.

The DB process relies on solid-state diffusion, which 
produces a strong, superior bond by allowing atoms from 
the materials to mix progressively under high pressure and 
temperature. DB is a more dependable joining process than 
liquid-phase welding procedures because it successfully 
avoids problems such as cracking, deformation strains, 
ϐlaws, and segregation [15]. The connections between 
bonding temperature, time, and applied pressure have been 
thoroughly examined in several studies [16]. The following is 
a description of the DB process using Fick's ϐirst law  [17]: 

D = D0e-Q/RT Where Q, Do, R, and D stand for the activation 
energy, frequency factor, gas constant, and diffusivity at 
temperature T, respectively. 

Case studies
Duplex stainless steel is used in various industries, 

including paper and pulp, petrochemicals, gas and oil, 
and pollution control. Austenitic stainless steel is used in 
corrosive situations, but fusion welding can cause grain 
coarsening and solidiϐication cracking. Duplex stainless 
steel welding eliminates the fused zone, making it suitable 
for alloys susceptible to segregation effects. Kurt's study on 
medium-carbon steel and austenitic and duplex stainless 
steel shows strong bonding. The microstructure of carbon 
steel AISI 4140 consists of ferrite-pearlite, ferrite-stabilized 
carbide network, and austenite-ferrite, with the other base 
metal, duplex stainless steel, also present in Figure 2  [14]. On 
the stainless-steel side, Figure 2b shows a layer of chromium 
carbide and a network of carbides—chromium-carbide forms 
around austenite grains in the ferrite phase of duplex stainless 

Figure 1: The techniques that are commonly used for solid-state welding 
(SSW) [12].

Figure 2: The microstructure of the bonding interface of medium-carbon 
steel AISI 4140 with duplex stainless steel (a, b) and 304 austenitic stainless 
steel (c, d) shows a defect-free interface, a carbide network in the 
stainless-steel side and carbide in the interface bonding interface, and 
carbide forming on the interface [14].
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steel due to carbon diffusion. When cooled, carbon atoms 
form bonds with Cr, stabilizing cementite and ferrite [18]. 
Good bonding and the absence of micro-voids are observed 
in the interface microstructure of a bonded medium-carbon 
steel and austenitic stainless steel joint. The shear strength of 
austenitic stainless steel is inϐluenced by chromium carbide 
that forms at grain boundaries and interface regions; the 
medium-carbon steel/austenitic stainless steel joint exhibits 
a wider interface carbide width.

Zhang, et al. investigated how bonding time affected the 
quality of the martensitic stainless-steel junction. It was 
discovered that the interface bonding ratio increases over 
time as the large voids in the bonding interface shrink [19]. 
Yu, et al. discovered that the DB duration and post-weld heat 
treatment consistently increased the interfacial bonding 
rate in diffusion-affected zones of high-Cr ferrite heat-
resistant steel and TP347H austenitic heat-resistant steel 
[20]. Using a high-vacuum hot press on high-Cr ODS ferritic 
steel, Noh and Kasada studied solid-state DB and devolutions. 
Surface evolutions impact each of the three steps in the DB 
process. Prior to bonding, the ϐirst stage entails harsh surface 
deformation, which increases contact area and produces 
sealed pores  [21]. 

Intimate contact between surfaces is created in the second 
step by deformation of the steel interface, which causes voids 
to vanish and early asperities to collapse. Clean, oxide-free 
surfaces create the best line-type bonding [21]. The last phase 
ultimately entails atomic diffusion at a steady temperature, 
and Derby's theoretical model [22] is consistent with this 
diffusion mechanism. This model found three potential 
processes for DB: (1) plastic deformation of surface asperities, 
(2) power law creep deformation of the surface, and (3) 
propagation of matter from bonded regions/interfacial void 
surfaces to increasing necks [21]. 

Kurt, et al. investigated how the bonding temperature 
affected the microstructural characteristics and shear 
strength of medium-carbon steel and austenitic stainless 
steel connection. All temperatures showed strong bonding, 
although at 750 °C, no discernible changes were observed. 
At 850 °C, martensite, partially spheroidized cementite, and 
chromium carbides were seen to develop in Figure 3 [23].

Grain barriers with chemistry containing 5.9 Ni, 10.8 C, 20.8 
Cr, and 62.3 Fe are produced when C diffuses into stainless 
steel across grain boundaries, according to EDS analysis. Cr 
and Fe have a signiϐicant tendency to produce M3C9 carbides, 
as Figure 4 [23]. The impact of bonding temperature on the 
shear strength and hardness of the joints is shown in Figure 
5. Because of the increasing mutual diffusion of the elements, 
the joint shear strength increased as the temperature rose, 
reaching its maximum value of 475 MPa at 900 °C (Figure 5a).
However, as shown by the micro hardness proϐiles (Figure 5b), 
the lack of marten site at the contact reduced the hardness at 

Figure 3: Microstructures of the joints' bonding interface between 
medium-carbon steel (AISI 4140) and austenitic stainless steel (AISI 304) 
at varying temperatures: 750 °C, 800 °C, 850 °C, and 900 °C, respectively 
[23].

Figure 4: MSEM pictures of a specimen's bond contact that was bonded 
at 900 oC [23].

Figure 5: (a) The impact of bonding temperatures on the bonds' 
compressive shear strength and (b) the diffusion-bonded interface's 
micro hardness profi les [23].
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the interface zone between AISI 4140 and AISI 304 steel. As 
seen in Figure 5d, the diffused chromium is responsible for 
the hardness drop in the interface region of the carbon steel 
side at all temperatures. By creating a ferrite-stabilized zone, 
Cr prevents the production of marten site.

K. Bhanumarthy, et al. investigated the use of 
electrochemically deposited interlayers for diffusion welding 
aluminum alloys to stainless steel. They created three 
different geometries: tubular, cylindrical, and rectangular. All 
specimens, including tubular specimens, were adherent-coated 
use the gas pressure bonding approach. The microstructure of 
tubular specimens revealed irregular cavities and inadequate 
bonding at the Ag/Ag interface. Nonetheless, there were no 
holes or discontinuities in the bonding between the Al/Zn/
Cu/Ag and SS/Ni/Cu/Ag interfaces, as shown in Figure 6 [2 4].

The maximum shear strength of the joint is 20 MPa at 
bonding time 360min, and the shear fracture surface at the 
interface of 5083/Zn-2Bi and AZ 31/Zn-2Bi at bonding time 
360min and 480min, respectively. Chen, Gang, et al. studied 
diffusion bonding of dissimilar AZ31 magnesium alloy/5083 
aluminum with the interlayer of Zn-2Bi. They found that 
the shear strength increased initially and then decreased 
with bonding time [25]. Since zinc has a lower melting point 

(692.68K) than magnesium (923K), it might require less 
activation energy to migrate [25]. 

Effect of diffusion bonding parameters on 
microstructure and mechanical properties of the 
joint

Temperature effect: Bedjaoui state that higher 
temperatures generally enhance diffusion rates, improving 
bonding. For instance, welding aluminum to copper at 
temperatures between 425 °C and 525 °C resulted in multiple 
intermetallic phases, with increased hardness such as AlCu 
and Al3Cu4 [26] improved. In another study, temperatures 
from 500 °C to 600 °C showed that shear strength increased 
with temperature, peaking at 600 °C [27]. Using a Cu interlayer, 
Nader Nadermanesh, et al. investigated the diffusion bonding 
of 5083, 6061, and 7075 aluminum to AZ31 magnesium at 
475 °C to 485 °C, noting deformation upon bonding [28]. 

Holding time effect: Saad, et al. concluded that extended 
holding times allow for greater diffusion, increasing 
interfacial bonding. For example, at 950 °C, holding times of 
30 minutes resulted in incomplete bonding, while 45 minutes 
achieved optimal results with no interlayer gaps [29]. Aziz, 
et al. However, excessively long holding times can decrease 
shear strength due to the formation of brittle intermetallic 
compounds [30]. Speciϐically, prolonged holding times at 
elevated temperatures facilitate the diffusion of atoms across 
the interface, leading to the thickening of brittle intermetallic 
layers. Depending on the alloy system, excessive growth 
of brittle intermetallic compounds (IMCs) degrades shear 
strength and ductility. Common examples include Al-Cu (e.g., 
Al2Cu, AlCu, Al3Cu4/Al4Cu9), Mg-Al (Al12Mg17 and Al3Mg2), and 
Al-steel (Fe2Al5 and FeAl3) may coarsen. These continuous 
brittle layers act as stress concentrators and preferred sites 
for crack initiation, which signiϐicantly deteriorates the joint's 
shear strength compared to joints bonded with optimized 
parameters.

According to Ding's study on Mg/Al alloy diffusion bonding, 
the diffusion zone width increased with increasing annealing 
temperatures, with a noticeable change at 300 °C, as shown in 
Figure 7 [31]. 

Zhang, et al. investigated how holding time affected a 
martensitic stainless steel joint's diffusion bonding. They 
discovered that as the duration of diffusion bonding grew, the 
spaces shrank and shrank [32,33]. Am ir A. Shirzadi found that 
bonding aluminum and steel below 450 °C results in little to no 
response. The ϐirst bond was formed at 500 °C under vacuum 
and constant pressure. Most samples were heated at 60 °C per 
minute, cooled in a furnace, and vented when the temperature 
fell to 150 °C or less. However, samples bonded at 500 °C 
exhibited poor strength and broke down upon handling. The 
Al-Mg alloy decomposed and disintegrated at 550 °C or 560 °C,
leading to a weak joint as shown in Figure 8 [34].

Figure 6: The position of the spot analysis by EPMA is shown by the asterisk 
in this backscattered electron image of tubular bonded specimens at 300 
and 315 °C for four hours [24].
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Pressure effect: Samaritan, et al. investigated how pressure 
affected the mechanical characteristics and microstructure of 
a Ti-6Al-4V diffusion-bonded junction and found that, while 
the breadth of the bonded connection shrank with increasing 
pressure, its strength rose [3 5]. According to Elsa, et al. 
when bonding dissimilar Al/Cu, the strength increases with 
pressure because the intermetallic compound widens. For this 
reason, his research conϐirmed that the bonded joint's width 
increases with pressure. Additionally, increasing pressure 
causes the surfaces to become free of the oxide layer [36]. The 
diffusion depth at the Al/Cu interface rises in tandem with 
the bonding pressure. This is because the interfacial Al/Cu 
region's surface-to-surface contact is improved by increased 
pressure [36]. Kazako. Found that to guarantee close contact 
between the pieces' edges, the bonding pressure, also known 
as the pressing load, needs to be sufϐiciently strong. It should 
cover all of the gaps in the weld zone and sufϐiciently distort 
surface asperities. The joint may weaken if some holes remain 
unϐilled due to inadequate pressure. Additionally, the pressing 
force facilitates the dispersion of oxide coatings, creating a 
cleaner surface that enhances diffusion and coalescence [37]. 
To prevent plastic deformation of the materials, the applied 
pressure must be lower than the material's yield strength 

at the elevated temperature [37]. Applying pressure in the 
20–40 MPa range to stainless steel/Al joints results in plastic 
deformation; nevertheless, 10 MPa is the ideal pressure and 
yields the lowest aluminum yield strength at 450 °C, when 
excellent contact is observed [24]. According to Gopinath, 
et al., the dispersion of welded joints is strongly inϐluenced 
by welding pressure, which also affects the microstructure, 
mechanical properties, and fracture behavior. Up to 6 MPa, 
higher pressure improves tensile and bulging characteristics 
[38]. Bond strength increasing the pressure during diffusion 
bonding. Bond strength is reduced in the absence of pressure. 
While thorough treatment can drastically lower bond strength 
under pressure, pressure lengthens bonds and enhances their 
strength [39]. Impulse pressure-assisted diffusion bonding 
(IPADB), which varies the pressure in diffusion bonding, 
shortens bonding durations and eliminates the need for 
thorough surface preparation, increasing process efϐiciency 
[40]. Increasing welding pressure in diffusion welding 
enhances joint strength in AlMg3/SiCp composites. Optimal 
pressure selection is crucial for successful diffusion bonding 
[41]. 

Surface inish effect: The effect of surface ϐinish on 
diffusion welding is signiϐicant, inϐluencing bond strength 
and quality across various materials. Research indicates 
that surface roughness can enhance diffusion bonding and 
strengthen joints.

Surface roughness and bond strength: Criado, et al. 
For AZ31 alloys, a roughness greater than 0.2 μm facilitates 
diffusion at lower temperatures and times, resulting in 
approximately 150% increases in bond strength compared 
to smooth surfaces [42]. In titanium alloys, a roughness ratio 
(X/R) below one leads to increased defects, whereas values 
above one yield defect-free joints, highlighting the critical 
balance between surface ϐinish and weld quality [43]. 

Surface preparation techniques: The surface roughness 
of samples signiϐicantly affects the quality of diffusion bonding 
success, and welding improves joint quality [37]. Wei, et al. 
discovered that, when compared to surfaces treated with 400 
or 800 grit emery paper, those polished with 1200 grit had 
the lowest roughness values for steel and aluminum [44]. 
The surface preparation before diffusion bonding results in 
the formation of both long and short-wavelength asperities 
[45 ]. Dr. Zeyad D. Kadhim states that joint strength decreases 
with increased roughness of the mating surfaces [32]. Ohashi 
and Hashimoto studied the impact of surface roughness on 
the bonding process and the weldability of diffusion welds 
on copper bars using different surface polishing techniques 
[46]. They also explored how surface roughness affects 
void formation and found that the primary mechanism for 
bond formation is creep deformation, inϐluenced by bonding 
pressure, temperature, and time. They linked void elimination 
to the sintering mechanism [46]. D ifferent surface ϐinishing 
methods, such as grinding and sputter cleaning, signiϐicantly 

Figure 7: The welded specimen's SEM image shows it (a) unannealed, (b) 
annealed at 200 °C, (c) annealed at 250 °C, and (d) annealed at 300 °C.

Figure 8: Al-Mg alloy disintegration at 560 °C during solid-state bonding 
to stainless steel. Despite employing a temperature around the Al-Mg 
alloy's melting point, virtually no bond formation took place [34].
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affect bond quality in aluminum alloys, with speciϐic techniques 
yielding superior results [47]. The choice of surface ϐinish also 
impacts the rate of interfacial void closure during bonding, 
with ϐiner ϐinishes generally promoting better outcomes [48]. 
While rougher surfaces can enhance bonding in some cases, 
excessive roughness may lead to defects, suggesting a need 
for optimization in surface preparation to achieve the best 
results in diffusion welding. Fitzpatrick, et al. investigated the 
diffusion bonding of aero components and emphasized the 
importance of smooth surfaces for effective contact in solid-
state joining methods. They employed chemical machining 
techniques to ensure the smooth surface ϐinish for diffusion 
bonding, achieving a standard surface roughness (Ra) of 0.8 
to 1.0 μm. In contrast [49]. Shirzadi and Wallach employed 
a pre-bonding surface treatment to effectively bond super 
alloys and aluminum alloys [50,51]. Achieving diffusion 
bonding in aluminum alloys remains a persistent challenge 
due to the resilient oxide ϐilm on the substrate. This ϐilm acts 
as a diffusion barrier, impeding the formation of high-quality 
bonded joints [52]. When clean surfaces come into contact 
through interatomic forces, metals bond well. Disrupt the 
continuity of the oxide deposit during bonding to accomplish 
diffusion bonding in aluminum alloy [53]. Various methods 
have been explored to improve the bond quality of aluminum 
alloy and achieve robust bonded joints [53-58]. Different 
methods for diffusion bonding include applying pressure, 
transient liquid phase bonding with Zn or Cu, liquid gallium 
at room temperature, and solid-state bonding with Zn or Cu, 
which can cause macroscopic plastic deformation, uniform 
bonding, and brittle fractures [59,60].

The  infl uence of the diffusion bonding temperature, 
holding time, and pressure on the shear strength 
of the joint at room temperature and high 
temperature

In luence of temperature: Venugopal, et al. concluded 
that higher bonding temperatures generally enhance shear 
strength by promoting diffusion and reducing defects. For 
instance, increasing the temperature from 490 °C to 520 °C 
improved bonding strength due to better particle dispersion 
[61]. Wei, et al. Conversely, lower temperatures (550 °C 
- 580 °C) with high pressure (30-40 MPa) can inhibit the 
formation of brittle intermetallic compounds, resulting in a 
shear strength of 181 MPa [44]. Gang Chen has studied the 
diffusion of AZ31 magnesium alloy and 5083 aluminum alloy 
at a temperature of 335 °C under pressure 4MPa for 120–480 
min with an interlayer. He observed that the shear strength 
of the joint increased ϐirst and then decreased as the bonding 
time increased [62]. 

E ffect of holding time: Wang, et al. Extended holding times 
can lead to the formation of brittle intermetallic compounds, 
reducing shear strength from 281 MPa at 30 minutes to 174 
MPa at 60 minutes [63]. 

Role of pressure: Venugopal, et al. leading to improved 

shear strength. For example, higher pressures during bonding 
at elevated temperatures reduced defects and enhanced 
joint integrity [64]. While optimizing these parameters can 
signiϐicantly improve joint strength, excessive bonding time 
or temperature may lead to adverse effects, such as the 
formation of brittle phases, underscoring the need for careful 
process control. Yun long Ding, et al. state that the annealing 
temperature of 250 ℃ of the diffusion process for dissimilar 
Mg/Al alloys is approximately near the recrystallization 
temperature of the joint, which gives more tensile strength in 
comparison with a temperature of 300 ℃ [31]. Kadh im, et al. 
have concluded that plastic deformation has a greater effect 
on joint strength [65]. Jian Lin, et al. studied the diffusion 
bonding of dissimilar zinc-coated steel, stainless steel, and 
aluminum by applying Gleeble simulation, mechanical testing, 
and microstructural characterization. They reported that 
increasing the bonding temperature increased joint strength, 
as shown in Figure 9a. Also, compared with aluminum, zinc-
coated steel showed higher shear strength at 490℃, as shown 
in Figure 9b [66].

N egemiya, et al.'s study on diffusion bonding time in AISI 
304 stainless steel joints and Ti6Al4V titanium alloy revealed 
that a 75-minute bonding duration enhances bonding and 
lap shear strength [67]. Venugopal, et al.'s study found that 
increasing temperature and pressure improves the bond 
strength of AA5083 aluminum alloy by reducing defects 
and enhancing secondary-phase particle dispersion [64]. 
Negemiy a, et al. found a correlation between microstructure 
and bond strength in austenitic stainless steel (ASS)–titanium 
alloy joints, inϐluenced by holding time [67]. Additionally, 
Suzuki, et al. utilized Joule heating diffusion bonding to join 
commercial-purity Ti to 304 stainless steel, revealing that 
the tensile strength of the joints correlated with the fraction 
of the well-bonded interface and inversely correlated with 
the thickness of intermetallic compound layers at the joint 
interface [68].

Failure  mechanism of the joint: The failure mechanisms 
of diffusion bonding joints are complex and inϐluenced by 
various microstructural factors. Key insights from recent 
studies reveal that microstructural features, such as grain 
boundaries and micro-voids, primarily govern crack initiation 
and propagation.

Figure 9: (a) Relation between shear strength and peak temperature. (b): 
The relation between shear strength and zinc-coated and uncoated steel.
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Crack initiation mechanisms: Zhang, et al. investigated 
interest in FGH96 joints; cracks initiate at the carbide/matrix 
interface due to strain mismatches, particularly at room 
temperature [69]. Li, et al. state that Intergranular cracks are 
predominant in 316L stainless steel joints, with favorable 
grain boundaries oriented at 0° to 20° to the loading axis 
being critical sites for crack initiation [70]. 

Role of micro-voids: Yujia and Shuxin have concluded 
that microvoids signiϐicantly inϐluence interfacial failure. Still, 
they do not link until a substantial load is applied, indicating 
that microstructure plays a more crucial role than the voids 
themselves [71].

In luence of temperature and alloy composition: 
Jingqi, et al. that temperature affects the failure mechanism; 
at elevated temperatures, the role of carbides and grain 
boundaries diminishes, leading to cracks primarily along 
high-angle grain boundaries [72]. In cold-worked Alloy 600, 
premature brittle failures at the bond line were attributed to a 
lack of grain boundary diffusion, exacerbated by precipitates 
that hinde r ed bond-line migration [73]. 

The infl  uence of the interlayers on the 
microstructure and mechanical properties of the 
joint

The interface layer signiϐicantly inϐluences the diffusion 
welding process by altering the microstructure and mechanical 
properties of the welded joints. The presence of interlayers, 
such as zinc or aluminum, can enhance bond strength and 
modify the diffusion characteristics at the interface.

Role of interlayers in diffusion welding

Intermetallic Compound Formation: The addition of a zinc 
interlayer in aluminum and stainless steel diffusion bonding 
led to the formation of complex intermetallic compounds, 
enhancing joint strength by 41.3% compared to joints without 
an interlayer [74]. Atomic Transfer: Interlayers facilitate 
atomic diffusion, which is crucial for bond formation. For 
instance, aluminum interlayers in titanium-stainless steel 
bonding improved bond strength through optimized atomic 
transfer [75]. 

Infl uence of welding conditions

While interlayers generally improve diffusion-bonding 
outcomes, their effectiveness can depend on speciϐic welding 
parameters and material combinations, suggesting a nuanced 
approach to optimizing diffusion-bonding processes. Enes 
Akca, et al. state that Interlayers have become increasingly 
valuable in diffusion welding applications. While they offer 
advantages in improving joint quality, an improperly selected 
interlayer can signiϐicant intermetallics at the weld interface 
and enhancing compatibility when joining dissimilar metals 
[76]. Kundu has used copper and nickel interlay. Kundu 
successfully bonded Ti to 304 stainless steel through diffusion 
welding. Experimental results showed that samples bonded 

with the copper interlayer achieved a strength of 318 MPa, 
whereas those bonded with the nickel interlayer reached 
302 MPa [77]. Using copper and silver interlayers, Berrana 
examined the diffusion bonding of titanium and aluminum 
at 750 °C and 3 MPa pressure for 10 and 60 minutes. After 
60 minutes, the maximum hardness was reached at 750 °C. 
In a different study [78]. Berrana and Zhang studied the 
bonding of Ti-6Al-4V and stainless steel using silver and 
nickel interlayers in diffusion welding. Silver interlayers were 
found to be the most effective, with the best bonding observed 
at 850 °C for 30 minutes. Nickel interlayers minimized the 
presence of brittle and hard compounds [79]. Commercially 
pure titanium was subjected to diffusion bonding by Rahman 
and Cavalli [80], both with and without interlayers of copper 
and silver. Without an interlayer, the highest tensile strengths 
were 382 MPa, 502 MPa with Cu, and 160 MPa with Ag.

As shown in Figure 10, the observed growth of the thick 
layer due to the zinc coating layer formed a continuous and 
smooth interface layer at a diffusion temperature of 510 °C 
in comparison of discontinuous and thin interface layers of 
uncoated steel, as shown in Figure 11, the formation of a thick 
interface layer of zinc improves the shear strength of the joint, 
also increasing the temperature to 550 °C This leads to an 
increased thickness of the interface layer, as shown in Figure 
10b [81].

Yang, et al. have studied the effect of pure aluminum foil 
as an interlayer for bonding steel Q345 to pure zirconium. 

Figure 10: The way the zinc-coated steel and aluminum interface layer 
looks at (a) 510 °C and (b) 550 °C [81].

Figure 11: The interface layer between aluminum and uncoated steel 
materials was observed at varying temperatures, including (a) 510 °C, 
(b) 510 °C local amplifi ed, (c) 550 °C local amplifi ed, and (d) 550 °C local 
amplifi ed [81].
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They stated that some phases formed at the interface between 
the aluminum layers Al5Fe2 and Al3Zr and found that the 
hardness of Al5Fe2 is much higher than that of Al3Zr, which led 
to the brittleness of the thin layer and its fracture. They also 
stated that the thickness of the transition phases increases 
with temperature, as shown in the microstructure in 
Figure 12 [82].

Applications involving diffusion bonding are increasingly 
beneϐiting from the interlayer. By choosing the right kind 
and composition the contact surfaces could be improved, 
interfacial intermetallic compounds could be avoided, and the 
melting point could be lowered [83].

Hirose, et al. used diffusion bonding to combine different 
aluminum alloys with steels. According to their research, when 
Al-5000 aluminum-magnesium alloys are bonded to steel, the 
reaction layers in these alloys grow much more rapidly than 
those in Al-6000 alloys. Consequently, the high magnesium 
(Mg) concentration caused the reaction layer to expand 
quickly and irregularly, resulting in noticeably weak joints 
between Al-Mg and steel. The scientists also noted that many 
samples broke during machining of the tensile test specimens, 
making it impossible to determine the joint strength [84]. 

Furthermore, Hirose, et al. examined how magnesium 
content affected the interfacial reaction in diffusion-bonded 
aluminum-steel junctions. According to their research, the 
magnesium concentration should be kept below 1.0 weight 
percent to achieve acceptable binding strength [85].

In the dissimilar bonding of Al-Fe, Ismail, et al. have 
proven that the presence of gallium does not affect the bond's 
strength. As shown in Figure 13, the microstructure exhibits 
gaps and holes due to inadequate pressure.

Gallium was added to magnesium oxide on Al-Mg surfaces 
to improve bonding. However, every sample broke during 
handling or machining. Two samples used more liquid gallium 
at the joint surfaces, bonding at temperatures of 540 °C and 
above. As shown in Figure 14, the Al-Mg alloy melted suddenly, 
halting the bonding process [34].

According to Wu, et al., using pure aluminum as an 
interlayer in assisted diffusion bonding for both the 1420 
Al-Li alloy and the diffusion bonding of 1420 Al-Li alloy 

and 7B04 Al alloy could result in a strong bonded junction. 
Concentration gradients of alloying elements aid diffusion, 
increasing diffusion ϐluxes and improving interface integrity.

Shirzadi and associates investigated the use of titanium 
interlayers for welding dissimilar junctions between stainless 
steel and aluminum alloy. Because magnesium oxide is 
stable and has little chemical afϐinity, they did not detect any 
reaction. Because there was not enough liquid Al-Cu eutectic, 
the transient liquid phase bonding failed.

Conclusion
Diffusion welding is a versatile and effective method 

for joining alloys, offering strong and durable bonds when 
properly executed. The success of the process depends on 
careful control of temperature, pressure, and time, as well as 
effective management of surface conditions. While challenges 
such as oxide ϐilms and dissimilar-material bonding persist, 
ongoing advancements in surface treatments, process control, 
and materials science are paving the way for improved 
diffusion-welding practices. Continued research and 
technological innovation will further enhance the capabilities 
and applications of this essential joining technique.

Figure 12: A high magnifi cation SEM image of the RLs, (a) Al5Fe2/Al interface 
and (b) Al3Zr/Zr interface [82].

Figure 13: Shows Al-Fe joint topography at various magnifi cations, including 
(a) 72, (b) 500, (c) 1500, and (d) 1500 magnifi cations, using SEM.

Figure 14: The abrupt melting of the Al-Mg alloy as a result of the surface 
migration of magnesium and subsequent eutectic interaction with liquid 
gallium [34].
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