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A B S T R A C T   

In this research, along with the joining of the gas turbine fuel nozzle part from austenitic stainless steel 316L 
alloy with BNi-2 interlayer by the transient liquid phase bonding process, microstructure test, shear strength and 
tensile strength tests have been placed. Bonding at a temperature of 1080 ◦C and a holding time of 45 min has led 
to the completion of isothermal solidification in the bonding zone. Microstructural and phase investigations 
showed that austenitic stainless steel 316L undergoes phase transformation after exposure to temperature con-
ditions and the δ ferrite phase is formed as separate areas due to the diffusion of the solid state of ferrite-forming 
elements, and the grains of the base metal are 32 μm have reached 43 μm, which has caused a decrease in the 
shear strength of the base metal from 362 MPa to 347 MPa. Despite the completion of isothermal solidification in 
the joint centerline due to the boron diffusion of the solid state into the base metal and achieving the maximum 
shear strength of the joint (402 MPa), two generations of boride deposits have been formed. The first-generation 
borides based on nickel-iron-chromium-molybdenum are formed during heating up to the bonding temperature, 
and the second-generation boride deposits are based on iron-chromium-molybdenum, which were deposited in 
situ during the isothermal solidification stage. The microhardness test confirms the uniform distribution of 
hardness in each of the bonding zones, which feedback was determined in the tensile strength test. The tensile 
strength of the bonded sample was 485 MPa, which is approximately 82 % of stainless steel 316L. In both shear 
and tensile tests, the presence of small dimples indicates the ductile failure of the joint samples in base metal.   

1. Introduction 

Among the large family of steels, stainless steels are widely used 
because of their variety of structural properties [1]. Corrosion resis-
tance, high tensile strength, high durability, temperature resistance, 
ease of deformation, and mass manufacturing capabilities are some of 
the most crucial characteristics of stainless steel [2]. Among the five 
well-known families of stainless steels (austenitic, ferritic, martensitic, 
precipitation-hardening, and duplex), the austenitic family of stainless 
steels (group 300) is designed for applications that require excellent 
corrosion resistance and good performance at high and low tempera-
tures (and even below zero) [3]. Austenitic stainless steel 316L was 
created by adding molybdenum to austenitic stainless steel 304L/304, 
improving its corrosion resistance in medium corrosive environments. 
This alloy has high resistance to chloride pitting corrosion [4]. Due to its 

good structural stability, 316L austenitic stainless steel is used in heat 
exchangers, pumps, pressure vessels, chemical plants, power generation, 
food storage tanks, medical implants, marine structures, food processing 
equipment and textiles [5]. 

This alloy is used either alone or in combination with other alloys to 
create a variety of industrial equipment, such as the structural compo-
nents of land and air gas turbines, high-temperature engines, and 
exhaust parts [6,7]. Stage 1 shroud in 7B gas turbines was made by 
General Electric Corporation using 316 stainless steel with an 
oxidation-resistant coating [8]. Nuclear power facilities and aerospace 
sector equipment are both built using a mix of austenitic stainless steel 
316L and Inconel 718 superalloy. For instance, Alstom Power Sweden 
has produced turbine engines using the 316L/718 dissimilar joint [9]. 
According to Sashank et al. [10] investigation of austenitic stainless steel 
to martensitic joints in atomic applications, dissimilar joints between 
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austenitic and martensitic stainless steel are required in steam carrying 
pipes, headers, superheaters and reaction tubes in order to meet 
strength, cost, production, and service requirements. They claimed that 
in nuclear applications, nickel-based filler metals might be utilized to 
link P91ferritic/martensitic steel with 316 austenitic stainless steel. 
Dissimilar joints of Inconel 625 and stainless steel 316 are used in 
chemical processing equipment at high-temperature, especially in 
chromic acid calcining procedures [11]. 

One of the frequent issues during procedures when some heating 
occurs in various ways and for different causes is hot cracking in 
austenitic stainless steels. A form of cracking known as hot tearing 
happens during hot operations such as melting, casting or welding. In 
the welding of austenitic stainless steels, a variety of hot cracking may 
happen: A molten phase in the molten zone causes solidification 
cracking (Supersolidus cracking), liquation cracking in the heat-affected 
zone, which is accompanied by melting in the grain boundaries, and 
solidification cracking in the weld metal, which is more common and 
more destructive than the other two types of cracking [12]. Kujanpaa 
et al. [13] examined solidification cracking in austenitic stainless steels 
by using a spot-varestraint test with laboratory and industrial heating. 
They stated that the development of solidification grain boundaries, 
interfacial phase energy and phase transformation that take place during 
solidification govern the nucleation and propagation of solidification 
cracks. They claimed that crack nucleation is brought on by certain 
austenitic alloys’ early solidification austenitic condition. Sulfur as an 
impurity might exacerbate the solidification cracking condition. 
Ferrite-austenite solidification (FA) mode inhibits the nucleation and 
propagation of cracks during solidification. Cracks that are formed 
during solidification may readily be filled with melts of filler metal. 

Although the brazing process does not have the problems mentioned 
above that are present in fusion welding processes, the strength of the 
joint can still be as strong as the base metal because intermetallic 
compounds present in the brazing process are susceptible to crack 
initiation and propagation has no existence. Kemmenoe et al. [14] are 
investigated the strength of joints by lap configuration design of stain-
less steel 316 that brazed by nickel-based amorphous foils (MBF-20, 
MBF-51, and MBF-67) containing elements that lower the melting points 
of boron, silicon, and phosphorus at 1090 ◦C/15 min condition. The 
results of the mechanical and microstructural examinations of the joints 
revealed that the hard microconstituent particles in the joints were to 
blame for the joint fracture. These particles lessen the flexibility as well 
as the strength of the brazed specimen. Additionally, by producing high 
residual stresses (through differential thermal contraction), these 
pseudo-eutectic hard particles that compounds rich in nickel-boron, 
chromium-boron, and nickel-chromium-phosphorus cause stress con-
centration in the elastic and plastic discontinuity and reduce the 
Adhesion and cohesion the joint and finally failure happens along these 
hard particles. In a different study, Zhang et al. [15] brazed the high 
Nitrogen austenitic stainless steel by Ni–Cr–P based filler metal at 950, 
1000, and 1050 ◦C for a holding time of 20 min. The microstructural 
analysis revealed that at the aforementioned joining temperatures, (Ni, 
Cr)3P compounds are continuously formed in the centerline of the bond, 
and Cr2N compounds are composed at the bonding zone/stainless steel 
interface. As the temperature rises, their volume decreases and the shear 
strength of the joint increases. Due to the lack of Cr2N formation in the 
joint and the reduction of (Ni, Cr)3P, the sample at 1050 ◦C/20 min has 
the best shear strength (163 MPa). 

If the holding time at the joining temperature is prolonged enough, 
elements that reduce the melting point of the filler metal (such as boron, 
silicon, phosphorus, and carbon) can diffuse to the base metals in the 
molten state and their amount in the joint is reduced to such an extent 
that it becomes less than the amount required for the formation of 
destructive and brittle intermetallic compounds. Thus, it is possible to 
achieve a single-phase solid solution joint. This step, which is known as 
isothermal solidification, is the basis of the transient liquid phase 
bonding process or diffusion brazing [16]. Emami et al. [17] 

investigated the microstructure formation mechanism and solidification 
sequence in the joint by transient liquid phase bonding Inconel 718 
superalloy to stainless steel 316L with a 2-BNi interlayer at temperatures 
between 1030 ◦C and 1110 ◦C and holding times between 1 and 30 min. 
They claimed that limited storage durations result in the formation of 
hard borides rich in nickel and chromium, such as Ni3B/Ni2B and 
CrB/Cr2B3, which would have a negative impact on corrosion and me-
chanical qualities at high-temperatures. The single-phase area rich in 
nickel (γ - Ni) will, however, continue to develop in the joint when 
holding time is increased, which improves the mechanical characteris-
tics (especially shear strength). Besides increasing the holding time, 
another important variable is the bonding temperature. Increasing the 
bonding temperature before the critical temperature (the maximum 
temperature above which increasing the holding time cannot decrease 
the isothermal solidification time [18]) can be effective in reaching a 
reasonable holding time in the isothermal solidification stage. Tazkieh 
et al. [19] stated that in the transient liquid phase bonding of Inconel 
939 superalloy with BNi-2 interlayer, they found that increasing the 
bonding temperature (1060, 1120 and 1180 ◦C) at a constant holding 
time (45 min) can make athermal solidification zone (ASZ) as 
completely removed and created a complete isothermal solidification 
zone free of continuous eutectic compounds. This issue has caused a 
uniform distribution of elements along the joint seam, which has 
resulted in an increase in joint efficiency and shear strength in the 
jointed sample at 1180 ◦C/45 min condition. 

Many fuel nozzles are often employed in gas turbines to inject fuel 
into the combustion chamber. These fuel nozzles are constructed from a 
number of components that are joined together using a brazing or 
welding procedure. The inability to master the inner components, re-
sidual stress and intrinsic welding issues in the fusion welding process, 
as well as the presence of several non-metallic compounds in the brazing 
process, make it challenging for the part to operate at high- 
temperatures. 

To the best of the authors’ knowledge, there is no published report 
regarding joining a multi-component fuel nozzle composed of austenitic 
stainless steel 316L together via a procedure known as transient liquid 
phase bonding (TLP). Thus, in this study, a multi-component fuel nozzle 
composed of austenitic stainless steel 316L is joined together via the TLP 
method (Fig. 1). Next to the nozzle, laboratory samples with standard 
dimensions are placed to check the microstructure, shear strength and 
tensile strength. Eventually, the details of TLP bonding joints are pro-
vided in the present study. 

2. Materials and methods 

2.1. Materials 

The substrate for this study was a plate of austenitic stainless steel 
316L. The chemical composition of the substrate was determined by the 
FOUNDRY-MASTER Pro2 model optical emission spectrometric analysis 
method that particularly calibrated stainless steels (Table 1). Amor-
phous filler metal BNi-2 is used as the bonding agent, whose chemical 
composition is listed in Table 2, along with its general characteristics. 

2.2. Preparation and diffusion brazing 

Austenitic stainless steel sheet 316L has been cut using a wire electric 
discharge machine to create samples that are 40 × 10 × 5 mm3 in size. 
All of the sample surfaces were smoothed with sandpaper ranging from 
60 to 1200, and the bonding surfaces were polished with water before 
being cleaned with distilled water and preserved in alcohol until the 
bonding. The samples with foil were cleaned ultrasonically for 1 h. A 
pressure of 0.3 MPa was then applied to the joint by screws after the 
samples were set in a heat-resistant austenitic stainless steel 310 holder 
with a full overlapping joint design, which is the interlayer between the 
adjacent surfaces of the joint (Fig. 2a). The joining process was carried 
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out in a vacuum furnace with a 10− 6 torr vacuum. For diffusion brazing, 
a bonding temperature of 1080 ◦C and a holding time of 45 min have 
been used. The heating rate of the assembly was 10 ◦C/min, and it cools 
at a rate of 8 ◦C per minute. The transient liquid phase bonded sample 
has the 40 × 10 × 10 mm3 size (Fig. 2b). It is cut according to Fig. 2c, 
subsequently, one sample for optical and electron metallography, one 
sample for hardness test and three samples for shear strength test were 
obtained. 

The tensile test samples were made from round pieces of stainless 
steel 316 L that had a diameter of 10 mm and a length of 8 mm. A lathe 
was used to prepare the surfaces adjacent to the bond. To complete the 
bonding operation, a special holder is used, the design of which is shown 
in Fig. 3a. After degreasing, washing with alcohol and acetone, and 
placing the interlayer between the surfaces adjacent to the joint, three 
tensile test samples were tested under the same conditions as above 
(bonding temperature 1080 ◦C and holding time 45 min). The image of 
the tensile test samples after the bonding operation is shown in Fig. 3b. 

2.3. Characterization 

2.3.1. Microstructural and phase characterization 
The cut samples were mounted with cold epoxy adhesive to retain 

their qualities and avoid abrupt changes brought on by heat, allowing 
for the best possible handling of their preparatory tasks. They were 
cleaned with distilled water and alcohol after being sanded using SiC 
sandpaper with numbers 60 to 3000. The samples were polished using a 
Struers polishing pad and 0.05 μm alumina after being polished with 1 
μm alumina initially. With the use of 10 ml H2O+10 ml HCl+10 ml 
HNO3 and Murakami 100 ml H2O+10gKOH+ 10gK3Fe(CN)6 solutions, 
the polished base and bonded metal samples were etched, respectively. 
The AxiotechZIESS optical microscope equipped with Clemex image 
analysis software was used for imaging, determining the size of the base 
metal grains and examining the extent of different zones of the bonded 
area. FEIAccura TM 850 field emission scanning electron microscope 

equipped with X-ray spectroscopy based on energy distribution (EDS) 
Oxford-Instrument INCA 400 X-Max model was used to evaluate the 
chemical composition in point, line and area mode. X-ray diffraction 
(XRD) patterns of the as-received were prepared with a PHILIPS PW 
3040 with CuKα X-ray wavelength. 

2.3.2. Mechanical characterization 

2.3.2.1. Macro and microhardness measurements. Based on the ASTM 
E384 standard, macro and microhardness tests have been carried out. 
The base metal’s variations in hardness both before and after the 
bonding have been examined using the macrohardness test. The hard-
ness was measured using a Rockwell hardness tester (C scale) at 5 places, 
and the findings were then presented as an average. The microhardness 
distribution, which depicts the distribution of phases and constituents 
along the joint, was assessed using a microhardness test. Under a 10 g 
load, a Vickers Letizmicrohardness tester was used. The findings of the 
linear microhardness assessment conducted in 3 regions are presented as 
an average. 

2.3.2.2. Shear strength testing. To investigate the room temperature 
shear strength of base metal in as-received, in heat treatment (1080 ◦C/ 
45 min) conditions, and also the bonded samples, the shear test was 
used. To perform the shear test, a clamp was used to apply shear stress 
directly to the bonding line [20]. The test was performed according to 
the ASTM D1002 standard at a speed of 1 mm/min with a Universal 
device. 

2.3.2.3. Tensile strength testing. A tensile test based on the ASTM E8 
standard was performed to examine the tensile characteristics of the 
base metal samples of austenitic stainless steel 316L and bonded and the 
final samples depicted in Fig. 3c. After the machining process, the gage 
section was longitudinally sanded with 800 grit sandpaper to entirely 
remove the machining markings. It was carried out at room temperature 
at a speed of 1 mm/min using a Universal machine. The fracture surface 
of the samples was studied using a field emission scanning electron 
microscope to ascertain the mode and mechanism of failure after the 
shear strength and tensile strength tests were completed. 

3. Results and discussion 

3.1. Microstructure of base metals before heat treatment 

Fig. 4 shows the microstructure of austenitic stainless steel 316L in 
as-received condition (rolled and annealed) at two magnifications of 
50× and 200X. As can be seen, the microstructure of austenitic stainless 
steel 316L is a single phase with fine equiaxed distributed in the matrix. 
Fig. 5 depicts the stainless steel 316L X-ray diffraction pattern before 

Fig. 1. a) Gas turbine fuel nozzle and b) Transient liquid phase (TLP) bonding of blade to body.  

Table 1 
Chemical composition of stainless steel 316L as base metal (wt.%).  

Element Fe C Cr Ni Mo 10 

Content Bal. 0.03 17 10.5 2.1 1.3  

Table 2 
Chemical composition (wt.%), solidus and liquidous temperature (◦C) of nickel- 
based BNi-2 amorphous foil.  

Element Ni Cr Si B C Fe Solidus Liquidous 

Content Bal. 7 4.5 3.2 0.06 1.5 959.2 1012.3  
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heat treatment (joining). It is clear that the most diffraction from the 
plane (1 1 1), (0 0 2) and (0 2 2) is obtained from the Face Centered 
Cubic structure (FCC), which can be seen to be the dominant matrix of γ 
austenitic structure (solid solution). The quantity of ferrite in the 
microstructural measurements was so little that it could not be seen, but 
only one peak of the body-centered cubic structure from the (1 1 0) 
plane could be seen in the X-ray diffraction pattern. Based on the quasi- 
binary iron-nickel-chromium phase diagram, considering the position of 
austenitic stainless steel 316L on it and the ratio of equivalent chromium 
to equivalent nickel, it is possible to predict the phases formed during 
solidification of the alloy (or welding without filler metal). Austenitic 
stainless steel AISI316L, having a ratio of chromium equivalent to nickel 
equivalent to 1.71, has an Austenite-Ferrite (FA) solidification mode. 
That is, during cooling to room temperature, it passes through four 
phase regions, which from the highest to the lowest temperature are: 
L+δ+γ region, δ+γ region, pure austenite region and two-phase δ+γ 
region [21]. This means that δ+γ phases must be present at room tem-
perature, but based on the X-ray diffraction pattern of the as-received 
sample (Fig. 5a), the amount of ferrite identified was very low; how-
ever, its presence cannot be denied. The average grain size is measured 
based on ASTM E12 standard, 32 μm. Some annealed twins are seen 
inside the grains, which are caused by rolling and annealing operations. 
The average value of microhardness of the background and the hardness 
of the mass in the base metal sample of 316L were measured around 176 
HV10 and 31 HRC, respectively. 

3.2. Microstructure evolution of base metal after heat treatment 

Fig. 6 indicates the optical microscopy images of the microstructure 
of austenitic stainless steel 316L after exposure to 1080 ◦C for 45 min in 

two magnifications, 50× and 200X. It is completely clear that at this 
condition, the grain size of the base metal grew (43 μm), which is in 
terms of recrystallization during heat treatment [22], and the interesting 
thing is that the annealed twins are completely were omitted. Thus, the 
microstructure remains in the form of equiaxed grains. According to 
Fig. 6, it can be observed that the ferrite phase grew as dark areas in high 
magnification and can be determined. Fig. 5b indicates the X-ray 
diffraction pattern of the base metal sample heat-treated at 1080 ◦C for 
45 min. In the X-ray diffraction pattern, the peak of the (1 1 0) plane, 
which is due to the δ ferrite phase, seems with higher intensity, and next 
to it, the peaks of the (2 0 0) and (2 1 1) planes are seen, which indicates 
the presence of the phase ferrite is δ. It seems that the presence of a very 
small amount of ferrite δ in the context of austenitic stainless steel 316L 
has acted as a nucleation site for the transformation of the austenite 
phase to ferrite. During heat treatment, the presence of molybdenum 
and chromium elements, which stabilize the ferrite phase, penetrated 
into the ferrite phase due to the solid state diffusion process and helped 
the growth of the ferrite phase. Therefore, it can be claimed that the 
presence of ferrite phase (even in very small amounts) acts as a well for 
the absorption of ferrite stabilizing elements [23]. Hardness in terms of 
grain growth and recrystallization is decreased to 26 HRC. It must be 
mentioned that the carbide peak (M23C6) was not identified in X-ray 
diffraction pattern. This part, which is formed through storage or slow 
cooling in the temperature range of 600–900 ◦C, has a destructive 
impact on the corrosion and mechanical properties of austenitic stainless 
steel 316L [24]. 

3.3. Microstructure of bonded zone 

Fig. 7 shows the optical micrographs of the microstructure of TLP- 

Fig. 2. a) Scheme of a holder made of austenitic stainless steel 310, b) A sample of austenitic stainless steel 316LTLP bonded under condition of 1080 ◦C for 45 min 
and c) A cut sample for optical and electronic metallographic tests, microhardness and shear strength testing. 
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bonded austenitic stainless steel 316L by amorphous BNi-2 foil with a 
thickness of 50 μm with a holding time of 45 min at a bonding tem-
perature of 1080 ◦C. This figure is prepared in two magnifications,×50 
and ×200, to show the microstructure of the base metal along with the 
microstructure of the joint. As can be seen in Fig. 7a, the bonding zone is 
clearly defined as a thin strip with a thickness of 52 μm in the centre, 
where stainless steel 316L is positioned at the top and bottom of the 
bonding zone. Fig. 7b demonstrates that the bonding zone is devoid of 
contaminants, holes, cracks, and harmful compounds, such as those with 
a low melting point (such as eutectic compounds). This demonstrates 
that the bonding under transitory liquid phase conditions resulted in the 
cohesiveness and continuity of the bonding zone. The BNi-2 filler metal 
melt has been able to wet the adjacent surfaces of the joint well and flow 
easily on them. The low wetting angle of nickel-base filler metal melts on 

austenitic stainless steel base metal (10–45◦) makes it flow easily on the 
faying surfaces after melting. In TLP procedure at high-temperatures 
with long service life, the filler metal must be able to wet the faying 
surfaces and flow easily to fill the joint. As a result, wetting and 
spreading the filler metal melt on the components to be jointed is 
necessary for TLP bonding. However, other factors that affect wetting 
and spreading include surface conditions (roughness and cleanliness of 
faying surfaces), TLP conditions (joining atmosphere; bonding temper-
ature, holding time, and joint design), the type of interlayer (amorphous 
or crystalline filler metal, thickness and chemical composition of inter-
layer) and physical/chemical reactions between the molten middle layer 
and base metals [16]. Amorphous filler metals, due to their finer 
structure and uniform distribution of alloying elements (and even im-
purities) have been made them widely used in joints with narrow seams 

Fig. 3. a) The scheme of the holder for bonding the tensile strength test samples and b and c) The test samples bonded under the condition of 1080 ◦C for 45 min.  

Fig. 4. Optical microscopy of austenitic stainless steel 316L at as-received condition at: a) 50X and b) 200× magnifications.  
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[25]. During heating, they develop a crystalline structure, and when 
they reach the melting point, they totally melt and flow over the bonding 
surfaces. According to Cristofaro and Bose [26], nickel-based amor-
phous brazing alloys have superior properties than crystalline varieties 
as a result of having better wetting characteristics. Moreover, Zhang 
et al. [27] examined the wetting characteristics of nickel-based (BNi-2 
and BNi-3) and iron-based (Fe78B13Si9) amorphous foils on plain car-
bon steel. They stated that in the bonding conditions of 1200 ◦C for 5 s 
under argon atmosphere, BNi-2 foil showed the best wetting (wetting 
angle 10◦) and spreading compared to amorphous BNi-3 (wetting angle 
45◦) and Iron base foils. They proved that the superior metallurgical 
compatibility (high chromium solubility in it and the interaction be-
tween chromium and carbon in steel) and the low melting point of 2-BNi 

are the causes of this wettability. 
Fig. 7 also shows that no defects, such as lack of filling of surface 

imperfections, cracks, holes, or oxide residues have been found in the 
joining between the base metal and the filler metal, indicating that the 
joint has been completely filled. Nickel-based filler metals, having anti- 
oxidant components (such as silicon, phosphorus and boron), break the 
fine oxide layers of the stainless steel surface and reach the metal surface 
of the substrate. Finally, increasing the temperature above the liquidus 
temperature helps helps to reduce the wetting angle and spread easily on 
the surface of the substrate. The bonding environment has a significant 
impact on the wetting and spreading of the molten filler metal as well as 
the bonding quality. In order to improve the joint’s quality and lower its 
contamination, using a vacuum furnace is highly beneficial. At a 

Fig. 5. XRD pattern of austenitic stainless steel 316L at: a) as-received and b) heat-treated at 1080 ◦C/45 min condition.  

Fig. 6. Optical microscopy of heat-treated austenitic stainless steel 316L at 1080 ◦C/45 min condition at: a) 50X and b) 200× magnifications.  

Fig. 7. Optical micrographs of microstructure of TLP bonded stainless steel 316L at 1080 ◦C/45 min condition at: a) 50X and b) 200X magnifications.  
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bonding temperature of 1135 ◦C for 300 min, Esmaeili et al. [28] 
evaluated the impact of the bonding environment (vacuum furnace, 
argon, and ambient gas) on the bonding quality. According to their 
claims, some holes emerge during bonding under argon atmosphere and 
ambient settings, but none were seen while bonding under vacuum. 
Also, the alloy components diffused between the base metals and the 
molten interlayer more effectively, which led to higher mechanical 
characteristics at the vacuum bonding condition. The non-isothermal 
solidification zone, which is formed due to the lack of enough time for 
diffusing the melting point depressant elements to base metals and 
boride and silicate intermetallic compounds in the joint centerline, in 
addition to reducing the extent of the isothermal solidification zone, 
they also prevent the precipitation of useful phases (such as Ni3(Al, Ti) 
and Ni3Nb) which will have a destructive effect on mechanical proper-
ties. According to Doroudi et al. [29], in their investigation of the 
fracture sections of the jointed samples of Inconel 625 alloy with BNi-2 
interlayer at temperatures of 1025, 1100, and 1175 ◦C, they stated that 
the presence of boride compounds in the joint centerline caused a sharp 
decrease in shear strength properties and brittle fracture mode to pre-
dominate. The maximum shear strength (506.15 MPa) was achieved in 
the bonded sample at a temperature of 1175 ◦C with a ductile fracture 
condition by raising the bonding temperature and eliminating boride 
components. Binesh [30] used a diffusion brazing process to join 
austenitic stainless steel AISI316L to nickel-based superalloy IN718 with 
BNi-2 interlayer with thicknesses of 50–150 μm at 1030 ◦C and a holding 
time of 30 min. Binesh stated that under these joining conditions with a 
thicker interlayer, pseudo-eutectic intermetallic compounds are 
continuously formed in the centerline of the joint, which includes the 
solid solution of γ, Ni3B, CrB, Cr2B3 and Ni6Si2B, which leads to a strong 
reduction in shear strength. The maximum shear strength (440 MPa) 
was related to the complete isothermal solidification sample, which was 

broken in a ductile mode. 
Fig. 8a shows the SEM micrograph along with the linear analysis 

across the bonding zone. Linear analysis (Fig. 8b) is very useful to 
investigate the distribution of alloying elements between the base metal 
(316L) and the solidified interlayer. Since the filler metal is based on 
nickel, the dispersion of the nickel element is first analyzed. The green 
lines clearly show where the nickel element is distributed. Nickel is 
distributed uniformly throughout the base metal of austenitic stainless 
steel 316L (approximately 10.5 wt%). The nickel content has abruptly 
risen as one approaches the interlayer/base metal interface. The reason 
for the lack of increase in nickel concentration in the region adjacent to 
the joint is due to the accumulation of the nickel element, which is 
caused by: a) diffusion of the nickel element from the interlayer to the 
region adjacent to the joint and b) the formation of nickel-rich com-
pounds due to the diffusion of the boron element and the formation of 
nickel boride intermetallic compounds. Although the holding time was 
relatively long (45 min), the distribution of the nickel element in the 
joining area was uneven and accompanied by fluctuations. The distri-
bution of chromium element is uniform before reaching the bonded zone 
(diffusion-affected zone), but upon reaching the area where the inter-
metallic compounds are formed continuously and discontinuously, it is 
strongly associated with fluctuation, so that when the line is crossed 
scanning the compounds, the concentration of Chromium suddenly in-
creases and then decreases, which indicates the accumulation of chro-
mium element in these compounds. In the area adjacent to the interface, 
the concentration of chromium increases, and upon reaching the inter-
face, a sudden drop in concentration occurs. Similar to nickel, the dis-
tribution of chromium elements in the bonding zone is non-uniform. The 
base metal is based on the Fe–Ni–Cr alloy system, to which molybde-
num, silicon and manganese alloy elements have been added to improve 
the properties. The peak of the Iron element reveals that it is evenly 
distributed in the base metal with no change in peak height. Neverthe-
less, the peak’s intensity abruptly rises as it reaches the area near the 
joint. While the Iron element concentration in the interlayer was rela-
tively low (1.5 wt%), the linear analysis reveals that it is high in the joint 
region, confirming the diffusion or dissolution of the Iron element from 
the base metal in the molten layer. The Iron content has reduced as it has 
gotten closer to the centerline joint, indicating that there hasn’t been 
enough time to achieve homogeneity there. According to the binary 
phase diagram of iron-nickel [31], these two alloy elements completely 
dissolve in one another in the molten state and form a uniform molten 
phase, but during cooling, depending on the chemical composition (the 
amount of iron in the nickel melt), different phases and occasionally 
intermetallic compounds are formed. However, the amount of nickel is 
dominant and no intermetallic compound is formed in the joint. It can be 
seen that these two elements are completely dissolved through cooling 
and the formation of the terminal phase (a single-phase solid solution 
γ(NiFe)) [32,33]. Silicon is another crucial component. The concentra-
tion of Silicon element in the base metal is low and has a uniform dis-
tribution; when it reaches the joint, its concentration suddenly 
increases. It is noteworthy that the Silicon element as a melting point 
depressant element had a uniform distribution in the bonding zone. The 
interlayer does not contain molybdenum and manganese elements; 
however, they have a uniform distribution along the seam after joining. 
It seems that the low concentration of these elements in the base metal 
has caused that even when they enter the interlayer melt, they can be 
placed in substantial spaces and distributed uniformly. Based on this, the 
distribution and accumulation of different alloy elements along the joint 
seam lead to the creation of microstructural gradients and different re-
gions in the joint, each region having specific characteristics. Therefore, 
the classification of microstructural areas in the transient liquid phase 
bonding of austenitic stainless steel L316 with BNi-2 interlayer 
composed of 1) Isothermal solidification zone, 2) Diffusion-affected 
zone, and 3) base metal. One of the points that can be seen from 
Fig. 8a is that the area adjacent to the common phase of the base met-
al/interlayer interface has two completely different zones in terms of the 

Fig. 8. a) SEM micrograph of TLP bonded stainless steel 316L at 1080 ◦C/45 
min condition and b) Line analysis across the joint gap. 
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distribution of secondary phase compounds: 1) Primary 
diffusion-affected zone (DAZI) and 2) Secondary diffusion-affected zone 
(DAZII). In the DAZI, the volume fraction of secondary phase compounds 
is high, and in this region, the compounds are often fine and placed at a 
very short distance from each other, while in the DAZII, the secondary 
phases have a continuous (transgranular) and discontinuous (inter-
granular) morphology. They are formed at a large distance from each 
other with a small volume fraction. In the following, each of these 
microstructural areas is explained in more detail. 

3.3.1. Microstructure of isothermal solidification zone 
The SEM micrograph of the isothermal solidification zone is shown in 

Fig. 9a (magnified image of TLP bonded stainless steel 316L in Fig. 8a). 
The EDS area (A) of the chemical composition of ISZ is presented in 
Table 3. The research makes it evident that this region is rich in nickel as 
well as other alloying elements including chromium, iron, manganese, 
molybdenum, and silicon. Considering that this region is a single phase 
without the presence of other intermetallic and quasi-eutectic phases, it 
can be claimed that the isothermal solidification zone consists of a 
nickel-rich solid solution with a Face Centered Cubic (FCC) structure. 
When assembly reaches the liquidus temperature of BNi-2 (~1012.3 ◦C), 
the interlayer containing melting point depressant (boron and silicon) is 
completely melted and a region rich in these elements is formed. This 
melt is placed in contact with the base metal of austenitic stainless steel 
316L poor in melting point depressant elements. This difference in 
concentration causes the slope of the chemical composition. According 
to the laws governing the process of transient liquid phase bonding, it is 
necessary to establish thermodynamic equilibrium at the solid/melt 
interface. Hence, the Iron-rich base metal must be dissolved in the 
interlayer melt. As a result, the concentration of atoms in the melt that 
lower the melting point is decreased. This increases the size of the 
bonding zone [34]. When the width of the bonding zone reaches 
maximum, equilibrium is established at the solid/melt interface. Ac-
cording to Ghasemi and Pouranvari [35], isothermal solidification will 
never occur if the interface remains in equilibrium. According to them, 
the cause for the isothermal solidification of the melt is the departure 
and rearrangement of thermodynamic equilibrium conditions at the 
interface. They argued that the chemical composition of the melt re-
mains constant throughout the melt, while the chemical composition of 
the solid in the interface is not constant and varies with the diffusion of 
melting point depressant elements, the solid chemical composition in 
the interface changes. Therefore, in order to create a momentary equi-
librium at the interface, it is necessary for the diffusion flow of melting 
point depressants towards the base metal to occur. With the diffusion of 
melting point depressant elements from the solid/melt interface, the 
melt becomes depleted of these elements, and its liquidus temperature 
rises. As a consequence, the melt temperature is greater than the joining 

temperature, so isothermal solidification begins, and nickel-rich solid 
solution dendrites emerge from the solid/melt interface by epitaxial 
growth towards the centerline joint. Owing to the non-segregation of 
elements that melting point depressant elements due to their diffusion 
into the base metal, the formation of destructive intermetallic and 
quasi-eutectic phases in the joint is prevented [36]. The rate of 
isothermal solidification is dependent on the diffusion coefficient of the 
fastest element (boron) from the residual melt in the central joint to the 
isothermal solidification zone (formed dendrites) and from the 
isothermal solidification zone to the base metal [37]. The gradient of 
chemical composition or the gradient of the chemical potential caused 
by elements which decrease the melting point (especially the element 
with a higher diffusion coefficient in the base metal, boron) among the 
base metal and the molten interlayer [38] is the primary driving force in 
the formation of isothermal solidification zone free of intermetallic 
compounds. Liu et al. [39] stated in the TLP bonding of austenitic 
stainless steel 316L with BNi-2 interlayer, considering that the diffusion 
coefficient of boron element is 4 times higher than the diffusion coeffi-
cient of Silicon element. Therefore, they stated that the isothermal so-
lidification of the molten layer depends on the coefficient of boron, and 
according to the Arrhenius nature of the diffusion coefficient, they 
proposed the relation for the relationship between the diffusion coeffi-
cient and temperature. 

D= 1.87 × 10− 4 exp
{
− 1.34

RT

}

(1)  

3.3.2. Microstructure of diffusion-affected zone 
The most important zone that contains precipitations even with the 

completion of isothermal solidification is the diffusion-affected zone. 
Fig. 9b indicates the primary diffusion-affected zone (DAZI) and the 
secondary diffusion-affected zone (DAZII) along with their extent. In 
DAZI, the fine and irregular bulky precipitations are formed in a compact 
form with high density. EDS point analysis of various precipitations with 
different morphologies from the diffusion-affected zone is given in 
Table 3. The fine one formed right in the DAZI/ISZ joint (precipitation B) 

Fig. 9. SEM micrograph of: a) Bonding zone and b) Diffusion-affected zone.  

Table 3 
EDX analysis of various phases indicated in Fig. 9 (wt.%).  

Zones Chemical Composition Suggested phase 

Ni Fe Cr Mo Mn Si 

A Bal. 15.60 17.42 1.62 0.60 0.46 γ-solid solution 
B Bal. 31 20 1.58 0.86 0.1 Ni-Based Boride 
C 6.73 Bal. 19.77 1.44 1.76 0.38 Fe–Cr–Mo Boride 
D 5.15 Bal. 26.16 0.59 1.67 0.33 
E 4.86 Bal. 24.14 1.89 1.91 0.58 
F 4.65 Bal. 32.2 2.1 1.56 0.42  
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have a dark appearance and blocky morphology, and are rich in nickel, 
iron, chromium and molybdenum as shown in Fig. 10 (magnified image 
of the various precipitations in Fig. 9b). Nickel concentration is about 
45 wt%, Iron concentration is 31 wt%, chromium concentration is about 
20 wt%, and molybdenum is about 2 wt%. These types of precipitations 
are important because they are formed into fine particles during heating 
up to the bonding temperature right at the interface and with the pas-
sage of time with more absorption of the melting point depressant 
element with a higher diffusion coefficient (boron element) and reaction 
with base metal elements (such as iron and molybdenum) become 
coarse. The high concentration of the nickel element and the presence of 
these deposits on the side of the interlayer caused these deposits to be 
formed right where the boron element wanted to enter the base metal, 
but did not have the necessary energy to diffuse (the heating stage in the 
solid state). With the complete melting of the interlayer and the disso-
lution of the substrate, a part of these deposits are dissolved and the rest 
act as absorption sinks of boron element penetrated during the 
isothermal solidification stage. At the same time, these deposits inter-
acted with and absorbed components of iron, chromium and molybde-
num from the base metal. As a result, the deposit generated is a nickel- 
iron-chromium-molybdenum boride. Yuan et al. [40] research of 
microstructural changes and bonding behavior during transient liquid 
phase bonding of duplex stainless steel with two Ni–B-based interlayers 
stated that unlike the conventional models in investigating the analyt-
ical behavior of the transient liquid phase bonding process, before the 
dissolution stage of the base metal, a significant diffusion flow of boron 
from interlayer to the base metal occurs during heating, and this en-
riches the interface of the interlayer/base metal is made from the boron. 
Because the activation energy for the boron element to diffuse the base 
metal is not present at low temperatures, only a small portion of it does 
so, and the rest of it remains in the interface and is formed as blocky 
nickel-rich borides as a result of the solid-state reaction. This phenom-
enon has been observed in the TLP bonding of Cobalt-based superalloy 
FSX-414 by Bakhtiari et al. [41] and the dissimilar TLP bonding of 
Cobalt-based superalloys FSX-414 and X-45 by Naalchian et al. [42]. 
Ruiz et al. [43] stated that these borides are of the first generation that 
are formed during heating, and most of them are dissolved during the 
dissolution stage of the base metal, and with the loss of their continuity, 
the necessary path for boron element diffusion is facilitated to the base 
metal in the isothermal solidification step. The precipitations in DAZI 
exhibit blocky, fine, and continuous needle morphologies. 

As seen in Fig. 9, the precipitations in DAZII appeared as discontin-
uous needles and low fine quantities. Mirzaei and Binesh [44] reported 
that in diffusion brazing stainless steel 304L with a BNi-2 interlayer, the 
fine blocky particles and continuous and non-continuous needle is 

created in the diffusion-affected zone, which becomes less dense as they 
move towards the base metal. According to Khakian et al. [45], Li et al. 
[46], and Liu et al. [47] stated that the morphology of the precipitations 
depends on the contraction stresses caused by the solidification of the 
melt in the interlayer, which decreases with the increase in the distance 
from the junction and the precipitations become fine and spherical. In 
addition, it should be noted that the defects of the crystal lattice are also 
not ineffective in this morphology. For instance, the production of pre-
cipitations with fine morphology is influenced by Cottrell’s atmosphere, 
the creation of continuous needle precipitations is influenced by stack-
ing fault defect, and the formation of discontinuous needle pre-
cipitations is influenced by grain boundaries [48]. Table 3 provides the 
results of EDS elemental investigation of precipitations with various 
morphologies. These deposits, which include the greatest concentrations 
of iron and chromium, have been shown to have developed in situ from 
the surrounding material as a result of the boron element’s penetration 
into the base metal from the side of the filler metal. Austenitic stainless 
steel 316L having strong boride-forming elements such as iron, chro-
mium and molybdenum has the necessary conditions for boride forma-
tion. The solubility of boron in the ferrite and austenite structure of iron 
is about 0.001–0.0025 at. % below 900 ◦C, and with increasing tem-
perature up to 1072 ◦C, the solubility of boron in austenite reaches 
0.016 at. %, which is very low [49]. Also, there is a significant level of 
interaction between the atoms of iron, chromium, and molybdenum and 
the boron elements. According to the iron-boron phase diagram, Fe2B 
and FeB phases (with increasing amounts of boron) may develop. In 
addition, the presence of boron contributes to the stability of the 
austenite phase in the temperature range of 900–1400 ◦C and increases 
the diffusivity of boron [50]. The chromium-boron phase diagram shows 
the formation of a number of borides, including CrB, Cr15B3, Cr12B, 
Cr14B4 and Cr4B [51]. According to the iron-chromium-boron phase 
diagram, CrB and FeB have a high degree of mutual solubility, reaching 
the chemical composition of (Cr0.6Fe0.4)B and (Cr0.8Fe0.2)B [52]. Thus, 
these secondary phase deposits are iron-chromium-molybdenum-rich 
borides that developed in the diffusion-affected zone of the austenitic 
stainless steel 316L. The presence of these phases has a significant effect 
on the chemical composition of the base metal matrix. These particles 
act like sinks to absorb alloy elements, especially boron. If these deposits 
are not formed, the area adjacent to the interface will be enriched with 
boron elements. The boron diffusion capacity from the filler metal to the 
base metal will decrease and the isothermal solidification time will be 
longer. The formation of these deposits can reduce the concentration of 
the boron element in the base metal matrix adjacent to the interface and 
create suitable paths for the further diffusion of the boron elements to 
areas far from the base metal. Fig. 11a shows the scanning electron 
microscope image of grain boundary boride along with the distribution 
of alloy elements along it. These discontinuous precipitation, which are 
known as grain boundary borides, are formed as a result of the segre-
gation and absorption of boron element by grain boundaries rich in 
chromium, iron and molybdenum. According to Fig. 11b, the effect of 
these precipitations on the amount of absorption of chromium was 
greater than that of Iron. In such a way that the concentration of chro-
mium increased by approaching the precipitations, which indicates the 
impoverishment of chromium in the surrounding areas. This decrease in 
the amount of chromium can have a great effect on strengthening the 
solid solution of the matrix and corrosion (especially pitting corrosion) 
[53]. 

3.4. Mechanical properties of joint 

3.4.1. Microhardness 
Examining the microhardness profile along the joint is one of the 

crucial factors that sits between the microstructural analysis and the 
joint’s strength characteristics. The distribution of the various phases 
generated is shown by looking at the microhardness profile, which also 
validates the microstructural changes that occurred along the jointed Fig. 10. SEM micrograph of DAZI.  
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sample. Additionally, it confirms how the alloy components are 
distributed. Fig. 12 depicts the microhardness profile along the transient 
liquid phase bonded stainless steel 316L sample. Since the joint is almost 
symmetrical, just one side of the joint had microhardness measurements 
done. The austenitic stainless steel 316L with 112 HV10 base metal has 
the lowest amount of hardness. This decrease in hardness is in terms of 
the softening of the austenitic matrix, and probably the removal of 
chromium from matrix to form δ ferrite phases. Then, there is an 
isothermal solidification zone with a hardness of 187 HV10 that is 
comparable to the hardness of the base metal in as-received condition, 
which could be expected to have a bond strength equivalent to the 
strength of the base metal. The diffusion-affected zone with iron- 
chromium base boride secondary phase compounds had the maximum 
microhardness (302 HV10). Dezfooli et al. [54] when TLP bonding of 
Inconel 825 to super duplex stainless steel 2750 with BNi-2 interlayer 
stated that the highest hardness is related to the non-thermal 

solidification zone (546 HV) after that diffusion-affected zone (super 
dual phase side 450 HV and Inconel side 302 HV), and the lowest one is 
due to the isothermal solidification zone (238 HV). They claimed that 
the formation of eutectic compounds in the centerline joint and boride 
compounds according to Iron, and nickel in the region close to the joint 
is the primary cause of this high microhardness. When superalloy 
Inconel 718 was transient liquid phase bonded to ultrafine-grained 
austenitic stainless steel 304L with a BNi-2 interlayer, Ghaderi et al. 
[55] noted that at low temperatures and incomplete isothermal solidi-
fication results in microhardness of 425 HV in the joint centerline, even 
with full isothermal solidification at higher temperatures, the hardness 
of the isothermal solidification zone (190 HV) compared to the 
diffusion-affected zone (440 HV) is much less. As a result, the lowest 
degree of hardness in transient liquid phase bonding is associated with 
the solidification zone. As previously mentioned, the isothermal solidi-
fication zone is a single phase with an austenitic matrix. It is reinforced 
with a solid solution of iron, chromium, molybdenum, manganese and 
silicon substantially alloy elements and boron and carbon interstitially. 
The isothermal solidification zone is similarly strengthened by the grain 
boundaries; however, it is not as strong as the solid solution. In reality, 
the isothermal solidification zone is a Ni–Cr–Fe–Mo–Mn–Si alloy, which 
is made from the initial chemical composition of the filler alloy, the 
dissolution of the base metal, and the interdiffusion of alloy elements. 
Iron due to the 3 % difference between the crystal lattice nickel, reduces 
the stacking fault energy in the nickel base austenitic matrix. Chromium 
is very effective in resisting corrosion and improving high-temperature 
strength. In addition, the chromium element is very effective in 
strengthening the solid solution of the γ matrix, which is due to the 
difference between its atomic radius with nickel. Chromium causes 
distortion of the network and production of elastic fields that increase 
the strength of the solid solution γ, which it does by reducing the 
stacking fault energy of the nickel matrix. Molybdenum is very effective 
in solid solution strengthening because it has a much larger atomic 
radius than nickel. Molybdenum is dissolved in the γ matrix and by 
increasing its amount, it also increases the high-temperature strength. 
Finally, manganese is a stabilizer of the austenite phase; although its 
large amounts reduce the durability of the base alloy, but its presence in 
small amounts is beneficial [56]. Accordingly, the hardness of the 
isothermal solidification zone is affected by the presence and amount of 
alloying elements. Iron is in terms of 3 % difference and this crystal 
network with nickel decreases the energy of arrangement defects in 
nickel base austenitic field. Chromium is effective in resisting corrosion 
and improving high-temperature strength. Besides, the chromium 
element is effective in strengthening the solid solution of the γ field, 
which is in terms of the difference between its atomic radius and nickel. 
Moreover, the hardness of the isothermal freezing zone is affected by the 
presence and values of alloying elements. 

Fig. 11. a) SEM micrograph of grain boundary boride and b) Line scan across 
the SEM image. 

Fig. 12. Microhardness profile across the transient liquid phase bonded stain-
less steel 316L at 1080 ◦C/45 min condition. 

Fig. 13. Comparison of shear strength of base metal (austenitic stainless steel 
316L) of as-received, heat-treated and bonding 1080 ◦C/45 min. 
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3.4.2. Shear and tensile strength 
Fig. 13 compares the shear strength of austenitic stainless steel 316L 

in its as-received (362 MPa), heat-treated (347 MPa) and bonded (MPa 
402) at 1080 ◦C/45 min conditions. The reduction in shear strength of 
austenitic stainless steel 316L resulting from exposure to bonding con-
ditions was mostly attributable to grain growth. Nevertheless, the 
strength of the bonded sample is greater than the strength of the base 
metal in both the as-received and heat-treated states, and the failure of 
the sample in the base metal occurred in the diffusion-affected zone. The 
microstructure of the bonding zone has a substantial influence on the 
joint samples’ strength. The lack of harmful combinations and flaws has 
a significant effect on achieving maximal shear strength. At the 1080 ◦C/ 
45 min bonding conditions for achieving full isothermal solidification 
and interdiffusion of alloy components to obtain the maximum micro-
hardness and, therefore, shear strength in the joint region are met, 
making failure through the joint area impossible. In the dissimilar 
joining of austenitic stainless steel 316 to Inconel 718, Salmaliyan and 
Shamanian [57] reported that when the isothermal solidification is 
incomplete, the strength of the bonded samples drops sharply due to the 
presence of brittle compounds and precipitates. Upon the conclusion of 
isothermal solidification, the shear strength of the joint achieves its 
maximum (480 MPa), which is 66 % of Inconel 718’s shear strength and 
29 % higher than stainless steel 316. Owing to the diffusion of boron 
elements into the regions next to the common phase inside the base 
metal, boride is generated in the adjacent regions, with a portion of it 
freely distributed in the grain boundaries and matrix [58]. This ele-
ment’s presence at grain borders inhibits excessive grain development. 
Therefore, the presence of boron element as a grain boundary 
strengthening can increase the strength of the base metal adjacent to the 
diffusion-affected zone, which is the primary reason for the greater 
strength of the bonded sample relative to the base metal under heat 
treatment conditions [59]. In the transient liquid phase bonding of 

nickel-based superalloys Inconel 738 and 718 with BNi-2 interlayer at 
different temperatures and times, Bakhtiari et al. [60] reported that the 
effect of the alloying elements of the base metal and the interlayer on 
solid solution strengthening was dependent on the temperature and 
bonding time, such that by increasing the time and temperature of the 
bonding the strengthening components of the solid solution accumulate 
in the bonding area and contribute to the improvement of the material’s 
strength. As indicated before, the elements molybdenum, chromium, 
silicon, and iron have a substantial impact on the solid solution 
strengthening of nickel-based superalloys [61]. As a result, evaluating 
the microhardness of the isothermal solidification zone is somewhat 
beneficial for comprehending the causes influencing the variations in 
shear strength of the joined samples. 

Fig. 14a and b shows the SEM micrograph of the fracture surface of 
the sample bonded at 1080 ◦C for 45 min. The lack of wide eutectic 
compounds in the joint centerline, which results in brittle fracture, has 
led the sample to undergo plastic deformation under shear conditions, 
and the presence of many fine dimples suggests an entirely ductile 
fracture. As stated previously, the microhardness of the bonding zone 
(isothermal solidification) is greater than the microhardness of the base 
metal [62–67]. Consequently, the shear strength of the joint is greater 
than that of stainless steel 316L under heat treatment similar to joining 
conditions. Fig. 14d shows the SEM micrograph of the fracture 
cross-section of the tensile sample, which reveals the presence and 
quantity of deep dimples, suggesting an entirely ductile fracture. 

The stress-strain curve of the stainless steel 316 sample bonded at 
1080 ◦C for 45 min is shown in Fig. 15. As can be seen, the yield strength 
and ultimate strength of the joined sample are 260 and 485 MPa, which 
are roughly similar to 89 % and 82 % of the base metal. Owing to the fact 
that stainless steel was exposed to temperature and maintenance in the 
condition of joining, the tensile strength of the jointed sample is similar 
to the tensile strength of stainless steel in the condition of heat treatment 

Fig. 14. SEM micrograph of fracture surface of TLP bonded at 1080 ◦C/45 min condition at: a,b) Shear testing and c,d) Tensile testing.  
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since the base metal failed [68–74]. 

4. Conclusions 

In this research, along with the joining of the gas turbine fuel nozzle, 
part from austenitic stainless steel 316L alloy with BNi-2 interlayer by 
the transient liquid phase bonding process, microstructure test, shear 
strength, and tensile strength tests have been placed. Microstructural 
evolution of base metal and bonded samples are investigated by optical 
and field emission scanning microscopy. The mechanical properties of 
stainless steel 316L and TLP bonded samples are measured by micro-
hardness, shear and tensile testing. Conclusions drawn from the analysis 
are as follows: 

1- Austenite stainless steel 316L has equiaxed and fine grain with 32 
μm grain size. Phase analysis shows that there is very little ferrite phase 
in its microstructure. Moreover, heat-treated austenite stainless steel 
316L at 1080 ◦C/45 min (bonding condition) resulted in the grain size of 
the base metal growing (43 μm), which is in terms of recrystallization 
during heat treatment. The phase analysis of the XRD pattern confirmed 
the growth of the ferrite structure. The presence of a very small amount 
of ferrite δ in the context of austenitic stainless steel 316L has acted as a 
nucleation site for the transformation of the austenite phase to ferrite.  

2 The bonding zone is clearly observed as a thin strip with a thickness 
of 52 μm in the center that shows an increase in the joint width. Also, 
the observations demonstrate that the bonding zone is devoid of 
contaminants, holes, cracks, and harmful compounds, such as those 
with a low melting point. In addition, elemental distribution across 
the joint shows the classification of microstructural areas in the 
transient liquid phase bonding of austenitic stainless steel L316 with 
BNi-2 interlayer is: 1) Isothermal solidification zone, 2) Diffusion- 
affected zone, and 3) base metal.  

3 Owing to the non-segregation of elements that melting point 
depressant elements due to their diffusion into the base metal, the 
formation of destructive intermetallic and quasi-eutectic phases in 
the joint is prevented, and nickel-rich solid solution dendrites (γ) 
emerge from the solid/melt interface by epitaxial growth towards the 
centerline joint. 

4- The diffusion-affected zone is divided into two areas: DAZI and 
DAZII. In DAZI, the fine and irregular bulky precipitations are formed in 
a compact form with high density, but the precipitations in DAZII appear 
as discontinuous needles and low fine quantities. Also, there are two 
generations of borides formed in the diffusion-affected zone: the primary 
generation is nickel-iron-chromium-molybdenum boride. These 

intermetallic compounds are formed during heating until bonding 
temperature due to solid state diffusion of boron. And second generation 
is iron-chromium-molybdenum boride when formed during the 
isothermal solidification stage.  

5 The microhardness profile along the transient liquid phase bonded 
stainless steel 316L sample has been uniform in each zone. The 
hardness from the lowest to the highest value is base metal (112 
HV10), isothermal solidification zone (187 HV10) and diffusion- 
affected zone (302 HV10). The increase in hardness is due to the 
formation of boride deposits. In addition, the shear strength of the 
bonded sample was 402 MPa, which is approximately 11 % more 
than the as-received stainless steel 316L. The tensile strength of the 
bonded sample was 485 MPa, which is approximately 82 % of 
stainless steel 316L. In both shear and tensile tests, the presence of 
small dimples indicates the ductile failure of the joint samples in base 
metal. 
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