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I. INTRODUCTION 
 
HASTELLOY® X alloy (UNS N06002 (W86002) is 
a nickel-chromium-iron-molybdenum alloy that 
possesses an exceptional combination of oxidation 
resistance, fabricability and high-temperature strength 
[1]. Duvall et al. [2,3]expanded the transient liquid 
phase (TLP) bonding process also referential to as 
diffusion brazing process, which is a hybrid process 
that combines the beneficial features of liquid phase 
joining and diffusion bonding techniques[2,4]. In 
order to lower theliquidus temperature of nickel-
based superalloys, melting point depressants (MPD) 
andmodifiers such as silicon and boron are added to 
thebraze alloy. However, these elements are 
incorporated into the intermetallicphases such as 
boride and silicide duringeutectic-type solidification 
of the liquid phaseduring cooling stage of the brazing 
process [5–7]. The joining zone of TLP process 
include: isothermal solidification zone (ISZ), 
diffusion affected zone and athermally solidification 
zone (ASZ)[8]. 
Bonding temperature of superalloys varies between 
1000 C  and1200 C relevant to the type and the 
amount of MPD elements aswell as the presence of 
alloying elements in interlayer [9,10]. The 
temperature of the bondingis sometimes completely 
limited by the microstructural stabilityof the base 
metal [11–13]. If the substrate material allows 
flexibilityin selecting an optimized temperature of 
bonding, a minimumisothermal solidification time 

(and therefore bonding time) can beachieved at a 
certain temperature [11,14]. Recent studies with TLP 
process for Inconel 625 superalloy, by using BNi-2 as 
filler metal, showed that for Inconel 625 after partial 
isothermal solidification, three different 
microstructures including ISZ containing the Ni-
riches γ solid solution, ASZ containing eutectic phase 
and DAZ comprising of boron-based Cr-Mo-Ni 
precipitations dispersed in the matrix are formed. ISZ 
hardness in joining affected zone is due to solid-
solution-strengthened mechanism by base metal 
alloying elements diffusion into joining zone. For 
Inconel 625, gap size and holding time decreases as 
the temperature is increased from 1325 K to 1394 K  
to reach complete isothermal solidification[15]. 
In the present study, the effect of transient liquid 
phase bonding temperature on microstructural 
characteristics of Hastelloy X superalloy joints at 
1055 C , 1115 C  and 1175 C  for 45 minutes 
bonding time we investigated. 
 
II. EXPERIMENTAL 
 
2.1. Materials 
Hastelloy X superalloy in the form of 10 ×10 ×5 
mm3plates were used in the as-cast condition as the 
base alloyin this investigation. Also, an amorphous 
foil wasused as the filler alloy. Table 1 shows the 
nominal chemicalcomposition and the melting 
temperature range of the baseand filler alloy.

 
Table 1. The chemical composition of Hastelloy X, BNi-2 and BNi-3 
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2.2. Method 
The surfaces of the samples, prior to the TLP process 
were polished and, together with the filler metals, 
were kept ultrasonically for remove surface 
contamination and held in an acetone solution for one 
hour. For TLP process, the components were placed 
in a vacuum furnace at 1055 C , 1115 C , and 1175
C  for 45 minutes at a pressure of 1.33 310  paThe 

bonding temperature was chosen according to 
Suggested temperature for BNi-2 filler metal by 
Metglas Co [16]. 
In the end, the samples in the furnace were cooled 
down to the temperature. Also, the samples were 
metallography to determine the microstructure and 
phases. Etch samples were Callings (33 ml distilled 
water + 33 ml of Ricky chloride + 33 ml of ethanol + 
1.5 g CuCl2). The microstructure was investigated by 
SEM and chemical composition of phases created by 
EDS. 
 
III. RESULT AND DISCUSSIONS 
 
3.1. Microstructure of Hastelloy X superalloy 
Fig. 1 shows the microstructure of the base metal. 
The matrix phase of this superalloy was a solid 
austenite solution, that M6C carbides have been 
sprayed into the matrix. Also, in some grain 
boundaries, the presence of M23C6 carbides was 
obvious[17]. 

 
Fig. 1. Microstructure of Hastelloy X a) SEM image and b) OM 

image 
 

The EDS from points 3 in Fig. 2 shows that the 
matrix of Hastelloy X was riches of Cr, Mo, and Fe 
elements. Also, according to the point-4 analysis, the 
peaks of chromium and carbon at this point, the 
probability of the being of Cr23C6 increases in the 
boundaries. 

 
Fig. 2. EDS (wt. %) of a) point 1 and b) point 2 

 
 

 

 
 
3.2. The effect of temperature on TLP 
microstructure 
The microstructure developed in the ASZ region was 
controlled (Fig. 3) by MPD elements such as Si and 
B. Also, according to the EDS from points from 3 and 
4 at 1115 C , showed that Continuous enrichment the 
liquid layer of the base metal elements resulted in an 
excessive concentration the solubility elements at the 
liquid layers, and the cause was created eutectic 
compounds in the ISZ region[18]; an area with 
eutectic compounds in the center of ISZ was called 
ASZ. According to the Cr-B, Mo-B, and Ni-Si 
diagram phases (Fig. 4), as well as the EDS from at 
ASZ area, Fig. 6 shows that this area can include 
silicate rich-Ni deposits (points from 4) and of 
borides rich-Mo, Cr (points from 3). Also, according 
to the EDS Line from the ASZ area (the length of the 
analysis line was 150 μm), in places where the peak B 
was more intense, the amount of Cr and Mo was 
higher, also in the range where the silicon was high, 
and the nickel element (creation Nickel silicate) has a 
strong peak. 
With increasing temperature, the diffusion of B into 
the base metal, cause a decrease in the width of the 
ASZ and the completion of the ISZ region. 
Isothermal solidification was controlled by diffusion 
of MPD elements into the base metal, and so by 
increasing the bonding temperature, the time required 
to complete the ISZ was reduced [19]. 
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Fig. 3. The ASZ of TLP samples at 1115 C  

 
Table 2. The EDS points of 3 and 4 at ASZ 

 

 
 

Fig. 4. Diagram phases of, a)Cr-B , b) Mo-B, c)Ni-Si[20]  .  
 
Fig. 5 shows the microstructure of the DAZ at 1055
C , 1115 C , and 1175 C , with BNi-2 filler metal. 

According to Fig. 5, the ISZ / DAZ contains deposits 
with cubic morphology, And by moving side to the 
base metal, the deposits changing to needles 
morphology. EDS of the points from "5 to 10"(Table 
3 and Table 4), Fig. 5 and the diagram phases of Mo-
B, Cr-B (Fig. 3) shows,these areas were contain of 
boride rich Cr and Mo. Also, EDS Line (from the 
center of ISZ to the base metal) from the joining zone 
(Fig. 7) shows, at the bonding temperatures, the 
presence of B in DAZ was clearly visible. the points 
from “5 to 7" in the DAZ area, were more include 
cubic morphology that consists of boride Cr-rich 

deposits, and "8 to 10" points were the most the 
boride Mo-rich deposits. 
At the bonding temperature, diffusion was between 
the melted layer and the base metal occurred. The 
diffusion of MPD elements such as B and Si from the 
interlayer melt into the base metal causes the 
composition changes in the liquid metal and increases 
the temperature liquids [5], that according to EDS 
Line of joining zone for the B and Si elements (Fig. 
7), It was clearly seen that temperature increase has a 
significant effect on the diffusion rate of MPD 
elements. With the increase of temperature, due to the 
diffusion of MPD elements along the grain 
boundaries, the width of deposits with cuboid 
morphology was decreased, and thus the width of the 
needle-shaped deposits was increased. Also, the other 
researchers, due to the increase in the diffusion rate of 
B[21] in the around of the ISZ and the formation of 
boride deposited along the grains boundary, the cubic 
deposits have become needle-shaped. 

 
Fig. 5. The morphology of DAZ in at the a) 1055 C , b) 1115

C , c) 1175 C  
Table 3. The EDS points of 5-7 at DAZ with cubic morphology 

 
Table 4. The EDS points of 8-10 at DAZ with needle-shape 

morphology 

 
In Fig. 5, dark areas at the ISZ / DAZ area were 
observed with continuously the cubic morphology. 
According to studies by researchers about the 
formation of Boride deposits with cubic morphology 
and needle morphology in grains [5]and also 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-12, Dec.-2018, http://iraj.in 

The Effect of Transient Liquid Phase Bonding Temperature on Microstructural Characteristics of Hastelloy X Superalloy Joints 
 

67 

according to the analysis of these points in Fig. 6, 
these areas can be chromium carbides that were in the 
joining zone have been created. With increasing 
temperature bonding to 1175 C and due to Fig. 6, the 
Chromium carbides was disappeared. Fig. 5 shows 
with increasing temperature bonding, the area include 
Cr carbide was decreased and the Cr-riches boride 
with cubic morphology was forming that in 
temperature of 1115 C  was observed. At 1175 C , 
due to high diffusion rate of B in the grain boundary, 
the cubic sediments were changing to needle shape 
deposits and were developed in the grain boundary. 
 

(a) (b) 
Fig. 6. Peaks of points a-f of the DAZ region TLP joining of 

Hastelloy X with the interlayer, a) 1055 C , b) 1115 C  
 
Fig. 5 shows the interface between the samples at 
1055, 1115, and 1175 C  with BNi-3 and BNi-2 filler 
metals. The points of "11-13" represent the center of 
the joining zone (Table 5). EDS of the point from 11 
in fig. 5 shows, the chemical composition of the 
joining zone was similar to the chemical composition 
of BNi-2. Also, the Fe and Mo elements don’t found 
in the ISZ region. In this case, Due to the short time 
required for diffusion of the MPD elements into the 
base metal, and dissolve the base metal around to the 
joining line, these elements in the ISZ / DAZ region 
produce cubic morphology deposits. Also, due to the 
analysis of points in the central region of the joining 
zone, it was observed that with increasing 
temperature, the diffusion of MPD elements in the 
joining zone and dissolution of the base metal 
elements results in the completion of the ISZ and the 
was destroyed of the ASZ region. According to Fig. 
5, with increasing temperature bonding, ISZ was the 
completion and at 1175 C the ISZ was completed. 
 

Table 5. The EDS points of 11-13 at joining zone 

 
 
According to the EDS Line in Fig. 7, with increasing 
temperature, Mo, and B intensity increased in the 
DAZ region, but the amount of Cr element has 
decreased. With increasing temperature bonding, the 
isothermal solidification rate was increased, because 
there to diffusion rate and dissolution of the liquid 
layer into the base metal depend. Therefore, with 

increasing temperature, the time required to complete 
the ISZ was reduced[22]. 
 
According to the EDS Line of the Cr element in 
samples, the extreme peaks of this element in the ISZ 
/ DAZ region were clearly apparent. As the 
temperature increased, the intensity of this element in 
these areas was lower. 
 

Fig. 7. EDS Line of joining zone 
 
3.3. The effect of temperature on micro hardness 
In Fig. 8, the micro hardness profiles at temperatures 
of 1055, 1115 and 1175 C  for samples, with the 
BNi-2 filler metal were observed. The Non-
uniformity observed in the micro hardness profiles 
was due to the microstructure of the non-uniformity 
at the joining. At 1115 C  was seen themaximum of 
hardness at joining zone, which was due to the 
presence of hard and brittle compounds in ASZ. The 
hardness of the ISZ region was low in all samples and 
the hardness increases as it moves away from the area 
and reaches the DAZ region due to the presence of 
deposits of borates. 
According to Saha et al.[13], in the TLP Super-alloy 
MA745 with Ni-Si-B-Fe layer, an increase in 
hardness was observed in the base metal and DAZ. 
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They saw the increase of hardness in these areas 
because of formation of boride and silicate deposits in 
these areas. 
The amount of hardening through solid solution was 
increased because of that the percentage of soluble 
elements was increased; therefore, according to Fig. 
8, the hardness of this region increased with 
increasing temperature and completeness of the ISZ. 
Investigations by Toyoda et al. [23] on the joining of 
Hastelloy X, also indicate that the hardness of the ISZ 

region was less than of the base metal due to the 
reduction in the percentage of phase-soluble 
elements. Therefore, it can be concluded that by 
increasing the temperature sufficient time for the 
diffusion of MPD elements was provided and 
increasing of soluble elements, so the hardness was 
highest in 1175 C . 
 

Fig. 8. The hardness of joining zone at a) 1055 C , b) 1115 C  and c) 1175 C  
 
CONCLUSION 
 
TLP process on Hastelloy X alloy with BNi-2 filler 
metal was carried out at 1055 C , 1115 C  and 
1175 C  for 45 minute bonding times, and the 
following results were obtained from this research: 
1. At 1115 C  in the center of the ISZ area, the 

eutectic structure rich in B and Cr elements 
were formed. 

2. With the increase in the bonding temperature, 
diffusion of elements was increased. So at 
1175 C , the filler is dissolved and ISZ was 
completed. 

3. ISZ hardness was lower than the base metal 
hardness. 

4. Because of the presence of deposit compounds 
in the DAZ, this area has a high hardness, but 
with increasing temperature, the width of DAZ 
and also, hardness decreased. In 1175 C , the 
hardness of DAZ was lowest than other 
samples. 
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