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Abstract: This study investigated the impact of temperature, time, and homogenisation on the tran-
sient liquid phase bonding of Inconel 617 to stainless steel 310, employing AWS BNI2 foil as an 
interlayer. Nine test series were conducted at temperatures of 1050 °C and 1100 °C, with bonding 
durations ranging from 10 to 60 min. The homogenisation process was carried out on specimens 
that underwent full isothermal solidification at a temperature of 1170 °C for 180 min. The micro-
scopic analysis indicated that extending the time and raising the bonding temperature resulted in 
the extension of the isothermal solidified zone, accompanied by a reduction in the quantity of eu-
tectic phases. Complete isothermal solidification was seen exclusively in samples bonded at temper-
atures of 1050 °C for 60 min and 1100 °C for a duration of 50 min. The size of the diffusion-affected 
zone expanded as the bonding temperature and duration rose, but the presence of brittle interme-
tallic phases diminished. The microstructure of the homogenised sample indicated that the diffu-
sion-affected zone had been almost completely eliminated. Hardness variations indicated height-
ened hardness in the diffusion-affected zone (DAZ) and athermal solidified zone (ASZ). Shear 
strength is maximised in homogenised specimens with minimised ASZ. 
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1. Introduction 
Inconel 617, a nickel-based superalloy, is widely used in high-temperature applica-

tions across various industries due to its exceptional mechanical strength, corrosion re-
sistance, and oxidation resistance [1,2]. However, the high cost of Inconel 617 has led re-
searchers to explore the possibility of joining it with more affordable alloys, such as stain-
less steel 310. Stainless steel 310 has a compatible chemical composition, mechanical prop-
erties, and corrosion resistance, making it a suitable candidate to be joined with Inconel 
617. By combining these two alloys, engineers aim to create components that leverage the 
superior properties of Inconel 617 in critical areas while reducing overall material costs. 
This approach can potentially expand the use of Inconel 617 in cost-sensitive industries, 
ultimately leading to improved performance and longevity of critical components in de-
manding environments. Successfully joining Inconel 617 with stainless steel 310 could 
revolutionise the design and manufacture of high-temperature components, enabling 
more cost-effective solutions without compromising performance. 
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The transient liquid phase (TLP) bonding process is a unique joining technique that 
combines aspects of both hard brazing and diffusion bonding [3]. In hard brazing, a mol-
ten interlayer is used to join components, while diffusion bonding relies heavily on the 
diffusion phenomenon. TLP bonding, also known as “diffusion brazing”, bridges the gap 
between these two methods [4,5]. In the TLP process, an interlayer material is sandwiched 
between the components to be joined, serving as a bonding medium. The entire assembly 
is then subjected to heat treatment at a temperature slightly above the melting point of the 
interlayer. This carefully controlled temperature is maintained for a specific duration, al-
lowing the interlayer to melt and the alloying elements from the base metal and the inter-
layer to undergo interdiffusion. As a result of this diffusion process, the molten interlayer 
undergoes isothermal solidification, effectively creating a strong, homogeneous bond be-
tween the joined components. 

The TLP bonding method stands out among other joining techniques due to its 
unique ability to achieve isothermal solidification. This process is crucial in preventing the 
inward diffusion of alloying elements into the melt, which, in turn, effectively inhibits the 
formation of brittle intermetallic phases. By suppressing the growth of these undesirable 
phases, the TLP method significantly enhances the mechanical properties of the resulting 
joint [6,7]. This is a key advantage over conventional melting and solidification processes, 
which typically undergo athermal solidification during continuous cooling. In athermal 
solidification, the inward diffusion of alloying elements into the solidified front is not re-
stricted, leading to detrimental phases that can compromise the mechanical integrity of 
the joint. In contrast, the isothermal solidification during TLP bonding ensures that the 
joint maintains its strength and durability, making it an attractive option for applications 
requiring high-performance bonded components. Another notable feature of the TLP 
method is its ability to produce joints with a higher melting temperature than the initial 
bonding temperature. This phenomenon is attributed to the decrease in the percentage of 
melting-point-depressant (MPD) elements during the bonding process. MPD elements are 
responsible for lowering the melting point of the interlayer material, and as they diffuse 
into the base metal during isothermal solidification, the melting point of the joint increases 
[8]. This characteristic of TLP bonding is particularly advantageous in applications where 
the bonded components are exposed to elevated temperatures, as it ensures that the joint 
maintains its integrity even under harsh operating conditions. 

The TLP bonding process results in a joint with three distinct zones, not including 
the unaffected base metal regions [9]. These zones are the isothermal solidification zone 
(ISZ), the athermal solidification zone (ASZ), and the diffusion-affected zone (DAZ) in the 
base metal. The ASZ forms when isothermal solidification is incomplete, leading to the 
presence of eutectic phases. These phases can be detrimental to the joint’s performance as 
they lower its melting point and potentially degrade its mechanical and chemical proper-
ties [10–12]. Careful control of the bonding process is crucial to minimise the formation of 
the ASZ and ensure optimal joint characteristics. The DAZ, on the other hand, refers to 
the base metal region influenced by the diffusion of alloying elements from the interme-
diate layer used in the TLP process. When the intermediate layer contains boron, the DAZ 
may exhibit the presence of boride compounds, which can impact the local properties of 
the joint. 

The composition of the intermediate layer plays a crucial role in the success of the 
TLP bonding process. Numerous studies have highlighted the significance of incorporat-
ing MPD elements, which effectively lower the melting point of the interlayer material 
[13]. Among the various options for intermediate layers, those containing boron have gar-
nered significant attention due to the unique properties and benefits that boron offers. 
boron has proven to be an effective MPD element, significantly reducing the melting point 
of the interlayer. This reduction in melting point is essential for facilitating the TLP bond-
ing process and ensuring proper diffusion between the interlayer and the base metal. 
Moreover, boron has been found to prevent the formation of intermetallic compounds, 
which can be detrimental to the joint’s mechanical properties. The rapid diffusion of boron 
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into the base metal is another advantageous characteristic, as it promotes the homogeni-
sation of the joint. Research has shown that in the absence of a boron-containing interme-
diate layer, achieving joint homogenisation can be an exceptionally time-consuming pro-
cess, often requiring up to 2 to 3 days [14]. This prolonged homogenisation time can be 
impractical and inefficient for many industrial applications. Additionally, the presence of 
certain MPD elements, such as cadmium, titanium, and aluminium, in some intermediate 
layers has been linked to the formation of harmful intermetallic compounds. These com-
pounds not only deteriorate the mechanical properties of the joint but also pose significant 
challenges to its homogenisation. Malekan et al. demonstrated that the uniform distribu-
tion of boron along the joint grain boundaries was the primary reason for the improved 
creep resistance in joints resulting from the TLP process [15]. In light of these findings, 
carefully selecting the intermediate layer composition, with a particular emphasis on in-
cluding boron, is paramount for optimising the TLP bonding process. By leveraging the 
benefits of boron and avoiding the potential drawbacks associated with other MPD ele-
ments, researchers and engineers can develop high-quality homogeneous joints with su-
perior mechanical properties. 

The bonding temperature in the initial TLP process stage must exceed the intermedi-
ate layer’s melting point. Elevating the temperature enhances the diffusion coefficients of 
various elements, which is crucial for promoting homogenisation and reducing the for-
mation of harmful intermetallic compounds [16]. These intermetallic compounds are det-
rimental due to their lower diffusion coefficients, which hinder the bonding process. How-
ever, it is essential to consider the stability of the base metal structure when selecting the 
bonding temperature. In some cases, excessively high temperatures can compromise the 
base metal’s structural integrity, imposing an upper limit on the maximum bonding tem-
perature. Bonding time also plays a crucial role in reducing the athermal solidification of 
the eutectic zone. A recent study [17] indicated that increasing the bonding time leads to 
the extension of the isothermal solidification zone. However, phase diagrams and infor-
mation related to the diffusion of bonding elements serve as invaluable tools for deter-
mining the optimal bonding time and temperature. Multiple tests are necessary to estab-
lish the ideal bonding parameters for specific alloy combinations. Extensive research has 
been conducted to investigate the relationships between different alloys and their behav-
iour during TLP bonding, providing valuable insights for process optimisation. 

Mobarakeh et al. conducted a study to investigate the influence of temperature on 
the microstructure and mechanical properties of Inconel 617 alloy and stainless steel 310 
joints formed using the AWS BNi2 interlayer through the TLP bonding process [18]. The 
findings revealed that although increasing the bonding temperature resulted in a wider 
isothermal solidification extent, the shear strength of the bonded joints diminished. This 
phenomenon highlights the importance of carefully selecting the bonding temperature to 
balance microstructural development and mechanical performance. TLP-bonded joints of-
ten exhibit concentration variations across the joint areas, indicating a lack of uniform 
concentration after bonding. Post-bonding heat treatment can be employed to address this 
issue and achieve a more homogeneous microstructure. Heat treatment has effectively en-
hanced the microstructural uniformity and mechanical properties of TLP-bonded joints. 
In a separate study focusing on the TLP bonding of nickel-based alloy 718 to stainless steel 
304, researchers discovered that subjecting the bonded specimens to heat treatment sig-
nificantly improved their shear strength [19]. This finding underscores the potential ben-
efits of post-bonding heat treatment in optimising the mechanical performance of TLP-
bonded joints, particularly in applications involving dissimilar alloys. These studies col-
lectively demonstrate the complex interplay between bonding temperature, microstruc-
tural evolution, and mechanical properties in TLP-bonded joints. By carefully controlling 
the bonding parameters and employing appropriate post-bonding treatments, researchers 
and engineers can tailor the microstructure and enhance the performance of TLP-bonded 
joints to meet the specific requirements of various applications. 
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This study aims to address the need for a comprehensive investigation into the bond-
ing of Inconel 617 alloy with stainless steel 310, which has been underexplored in the ex-
isting literature. Understanding the factors that influence the joint properties of these ma-
terials is crucial due to their significant potential in high-temperature and corrosive envi-
ronments. The research focuses on two key aspects: firstly, it examines the impact of tem-
perature and time on the bonded joints’ microstructural development and mechanical 
performance. Secondly, it explores the effects of homogenisation treatments on these con-
nections’ microstructure and mechanical characteristics. By conducting an in-depth anal-
ysis of these factors, this study seeks to provide valuable insights into enhancing the over-
all performance of Inconel 617–stainless steel 310 joints. Additionally, the successful bond-
ing of these materials has important implications for various industrial applications, such 
as aerospace, power generation, and chemical processing, where the combination of high-
temperature strength and corrosion resistance is essential. 

2. Materials and Methods 
In this study, the base metals used were Inconel 617 superalloy (Corotherm Corpo-

ration) and austenitic stainless steel 310 (POSCO Corporation), both in their solution an-
nealing state and in the form of sheets with a thickness of 10 millimetres.  The bonding 
process also involved using an interlayer: an amorphous foil of AWS BNi2 with a thickness 
of 50 microns (Metglass Corporation). The specific chemical compositions of the Inconel 
617 superalloy, austenitic stainless steel 310, and AWS BNi2 interlayer, as provided by the 
manufacturers, are presented in Table 1 for reference. 

Table 1. Chemical composition of different as-received materials. 

Materials C Cr Ni Mo Mn Si Fe Ti Co Al Nb B 
Inc 617 0.06 22.26 Rem 8.73 0.04 0.02 0.4 0.32 12.36 0.87 0.06 - 
SS 310 0.09 25.74 20.31 0.09 1.4 0.96 Rem - - - - - 
BNi2 0.07 7.23 Rem - - 4.6 - - - - - 2.97 

To prepare the base alloys for the bonding process, wire cutting was employed to 
create specimens with dimensions of 10 × 10 × 5 millimetres. The surfaces of these speci-
mens were then treated using sandpapers with grit sizes ranging from 80 to 1200. This 
surface treatment was performed to remove any oxide layers and oil contaminants that 
could potentially interfere with the bonding process. In addition to the base alloy speci-
mens, interlayer foils measuring 50 × 50 millimetres were also cut to size. Both the pre-
pared specimens and the interlayer foils underwent a degreasing process using an ultra-
sonic vibration device with acetone as the cleaning agent. This step was crucial to ensure 
that all surfaces were free from any residual contaminants that could hinder proper bond-
ing. After the degreasing process, the specimens were kept immersed in acetone until the 
bonding procedure commenced. To initiate the bonding process, the interlayer was sand-
wiched between two specimens: one made of stainless steel 310 and the other made of 
Inconel 617. A weight with a mass of 3.9 gr was then placed on top of the assembly, exert-
ing a pressure of 383 pascals. This pressure was applied to reduce the overall bonding 
time and minimise energy consumption, as supported by previous research [20]. Figure 1 
provides a schematic representation of the experimental setup. Figure 1a depicts the ar-
rangement of samples inside the bonding furnace, and Figure 1b presents a three-dimen-
sional image of the connection assembly. Figure 1c,d provide specific measurements for 
this assembly. As depicted, the holder accommodates five samples. Three of these are des-
ignated for shear strength testing, one is allocated for microstructural study, and one 
serves as an extra sample. 
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Figure 1. (a) Description of what is contained in the first-panel schematic of bonded specimens and 
bonding holder. (b) Schematic of the placement of specimens in the bonding furnace. (c,d) Dimen-
sions of the holder (the images have been rotated 180 degrees to understand the shape of the holder 
better) [mm]. 

The bonding process was carried out in a furnace with an argon atmosphere to pre-
vent oxidation. Two different bonding temperatures were selected, namely 1050 °C and 
1100 °C, and the bonding duration varied according to the conditions specified in Table 2. 
The choice of bonding temperature was guided by the recommendations provided by the 
interlayer manufacturer and the findings of previous studies that utilised the same inter-
layer material. The bonding time was determined based on prior research articles, and the 
holding time was gradually increased to observe significant changes. Initially, the con-
servative bonding time of 10 min was selected as a baseline to ensure initial bonding and 
assess the bonding behaviour. Afterwards, the bonding time was increased incrementally 
to 22, 37, 50, and 60 min. Thus, the bonding time increased at constant temperatures until 
the isothermal solidification was completed. The aim was to ensure sufficient bonding 
time to achieve complete and uniform solidification at the selected constant temperatures. 
After the bonding process, the specimens were subjected to a controlled cooling proce-
dure. They were first allowed to cool gradually within the furnace until reaching a tem-
perature of 300 °C. Subsequently, the specimens were removed from the furnace and fur-
ther cooled in ambient air. This controlled cooling approach was adopted to minimise the 
risk of thermal shock and ensure the bonded joints’ integrity. An additional homogenisa-
tion treatment was applied to specimens that exhibited complete solidification after bond-
ing. This treatment aimed to eliminate any concentration differences that may have devel-
oped at the joint interfaces during the bonding process. The homogenisation treatment 
involved placing the specimens in a furnace with an argon atmosphere and heating them 
to a temperature of 1170 °C. The specimens were held at this temperature for a duration 
of 180 min. Following the homogenisation treatment, the specimens were cooled within 
the furnace to a temperature of 300 °C and then allowed to cool further in air. This ho-
mogenisation process aimed to promote a more uniform microstructure and composition 
across the bonded joints. 
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Table 2. Details of bonding processes (temperature and time). 

Number 1 2 3 4 5 6 7 8 9 
Temperature (°C) 1050 1050 1050 1050 1050 1100 1100 1100 1100 

Time (min) 10 22 37 50 60 10 22 37 50 

Following the bonding process and, in certain cases, homogenisation, sections of the 
TLP-processed components were cut and mounted to facilitate microstructural analysis. 
These prepared specimens were then subjected to etching using a specially prepared etch-
ant solution to reveal the microstructural features. The etchant solution was prepared us-
ing a two-step process. In the first step, a solution was created by combining 6 g of iron 
chloride, 2.1 g of ammonium tetrachlorocuprate, and 20 millilitres of distilled water. This 
initial solution served as the base for the final etchant. In the second step, 30 millilitres of 
the previously prepared solution were mixed with an equal volume (30 millilitres) of dis-
tilled water. Additionally, 1 g of potassium disulfate was added to this mixture. The in-
clusion of potassium disulfate in the etchant solution was intended to enhance the contrast 
and clarity of the microstructural features during the etching process. The resulting etch-
ant solution was then applied to the prepared specimens for a duration of 20 s. This expo-
sure time was determined to be optimal for revealing the desired microstructural details 
without causing excessive etching or damage to the specimen surface. 

Electron microscopy techniques were employed to comprehensively analyse the 
bonded specimens’ microstructure and composition. A Philips scanning electron micro-
scope (SEM), model XI30, was utilised to capture high-resolution images of the bonded 
regions. The SEM analysis was performed using two different imaging modes: secondary 
electron (SE) and backscattered electron (BSE) methods. In addition to SEM imaging, en-
ergy-dispersive X-ray (EDX) analysis was conducted to accurately identify the phases 
formed at the bonding site and investigate concentration changes across the bonding in-
terface. For this purpose, a scanning electron microscope equipped with a Seron AIS2300 
EDX system was employed. The EDX technique allows for the determination of the ele-
mental composition at specific locations within the specimen by detecting the character-
istic X-rays emitted by the atoms when excited by the electron beam. 

The American Welding Society (AWS) has established the AWS C3.2 standard, which 
provides guidelines for evaluating the shear strength of brazed joints. According to this 
standard, the dimensions of the joint surface can vary in terms of length and width, pro-
vided that the ratio between the length and width remains proportional [21]. This flexibil-
ity in joint surface dimensions allows for the adaptation of the testing method to different 
brazing applications and materials. However, the use of large quantities of base alloys and 
the need for complex fixtures during the bonding process can pose significant challenges 
in shear strength testing. To address these issues, a specialised shear strength test fixture 
was designed and manufactured based on the specifications outlined in Figure 2. This 
fixture design adheres to the recommended dimensions provided in the AWS C3.2 stand-
ard, ensuring compatibility and reliability in the testing process. One notable aspect of 
this fixture design is the significant simplification of the shape of the shear strength test 
specimens. The fixture accommodates specimens consisting of two pieces, each with a 
surface area of 10 × 10 millimetres and a thickness of 5 millimetres. These two pieces are 
then connected to form a specimen with dimensions of 10 × 10 × 10 millimetres. 



J. Manuf. Mater. Process. 2024, 8, 143 7 of 18 
 

 

 
Figure 2. Drawing and schematic of fixture for shear strength assessment [mm]. 

A specific testing procedure was followed to determine the shear strength of the TLP-
bonded specimens using the custom-designed fixture and a Wolpert FM2750 (Now KB 
Prüftechnik, Stuttgart, Germany) tensile testing machine. The TLP specimens were care-
fully placed into the fixture, ensuring proper alignment and secure positioning. The edges 
of the fixture were then firmly gripped by the machine’s grips, allowing for the application 
of a controlled loading force. The tensile testing machine was used to apply a gradually 
increasing load to the specimens until failure occurred. This process was repeated three 
times for each series of specimens to ensure the reliability and consistency of the shear 
strength results. By conducting multiple tests, any potential variations or anomalies in the 
bonding quality could be identified and accounted for. In addition to the shear strength 
assessment, hardness variations across the bonded joint were evaluated using a Buehler 
Micromet (Uzwil, Switzerland) hardness testing apparatus. This microhardness testing 
technique involved applying a precise load of 50 g according to the ASTM E92 standard 
[22]. The load was maintained for a dwell time of 10 s, allowing the indenter to create a 
small indentation on the specimen surface. 

3. Results and Discussion 
3.1. Microstructural Evolution 

Figure 3 illustrates the microstructure of the base materials, stainless steel 310 and 
superalloy Inconel 617, prior to bonding. The austenitic stainless steel specimens display 
coaxial grains with an average size of 39 microns, while the Inconel 617 specimen exhibits 
austenitic coaxial grains averaging 28 microns in size. The coaxial grain structure of these 
materials is characteristic of their solution-annealed state. 

The microscopic images in Figures 4 and 5 illustrate bonded specimens at tempera-
tures of 1050 °C and 1100 °C, captured at different time intervals. Images Figure 4d,e, 
which represent a specimen bonded for 50 min, demonstrate the threshold of transfor-
mation to a microstructure with complete isothermal solidification. However, eutectic 
phases can still be observed in some areas, indicating that the transformation is not en-
tirely complete at this stage. Figures 4 and 5 consistently reveal that a significant portion 
of the Inconel 617 base metal consists of coaxial austenitic grains with an average size of 
41 microns. In comparison, the steel base metal also contains coaxial austenitic grains with 
an average size of 48 microns. It is noteworthy that, in agreement with similar studies 
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[23,24], the grain size does not exhibit significant variation with changes in bonding time 
and temperature. 

  

Figure 3. The microstructure of base alloys before bonding: (a) stainless steel 310; (b) superalloy 
Inconel 617. 

  

  

  

Figure 4. The microstructure of the bonded specimens at a temperature of 1050 °C and the following 
times (min): (a) 10; (b) 20; (c) 37; (d,e) 50; (f) 60. 
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Figure 5. The microstructure of the bonded specimens at a temperature of 1100 °C and the following 
times (min): (a) 10; (b) 20; (c) 37; (d) 50. 

Figures 4 and 5 reveal a distinct two-phase structure in the interfacial layer zone, 
resulting from both isothermal and athermal solidification. Building upon previous find-
ings [25], the ISZ comprises a nickel-rich pro-eutectic solid solution known as the γ pro-
eutectic phase. In contrast, the ASZ may contain a combination of a nickel-rich pro-eutec-
tic solid solution (γ phase), nickel and chromium-rich boride phases, and nickel-rich sili-
cide phases, contributing to the complex microstructure observed in the interfacial region. 

The micrographs in Figures 4 and 5 clearly demonstrate that as the bonding temper-
ature and time increase, the extent of isothermal solidification increases while the eutectic 
region decreases. Consequently, specimens bonded at 1050 °C for 60 min and at 1100 °C 
for 50 min exhibit a bonding zone devoid of eutectic phases resulting from athermal so-
lidification. This phenomenon can be attributed to the higher diffusion coefficient of ele-
ments involved in eutectic phases, which facilitates their enhanced diffusion into the base 
metal at elevated temperatures [26]. Figure 6 illustrates the changes in the extent of iso-
thermal solidification as a function of varying bonding time and temperature, providing 
a comprehensive overview of this microstructural evolution. 

 
Figure 6. The changes in the extent of isothermal solidification with variations in bonding time and 
temperature. 
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Figures 4 and 5 also provide insights into the DAZ, which is influenced by the diffu-
sion of MPD elements from the interfacial layer into the base alloys. A similar study [27], 
which utilised the BNi2 interlayer for TLP bonding of nickel-based superalloys or stainless 
steels, identified boron diffusion into the base alloys as the primary factor contributing to 
the formation of the DAZ. Boron, known for its significantly high diffusion coefficient in 
nickel and iron, rapidly diffuses into these metals at a relatively high speed, forming in-
termetallic phases with the elements present in the adjacent alloys. The extent of the DAZ 
varies between the two base alloys. In nickel-based superalloys, such as Inconel 617, the 
length of the DAZ ranges from 40 to 80 microns. In contrast, the DAZ in stainless steel 
alloy 310 is comparatively more minor, varying between 35 and 60 microns. The more 
extensive DAZ observed in Inconel 617 can be attributed to several factors, including the 
finer grain structure of Inconel 617, increased grain boundary activity at elevated temper-
atures, and the higher boron diffusion coefficient in nickel compared to iron [26]. These 
factors collectively contribute to the enhanced diffusion of boron and the subsequent for-
mation of a more pronounced DAZ in the nickel-based superalloy. 

Figure 7 illustrates the microstructure of the TLP-bonded specimen after being 
heated to 1050 °C for 60 min, followed by a homogenisation process at 1170 °C for 180 
min. The homogenisation process aims to reduce concentration differences in the DAZ by 
decreasing the concentration of various elements, especially MPD elements, to levels be-
low their maximum solubility at ambient temperature. As shown in Figure 7, the bound-
ary between the DAZ and the interfacial layer zone has vanished due to the significant 
increase in element diffusion during homogenisation. Additionally, the high temperature 
and extended duration of the homogenisation process have increased the base alloys’ av-
erage grain size, with stainless steel 310 reaching approximately 140 microns and Inconel 
617 reaching around 120 microns. 

  

Figure 7. Microstructure of the bonded specimen at a temperature of 1050 °C and a time of 60 min 
after homogenisation at a temperature of 1170 °C for 180 min: (a) bonded zone; (b) Inconel 617 base 
alloy zone. 

EDS analysis was performed to characterise the phases formed in the bonded zones 
of TLP-bonded specimens. The EDS mapping analysis of the interfacial layer zone reveals 
the dissolution and diffusion of iron, cobalt, and molybdenum elements from the base 
alloys into this region. This phenomenon, known as melt-backing of the interfacial layer, 
has been reported in other studies [8,16] and occurs due to the unequal diffusion rates of 
MPD elements in the DAZ and incomplete isothermal solidification in short durations, 
allowing some elements from the base alloys to diffuse into the interfacial layer. 

Figure 8 illustrates that the melt-back phenomenon increases with the rise in bonding 
temperature and duration. However, silicon is only present in the interfacial layer due to 
its low diffusion coefficient in Inconel 617 and stainless steel 310, even after homogenisa-
tion. Some research studies suggest that eliminating silicon concentration requires an ex-
tensive homogenisation period (approximately 24 h or more) [28]. Figure 8a shows the 
concentration of chromium and nickel elements in the DAZ of Inconel 617 and the high 
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concentration of chromium in the DAZ of stainless steel. This phenomenon is attributed 
to the presence of intermetallic phases rich in these elements in the DAZ regions of the 
specimens. After homogenisation, as shown in Figure 8b, the concentration of these ele-
ments in the intermetallic phases is reduced, leading to a decrease in their overall concen-
tration in the DAZ. The EDS analysis provides valuable insights into the elemental distri-
bution and phase formation in the bonded zones of TLP-bonded specimens. The melt-
back phenomenon and the presence of intermetallic phases in the DAZ are important fac-
tors to consider when optimising the bonding process and understanding the microstruc-
tural evolution of the bonded joints. 

 
Figure 8. EDS mapping analyses of the bonded specimen at (a) 1050 °C and of 22 min, and (b) after 
homogenisation 1170 °C, 180 min. 

Figure 9 presents the results obtained from point and line EDS analyses of specimens 
TLP-bonded at 1050 °C for 22 min. The figure includes the specimen’s SEM image and 
separate analysis results for the ASZ and ISZ. Based on the peaks of chromium, silicon, 
and iron elements in the chart shown in Figure 9a, it can be deduced that the phase present 
in the ISZ is a solid nickel-based solution with dissolved chromium, silicon, and iron. Sim-
ilarly, the chart presented for the ASZ in Figure 9b suggests the presence of boride-rich 
eutectic phases containing nickel, chromium, and silicide. These findings are further sup-
ported by the line EDS analyses shown in Figure 9c, which reveal an increase in the inten-
sity of nickel and chromium curves at the centre of the bonded zone. 
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Figure 9. Point EDS and linear EDS analyses of TLP-bonded specimen at 1050 °C and 22 min: (a) 
isothermal point; (b) athermal point; (c) linear EDS; (d) SEM image. 

Figure 10 presents SEM images at various magnifications to observe silicide phases, 
nickel–chromium borides, and nickel borides in the ASZ of the specimen bonded at 1050 
°C for 22 min. The area outlined with a frame in each image is further magnified in the 
adjacent image. Using the backscattered electron method, where lighter phases appear 
darker, nickel–chromium boride phases are observed to be darker than nickel borides in 
Figure 10. The formation of this structure begins with the solid pro-eutectic γ phase at the 
interface between the molten interlayer and base alloys, which grows while simultane-
ously rejecting boron and chromium elements to the remaining melt. As the specimen 
cools, the concentration of the remaining melt reaches the eutectic formation concentra-
tion, forming a pro-eutectic solid solution γ and nickel-rich boride. The remaining melt, 
now high in chromium concentration, undergoes a subsequent eutectic transformation, 
converting another portion of the melt into eutectic γ and nickel–chromium boride. Fi-
nally, as the silicon concentration in the remaining melt reaches a critical point, it under-
goes a eutectic transformation, forming a ternary eutectic consisting of γ, nickel silicide, 
and nickel boride [25,29,30]. These observations provide valuable insights into the com-
plex microstructural evolution that occurs during the TLP bonding process, particularly 
in the ASZ. The formation and distribution of various phases, such as silicides, borides, 
and the pro-eutectic γ phase, are crucial in understanding the mechanical properties and 
performance of the bonded specimen. 

 
Figure 10. SEM images of the ASZ at different magnifications: (a) 50 µm; (b) 10 µm; (c) 5 µm. Temp: 
1050 °C. Time: 22 min. 

The SEM image in Figure 11a shows the TLP-bonded specimen at 1050 °C for 60 min, 
revealing a microstructure devoid of ASZ and a significantly reduced DAZ. Figure 11b 
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presents the SEM image of the same specimen after homogenisation at 1170 °C for 180 
min. As previously mentioned, this image exhibits no visible traces of DAZ or the interfa-
cial layer, indicating that the homogenisation process has effectively eliminated these dis-
tinct zones, resulting in a more uniform microstructure across the bonded region. 

  

Figure 11. SEM images of a bonded specimen: (a) Temp: 1050 °C. Time: 60 min. (b) After homoge-
nisation. Temp: 1170 °C. Time: 180 min. 

Figure 12 presents SEM images at various magnifications, revealing three types of 
boride intermetallic compounds in the DAZ of Inconel 617. The area outlined with a frame 
in Figure 12a is further magnified in Figure 12b,c. EDS analysis of this specimen, sup-
ported by previous studies [10,24], suggests that these compounds likely contain molyb-
denum, chromium, and nickel. Additionally, the reduced solubility of carbon in the sup-
eralloy Inconel 617 may lead to the formation of carbide and carbo-boride phases contain-
ing molybdenum, nickel, and chromium. Research suggests that these precipitates ini-
tially form at the grain boundaries and subsequently spread within the grains as the bond-
ing time increases [31]. 

 
Figure 12. The SEM images of DAZ of Inconel 617 at different magnifications: (a) 50 µm; (b) 
backscattered electron image, 10 µm; (c) image of secondary electrons, 10 µm. Temp: 1050 °C. Time: 
22 min. 

Figure 13 shows the DAZ of the stainless steel 310 specimens, revealing precipitations 
with needle-like and plate-like morphologies. The area outlined with a frame in Figure 
13a is further magnified in Figure 13b,c. The size of these precipitations becomes coarser 
as the distance from the interlayer–alloy base interface increases. Based on the EDS results 
presented for this specimen and a review of similar research findings [27], these precipi-
tations are likely carbides, borides, and carbo-borides containing iron and chromium. The 
formation of carbides in this region is influenced by the role of boron in reducing carbon 
solubility in iron and promoting its release. 
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Figure 13. SEM images of DAZ of AISI 310 at different magnifications: (a) 50 µm; (b) 20 µm; (c) 10 
µm. Temp: 1050 °C Time: 22 min. 

3.2. Mechanical Characterisation 
3.2.1. Microhardness 

Figure 14 presents the microhardness test results, showing the variations in hardness 
based on the distance from the centre of the joint at different bonding times. Figure 14a 
illustrates the hardness variations in the stainless steel 310 range (−0.03 to −0.12 microns), 
Figure 14b shows the hardness changes in the Inconel 617 range (0.03 to 0.12 microns), 
and Figure 14c represents the hardness variations in the interface layer (−0.02 to 0.02 mi-
crons). According to the chart, at bonding times of 10, 22, 37, and 50 min, the hardness at 
the centerline of the bonded zone is approximately 430 Vickers. However, at a bonding 
time of 60 min, the hardness decreases to around 230 Vickers due to the elimination of 
hard eutectic phases. At a distance of 0.02 microns from the joint centre, all specimens 
exhibit a hardness of approximately 230 Vickers, which is attributed to the presence of an 
austenitic pro-eutectic phase resulting from isothermal solidification in these specimens. 
The hardness at a distance of 0.03 from the centerline (DAZ) is significantly higher than 
the adjacent zones and gradually decreases with a mild slope as the bonding time in-
creases. This phenomenon is attributed to the increased boron diffusion distance with pro-
longed bonding time, which reduces the concentration of hard intermetallic phases in this 
zone [26]. Additionally, this phenomenon causes an increase in hardness in regions that 
are farther from the interlayer. The microhardness test results provide valuable insights 
into the hardness distribution across the bonded joint and the effect of bonding time on 
the hardness profile. The variations in hardness can be correlated with the microstructural 
changes occurring during the bonding process, such as the elimination of hard eutectic 
phases and the presence of the austenitic pro-eutectic phase resulting from isothermal so-
lidification. Furthermore, the increased boron diffusion distance with prolonged bonding 
time plays a crucial role in reducing the concentration of hard intermetallic phases in the 
DAZ, leading to a gradual decrease in hardness in this region. 

 



J. Manuf. Mater. Process. 2024, 8, 143 15 of 18 
 

 

 

 

Figure 14. Microhardness variation influenced by bonding time in different areas of TLP specimens 
at 1050 °C: (a) stainless steel 310; (b) interlayer zone; (c) Inconel 617. 

Figure 15 presents the microhardness test results of the TLP-bonded sample at 1050 
°C for 60 min before and after homogenisation. The figure reveals a uniform trend in hard-
ness variations across all bonded zones after homogenisation, suggesting a homogenised 
chemical composition and microstructure in various regions of the base alloys. This ho-
mogenisation is attributed to the diffusion of boron into different alloy regions, which 
eliminates its concentration gradient and leads to the dissolution of brittle boride interme-
tallic phases. 

 

Figure 15. Microhardness variation after homogenisation. 

3.2.2. Shear Strength 
Figure 16 compares the results of the shear strength tests performed on the bonded 

specimens. The data reveal that, at a constant temperature, the shear strength of the spec-
imens increases with increasing bonding time. This phenomenon can be attributed to the 
increase in the ISZ, the reduction in eutectic brittle phases, and the decrease in intermetal-
lic brittle phases in the DAZ. The highest shear strength is observed for the specimen 
bonded at 1050 °C for 60 min, which subsequently underwent homogenisation at 1170 °C 
for 180 min. This occurrence is due to the complete elimination of the DAZ and the ASZ 
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in this specimen. The homogenisation process’s high temperature and extended duration 
effectively eliminate the concentration gradient at the bonding interface, resulting in a 
specimen devoid of intermetallic phases [29]. 

 
Figure 16. Shear strength test of bonded specimens. 

Interestingly, Figure 16 also demonstrates that the shear strength of the specimen 
bonded at 1050 °C for 60 min is higher than that of the specimen bonded at 1100 °C for 50 
min. Although both specimens exhibit fully isothermal solidification, the lower shear 
strength of the sample bonded at 1100 °C is attributed to the increased grain growth that 
occurs at higher bonding temperatures. These findings highlight the importance of opti-
mising the bonding time, temperature, and post-bonding homogenisation treatment to 
achieve the desired microstructure and mechanical properties in TLP-bonded joints. Elim-
inating brittle phases and reducing concentration gradients through appropriate process 
parameters and homogenisation treatments are crucial for obtaining high-strength 
bonded joints. 

4. Conclusions 
This study employed the TLP bonding process to join stainless steel 310 to Inconel 

617. The bonding experiments were carried out at temperatures of 1050 °C and 1100 °C, 
with bonding durations varying from 10 to 60 min. The investigation yielded the follow-
ing significant findings: 
1. Complete isothermal solidification occurred in samples bonded at 1050 °C for 60 min 

and 1100 °C for 50 min. 
2. Increasing bonding time and temperature expanded the isothermal solidification 

zone, reducing eutectic phase content. Higher temperatures and longer times in-
creased diffusion-affected zone, lowering eutectic phase concentration. 

3. The athermal solidified zone contained nickel-rich boride, nickel–chromium-rich bo-
ride, silicide phases, and nickel-based solid solution. The isothermal solidified zone 
is comprised of nickel-based proeutectoid solid solution. 

4. Homogenisation treatment eliminated concentration gradients in the diffusion-af-
fected zone, enhancing the mechanical properties of bonded joints. 

5. As the bonding time and temperature rose, the rate of hardness variation decreased, 
and the shear strength of the bonded specimens increased. 
This study provides valuable insights into the TLP bonding process of stainless steel 

310 to Inconel 617, emphasising the importance of optimising bonding parameters to 
achieve complete isothermal solidification and minimise detrimental phases. The applica-
tion of homogenisation treatment effectively enhances mechanical properties by eliminat-
ing concentration gradients in the diffusion-affected zone. These findings contribute to a 
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better understanding of microstructural evolution and mechanical behaviour in TLP-
bonded joints between these alloys, which can be utilised to develop high-performance 
joints for various industrial applications. Also, the study acknowledges limitations, in-
cluding the use of an argon atmosphere and constraints in pressure investigation during 
bonding. Future research directions encompass long-term performance studies under var-
ious operational conditions, the integration of computational modelling with experi-
ments, and specific investigations into fatigue resistance, grain boundary effects, and cor-
rosion resistance of TLP-bonded joints. These proposed areas of study aim to address cur-
rent limitations and advance the current understanding of TLP bonding in high-perfor-
mance alloy systems, particularly for Inconel 617–stainless steel 310 joints. The research 
directions will contribute to developing more robust and efficient joining processes for 
industrial applications, especially in high-temperature and corrosive environments such 
as gas turbine components. This comprehensive approach will further enhance the ap-
plicability and reliability of TLP bonding in critical industrial sectors. 
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