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The effecT of SelecTed ProceSS condiTionS on MicroSTrucTure evoluTion of The vacuuM Brazed 
JoinTS of haSTelloy X nickel SuPeralloy SheeTS

High temperature vacuum brazing is a well-known and commonly used method for joining of nickel based elements and 
subassemblies of gas turbines, both for stationary and aviation applications. Despite the fact that currently used brazing filler metals 
meet stringent requirements of aviation and energetic industries, a lot of effort is spent on improving operational properties of the 
joints through modification of chemical composition or brazing process parameters. this paper aims for both of these aspects – its 
purpose is evaluation of the impact of filler metal composition, brazing gap width and process conditions on the microstructure 
of joints between sheet metal elements made of Hastelloy X nickel superalloy. two different ni-based filler materials (Bni-2 and 
amdry 915) were investigated, based on the results of light and scanning electron microscopy evaluations, energy dispersive X-ray 
spectroscopy and hardness measurements.

Keywords: ni-based superalloy; vacuum brazing; brazing filler metal; microstructure; seM/eDs analysis

1. introduction

Hastelloy X is a nickel-based superalloy introduced to 
industrial use in 1953. Its first application was the combus-
tion chamber in Pratt & whitney Jt3 jet engine [1]. Due to 
its unique set of properties, this superalloy is widely used in 
aerospace industry and power engineering to this day, still being 
the material of first choice for many elements in hot section of 
turbine engines. the most important characteristics of Hastel-
loy X are the exceptional oxidation, creep and thermal fatigue 
resistance, operating temperature reaching 1200°C [2] and very 
good technological properties [3,4]. apart from choosing proper 
construction material, another significant aspect of structural 
components of the modern turbines is selection of appropriate 
joining method. In industrial practice, welding and brazing are 
one of the most important and commonly used processes in 
that field, both at the stage of manufacturing the parts, as well 
as during their repairs in further life cycle maintenance [5-8]. 
among many available brazing techniques, furnace brazing 
is still a frequently used method in various industry branches 
 [9-11]. In joining of the sheet metal components process, its main 
advantage is the possibility of joining complex assemblies, made 
of multiple elements of different shapes and materials, in one 
operation. In most cases, for joining nickel-based alloys dedi-

cated for elevated temperature applications, high temperature 
vacuum brazing is used, with the brazing filler metal (BFM) 
based on nickel, gold or palladium [12]. In this group, ni-based 
alloys are often an optimal choice, as a compromise between 
design and financial requirements [13]. such fillers have been 
used in gas turbine construction for many years and are known 
to offer good corrosion and heat resistance, which makes them 
able to withstand the detrimental environment of combustion 
gases [14-16]. However, addition of melting point depressants 
(MPD) such as boron, silicon or phosphorus can lead to forma-
tion of hard, brittle phases concentrated in the centreline area 
of the joint, which might result in reduction of its strength and 
durability [17,18]. Industrial popularity of this BFM group 
provides an incentive for continuous search for improvement, 
focused either on replacement of currently used MPD in filler 
alloy [19-21] or investigation of the brazing process parameters 
impact on microstructure and properties of the joint [22-24].

tung et al. [25] investigated joints of commercially pure 
ni parts brazed with ni-based BFMs and observed two zones in 
their microstructure: interfacial layer (adjacent to the base mate-
rial) and the braze main body. authors found that the interfacial 
layer is composed of a γ-phase, i.e. nickel solid solution, whereas 
the main body is multiphase and can contain binary or ternary 
eutectics with γ-phase and intermetallic compounds like nickel 
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borides, nickel silicides and chromium borides – depending on 
the chemical composition of BFM used.

Ghasemi and Pouranvari analyzed microstructural evolu-
tion mechanisms during brazing of Hastelloy X superalloy using 
ni-si-B [17] and ni-Cr-si-Fe-B [26] filler alloys. three specific 
zones of joints were distinguished:
• Diffusion affected zone (Daz) – base material adjacent 

to the braze, in which grain growth and diffusion-driven 
boride precipitations can be observed. 

• isothermal solidification zone (isz) – single phase, γ solid 
solution at the joint interface, formed through isothermal 
solidification occurring as a result of chemical composition 
changes due to base metal dissolution and MPD diffusion 
into the base metal, 

• athermal solidification zone (asz) – multi-phase area 
in the centreline of the joint formed at the cooling stage, 
consisting of eutectic reaction products with intermetallic 
compounds, such as borides and silicides. 
Due to specific phase composition, asz is characterized 

by significantly higher hardness compared to other zones, and 
its size increases with the increase of the clearance between 
joined elements. 

In present study, Hastelloy X superalloy in a form of sheet 
was brazed with two ni-based filler alloys – Bni-2 (ni-4si-7Cr-
3Fe-3B) and amdry 915 (ni-4si-13Cr-4Fe-2.7B) using three 
different clearances. Microstructure evolution was investigated 
using light (LM) and scanning electron microscopy (seM) with 
energy dispersive X-ray spectroscopy (eDs) analysis. Moreover, 
configuration Hastelloy X/amdry 915 was subjected to addi-
tional tests. this BFM is characterized by a wide solidus-liquidus 
range (960-1127°C) [27]. Interference in the brazing process 
above solidus temperature, resulting in disruption of the thermal 
cycle, such as furnace malfunction or power supply break, may 
be especially problematic for that kind of filler alloy. therefore, 
the influence of interrupting the process on various stages of 
heating within solidus-liquidus range on microstructure of the 
joints brazed with amdry 915 was also examined. 

2. Materials and experiment

the Hastelloy X superalloy in a form of sheet (aMs5536) 
was brazed using two ni-based brazing filler alloys: Bni-2/
aMs4777 (ni-4si-7Cr-3Fe-3B) and amdry 915 (ni-4si-13Cr-
4Fe-2.7B) (taBLe 1). Both analysed filler alloys are typically 
used for joining stainless steel, ni- and Co-based superalloys for 
jet engine turbines and nuclear applications. amdry 915 filler 
metal is also reported to be capable of filling gaps up to 0.5 mm 
[27] (taBLe 2), which makes it suitable for so-called wide gap 
brazing applications and makes it particularly useful in process 
of sheet metal parts brazing, where achieving satisfactory fit is 
often difficult. 

samples with dimensions of 25.4×76.2×1 mm were pre-
pared by washing in ultrasound cleaner, subsequently degreased 
with ethyl alcohol and fixed in a manner to create lap joint with 
overlap length of 8 mm (Fig. 1). For each BFM three different 
gap sizes were used: 0.05, 0.1 and 0.15 mm. Ball-tack weld-
ing using 1 mm stainless steel balls was used as a positioning 
method. Filler alloy was applied in the form of a paste at one 
edge of the joint. Brazing processes (Fig. 2) were conducted in 
seco/warwick VP-4050/72HV furnace using vacuum protective 
atmosphere of 0.1 Pa or lower.

Hastelloy X/amdry 915 joint was also subjected to in-
vestigation of the impact of brazing cycle disruption on the 
microstructure evolution. the same lap joint samples were used 
in this test (Fig. 1), with brazing gap width of 0.05 mm. two 
samples were used for each batch. original brazing process 
was interrupted in two points of the heating stage: one within 
solidus-liquidus range of the BFM (1050°C) and the other at 

taBLe 1

Chemical composition of investigated alloys [27,28]

alloy
chemical composition (% wt.)

ni cr fe Mo co W c Mn Si B
Hastelloy X bal. 20.5-23 17-20 8-10 0.5-2.5 0.2-1 0.05-0.15 max. 1 max. 1 max. 0.008
amdry 915 bal. 12-14 4-5 — — — max. 0.06 — 4-5 2.5-2.9

Bni-2 bal. 6-8 2.5-3.5 — — — max. 0.06 — 4-5 2.75-3.5

taBLe 2

Key processing parameters of selected brazing filler metals [27,28]

Processing parameter Bni-2 (aMS4777) amdry 915
available forms foil, powder, paste foil, powder, paste

Melting range solidus Liquidus solidus Liquidus
971°C 999°C 960°C 1127°C

recommended brazing range 1026-1054°C 1135-1205°C
recommended gap size 0.02-0.1 mm 0.05-0.5 mm

Fig. 1. Geometry of brazed specimens (all dimensions given in mm)
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the brazing temperature setpoint – 1145°C. Microstructure of 
the joint was analysed on the first sample directly after cycle 
disruption. subsequently, a rebrazing process was carried out 
on the second sample according to parameters dedicated for the 
amdry 915 filler alloy (Fig. 2b) and the microstructure changes 
were examined.

specimens for metallographic examinations were pre-
pared using standard methods and etched with a solution of 
15 ml Hno3, 15 ml CH3CooH, 60 ml HCl and 15 ml distilled 
water. Microstructure observations were carried out with Leica 
DM2000 light microscope and Hitachi s-3400n scanning elec-
tron microscope using secondary electron (se) and back-scat-
tered electron (Bse) detectors. Chemical composition in selected 
areas of the joint was investigated using energy dispersive X-ray 
spectroscopy. Microhardness measurements were done on In-
novatest nexus 4303 Vickers hardness tester using 0.3 kG load.

3. results

3.1. hastelloy X brazed with Bni-2 

3.1.1. Microstructure and chemical composition

obtained joints show a very good fit, with even gap width 
at the entire length of mating elements (Fig. 3a). Base material 
microstructure (Fig. 3b,d) consist of equiaxed grains of austenitic 
γ-phase with twins and precipitations, which based on hastelloy 
X precipitation characteristics are believed to be predominantly 
M6C carbides [29-30]. adjacent to the braze, the Daz was ob-
served (fig. 3b-d), with the width of 30-40 μm, independently 
on the gap size. Multiple, (Cr, Mo)-rich, needle-like and blocky 
borides precipitation (areas designated as 2 in Fig. 4, taBLe 3) 
can be observed in that zone. Microstructure of brazed joints is 

a) b)

Fig. 2. Brazing cycles for a) Bni-2, b) amdry 915 filler alloys

a)

c)

b)

d)

Fig. 3. Microstructure (LM) of Hastelloy/Bni-2 joints with gap width: a,b) 0.05, c), 0.1 and d) 0.15 mm
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composed of clearly distinguishable zones (Fig. 3b-d): braze 
outer zones (Bozs) – symmetrically arranged in contact with 
the sheets – and braze inner zone (BIz) in the centre of the joint. 
these particular areas can also be referred to as the isothermal 
and athermal solidification zones, respectively, depending on the 
crystallization mechanism. significant impact of the gap size on 
phase morphology in the braze microstructure was noticed. Boz 
is composed of single phase γ solid solution grains: equiaxed 
in the case of 0.05 and 0.1 mm gaps (Fig. 3b,c) and columnar 
for 0.15 mm gap (Fig. 3d). the formation of this zone is explained 
by diffusion-induced isothermal solidification phenomenon, 
causing changes in liquid phase chemical composition and result-
ing in the liquidus temperature increase [17]. such conditions 
favour the epitaxial growth of γ solid solution grains, even to 
the columnar form in the case of wide gaps (Fig. 3d). Inner zone 
of the braze is multiphase, containing the eutectic-like mixture 
of γ-ni solid solution and intermetallic compounds. Width of 
this zone is increasing along with the increase of the gap size, 
constituting a major part of the entire braze volume in 0.1 and 
0.15 mm joints (Fig. 3c,d). BIz is formed from the remaining, 
liquid portion of filler metal during cooling, which indicates that 
holding time was not sufficient enough for isothermal solidifica-
tion to take place in the entire volume of the joint [17,26].

seM/eDs linear distribution analysis of the alloying ele-
ments (Fig. 4) has proved their diffusion between base material 

and BFM. abrupt changes in concentration of ni, Cr and Fe can 
be observed at the interfaces of particular zones. Boz is com-
posed of ni-rich γ solid solution (areas designated as 3 in fig. 4, 
taBLe 3), with increased amount of Cr and Fe, compared to 
filler metal nominal composition, which confirms that dissolu-
tion of base material by liquid filler metal occurred. Increased 
content of silicon was noticed in the BIz, especially in 0.1 and 
0.15 joints (Fig, 4b,c; taBLe 3). Cr-rich boride phases (area 5 
in Fig. 4b and Fig. 4c, taBLe 3), visible as the black areas on 
seM images, were also identified in this region of the same 
joints (Fig. 4b,c). this allows to conclude that crystallization 
of silicides and Cr-rich borides occurred in this area, which 
is typical for braze alloys containing these elements as MPDs 
[17,22,25,31].

3.1.2. hardness

Hardness measurements, made along a straight line per-
pendicular to the cross-section of the joint, indicated noticeably 
lower hardness of the Hastelloy X comparing to the joint area 
(Fig. 5). It can be seen that hardness is increasing in the Daz 
of base material, which is a consequence of microstructural 
changes, caused mostly by diffusion of boron from the BFM, 
reaching the highest value in the BIz. Maximum hardness of 

a) b)

c)

Fig. 4. Microstructure (seM) and linear elements distribution for Hastelloy X/Bni-2 joints with gap width: a) 0.05 mm, b) 0.1 mm, c) 0.15 mm 
[1] – γ-phase solid solution and carbides in base material [2] – Daz – borides in the matrix of γ-phase solid solution, [3] – boz – isothermally 
solidified γ-phase grains, [4] – biz – (ni, cr) borides (a) and eutectic-type mixture (b, c), [5] – cr-rich borides in biz
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that area rises with the increase of the gap between joined ele-
ments – from 362 HV0.3 in case of 0.05 mm gap (Fig. 5a), to 
significantly higher values of 790 and 683 HV0.3 for 0.1 and 
0.15 mm joints (Fig. 5b,c), respectively. Hardness distribution 
on the joints cross-sections confirms previous observations 
about the phase composition, involving presence of intermetallic 
phases, which are reported to be very hard and brittle [17,22,31]. 
the relationship between hardness and gap size indicates that 
solidification conditions in wider joints favours hard intermetal-
lic phases formation.

3.2. hastelloy X brazed with amdry 915 

3.2.1. Microstructure and chemical composition

LM observation of Hastelloy X/amdry 915 joints revealed 
microstructure (Fig. 6) similar to joints obtained with Bni-2 alloy 
(Fig. 3), with a slightly deeper diffusion zone of approximately 
50 µm (Fig. 6b). Microstructure of the joints was also changing 
significantly depending on the distance between brazed ele-
ments. Joint with a gap of 0.05 mm brazed using amdry 915 

taBLe 3

Chemical composition in selected areas shown in Fig. 4

Gap width 
[mm] area

chemical composition
[% wt] [% at.]

B-k Si-k cr-k fe-k ni-k Mo-l B-k Si-k cr-k fe-k ni-k Mo-l

0.05

1 — 0.6 23.7 19.6 46.8 8.3 — 1.3 26.4 20.3 46.1 5.0
2 2.4 0.8 26.6 16.8 40.8 11.9 11.9 1.5 27.0 15.8 36.6 6.5
3 1.0 3.4 10.7 6.7 76.2 1.9 4.9 6.6 11.0 6.4 69.8 1.1
4 1.5 0.5 8.2 4.7 83 1.8 7.6 1.0 8.6 4.6 77.0 1.0

0.1

1 — 0.7 24.0 20.7 48.1 5.4 — 1.3 6.4 21.2 46.7 3.2
2 2.5 0.8 25.1 19.3 43.1 8.5 12.0 1.5 25.1 18.0 38.2 4.6
3 2.4 3.8 9.2 5.6 79.0 — 11.1 6.9 8.9 5.1 68.0 —
4 2.8 1.7 5.3 2.8 87.3 — 13,3 3.2 5.2 2.5 75.8 —
5 2,9 2.7 44.2 3.1 47.0 — 13.1 4.7 40.9 2.7 38.6 —

0.15

1 — 0.6 23.9 20.3 46.3 7.9 1.2 26.5 20.9 45.5 4.7
2 2.2 0.6 24.5 18.9 42.8 10.1 10.7 1.2 25.0 17.9 38.7 5.6
3 1.8 4.0 8.1 5.7 80.4 — 8.5 7.3 8.1 5.3 70.9 —
4 2.6 — 5.2 2.9 89.2 — 12.6 — 5.3 2.7 79.4 —
5 3.2 — 80.8 1.4 4.0 10.6 14.6 — 75.5 1.2 3.3 5.4

a) b)

c)

Fig. 5. Hardness distribution on the cross-section of the Hastelloy X/Bni-2 joints for gap width: a) 0.05 mm, b) 0.1 mm and c) 0.15 mm
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was completely uniform (Fig. 6b), without asz, which means 
that in case of this BFM selected holding time (10 minutes) was 
sufficient for the liquid filler to crystalize isothermally in the 
entire volume of the joint. two-zone braze was observed in joints 
with wider gaps – symmetrically arranged Boz’s and BIz in 
the centre of the braze (Fig. 6c.d). However, contrary to Bni-2 
alloy, no significant increase in the asz width was observed 
between 0.15 mm and 0.1 joints. no major differences between 
Boz in these joints were noticed – both consisted of equiaxed 
grains of γ-ni solid solution, without signs of columnar growth. 

seM/eDs analysis revealed that the chemical composition 
of Daz in base material is similar for all gap sizes and BFM’s 

used – Bni-2 (areas designated as 2 in Fig. 4, taBLe 3): B 2,4 
si 0.6-0.8, Cr 24.5-26.6, Fe 16.8-19.3 % wt. and amdry 915 
(areas designated as 1 in Fig. 7, taBLe 4): B 1.7-2.8, si  0.4-0.6, 
Cr 23.8-26.9, Fe 16.9-18.5 % wt. Diffusion of boron is a main 
factor determining Daz depth and morphology. Content of this 
element in both filler alloys is comparable. In consequence, 
Daz’s phase composition were also comparable in both 
 BM/BFM combinations, containing mostly needle-like and 
blocky (Cr, Mo)-rich borides (taBLe 3, taBLe 4). Chemical 
composition of isothermally solidified braze in the 0.05 mm 
joint (area 2 in Fig. 7a, taBLe 4) seems to correspond to the 
Boz in Hastelloy X/Bni-2 joints (areas 3 in Fig. 4, taBLe 3). 

a)

c)

b)

d)

Fig. 6. Microstructure (LM) of Hastelloy/amdry 915 joints with gap width: a,b) 0.05, c), 0.1 and d) 0.15 mm

taBLe 4

Chemical composition in selected areas shown in Fig. 7

Gap width 
[mm] area

chemical composition
[% wt] [% at.]

B-k Si-k cr-k fe-k ni-k Mo-l B-k Si-k cr-k fe-k ni-k Mo-l

0.05
1 1.8 0.6 23.8 18.2 43.9 11.7 9.3 1.1 24.8 17.7 40.5 6.6
2 1.6 4.2 10.1 6.5 77.7 — 7.5 7.8 10.1 6.0 68.7 —

0.1

1 1.7 0,4 24.1 18.5 46.2 9.2 8.5 0.7 25.1 17.9 42.6 5.2
2 2.1 4.5 9.8 6.7 76.8 — 10.0 8.1 9.6 6.1 66.3 —
3 3.1 5.7 4.7 2.9 83.5 — 13.9 9.9 4.4 2.6 69.1 —
5 1.8 0.4 30.3 15.7 41.9 9.8 9.1 0.8 31.2 15.1 38.2 5.5

0.15

1 2.8 0.6 26.9 16.9 40.6 12.3 13.4 1.0 27.0 15.8 36.1 6.7
2 1.4 4.5 10.8 7.2 76.1 — 6.7 8.4 10.8 6.8 67.4 —
3 3.2 9.5 3.7 2.5 81.1 — 13.7 15.9 3.3 2.1 64.9 —
4 3.3 — 84.6 — 2.8 9.4 14.5 — 78.5 — 2.3 4.7
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Basing on eDs results and literature reports [25, 26], these areas 
are composed of γ nickel solid solution. the biz’s in both 0.1 
and 0.15 mm joints are composed of eutectic-like mixture, with 
similar chemical composition (areas 3 in Fig 7b,c, taBLe 4). 
Content of boron and silicon indicates presence of intermetallic 
compounds. In microstructure of the BIz in 0.15 joint a plate-
shaped Cr-rich phase with significant amount of boron and 
molybdenum was detected (area 4 in Fig. 7c. taBLe 4), which 
corresponds to (Cr, Mo)-rich boride, also identified by other 
authors [26]. even keeping in mind limitation of eDs analysis 
regarding characterization of boron content, it can be concluded 
that chromium and boron intermetallic compounds are the main 
phase components in this area.

3.2.2. hardness

Microhardness measurements of joints brazed with am-
dry 915 alloy also showed significant increase in hardness of 
the braze with increase of the gap size, with evident uptrend 
– from 280 HV for 0.5 mm (Fig. 8a), through 358 HV for 
0.1 mm (Fig. 8b), to 930 HV for 0.15 mm (Fig. 8c). similarly 
to Bni-2 filler alloy, an increase in hardness is observable in 
the diffusion zone and its peak occurs in the centre of the joint. 

In case of the narrowest gap, the hardness difference between 
base material (approx. 200 HV) and joint (280 HV) is the low-
est – about 80 HV (Fig. 8a). For analogous Bni-2 joint, where 
hardness over 360HV was reached, the difference was nearly 
twice as large. a major difference can be also observed between 
0.1 mm joints brazed with particular filler alloys, where Bni-2 
joint hardness (800 HV – Fig. 5b) exceeded the hardness of the 
amdry 915 joint (360 HV – Fig. 8b) more than twice. obtained 
results might be related to asz width, as this zone in the amdry 
915 joint is noticeably narrower. In case of the largest analysed 
gaps, significantly higher hardness of braze was obtained with 
amdry 915 alloy (Fig. 8c). Changes in hardness distribution are 
clearly related to the gap width, which affects the liquid filler 
solidification conditions and determines the phase composition 
of the braze.

3.3. impact of the process interruption on hastelloy X 
with amdry 915 joints

another part of conducted research addressed the issue of 
the impact of interruption in the brazing process on joint micro-
structure. In industrial conditions there are a number of poten-
tial factors that may disturb the brazing cycle, such as furnace 

b)

c)

a)

Fig. 7. Microstructure (seM) and linear elements distribution for Hastelloy X/amdry 915 joints with gap width: a) 0.05 mm, b) 0.1 mm, c) 0.15 mm; 
[1] and [5] – Daz – borides in the matrix of γ-phase solid solution, [2] – boz – isothermally solidified γ-phase grains, [3] – biz – eutectic-type 
mixture, [4] – (Cr, Mo) boride in BIz
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malfunction, power supply break or furnace operator error. It is 
particularly crucial in the case of filler alloys with wide solidus-
liquidus range, such as amdry 915, because breaking the process 
within that range may lead to forming of a joint that doesn’t meet 
quality standards, inspection of which is often technologically 
difficult. thus, better understanding of phenomena that might 
occur in joints exposed to such conditions is essential in evalu-
ation of the described process.

In case of a process interrupted in 1050°C (Fig. 9a), despite 
the fact that liquidus temperature has not been reached yet, it 
can be seen that melting of filler alloy occurred and it has been 
drawn by capillary action between mating sheets. However, the 
BFM melted only partially, and the joint wasn’t completely filled. 
seM/eDs analysis of that joint didn’t show any significant dif-
ferences between chemical composition of parent material and 
joint area (taBLe 5), with the elements content corresponding 
to nominal composition of Hastelloy X. taking into considera-

tion incomplete penetration of the joint, this analysis is given 
for indicative purposes only, and cannot be treated as a reliable 
measurement. Microstructure of the same joint after rebrazing 
(Fig. 9b) is typical for brazed joint and can be considered as cor-
rect. except for occasional porosity, the BFM zone is uniform 
in terms of phase morphology, composed entirely of γ-ni solid 
solution (area designated as 3 in Fig. 9b, taBLe 5). 

In the brazing process interrupted in 1145°C (setpoint 
temperature) filler alloy was completely melted, full penetration 
of the gap occurred and filler metal created proper meniscus 
on both sides of the joint. regardless of disrupting the process 
directly after achieving setpoint temperature, the obtained joint 
complied with visual inspection standards. nevertheless, it 
was found that joint microstructure is heterogeneous (Fig. 9c), 
containing centreline eutectic reaction products formed during 
cooling – the BIz. Linear elements distribution showed that 
the content of chromium, nickel and iron varies significantly in 

b)

c)

a)

Fig. 8. Hardness distribution on the cross-section of the Hastelloy X/amdry 915 joints for gap width: a) 0.05 mm, b) 0.1 mm and c) 0.15 mm

taBLe 5

Chemical composition in selected areas shown in Fig. 9a,b

Process step area
chemical composition

[% wt] [% at.]
B-k Si-k cr-k fe-k ni-k Mo-l B-k Si-k cr-k fe-k ni-k Mo-l

after 
interruption 
at 1050°C

1 — 0.5 24.1 20.3 46.2 7.8 — 1.0 26.7 21.0 45.3 4.7
2 — 0.5 24.4 20.4 46.1 7.4 — 1.1 27.0 21.0 45.1 4.4
3 — 0.6 23.7 20.1 46.2 8 — 1.3 26.1 20.7 45.2 4.8

after 
rebrazing

1 — — 23.8 19.4 45.3 8.4 — — 27.0 20.5 45.6 5.2
2 — 0.4 26.2 16.2 38.1 16.8 — 0.9 30.4 17.6 39.3 10.6
3 1.1 4.4 8.9 6.1 79.4 — 5.5 8.3 9.1 5.8 71.4 —
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this area (Fig. 9c) and basing on chemical composition analysis 
(taBLe 6), Cr-rich phases are main components. It also can be 
seen that a diffusion zone has been formed, but due to process 
interruption its depth is limited to approximately 10-15 μm. car-
rying out the rebrazing process led to full homogenization of the 
joint microstructure (Fig. 9d). Comparison of linear distribution 
between both joints (Fig 9c,d) and investigation of chemical 
composition and depth of diffusion zones (Fig. 9d, taBLe 6) 
clearly shows that diffusion driven homogenization of the braze 
phase composition occurred.

4. discussion

Conducted tests undoubtedly show that gap width is 
a crucial parameter in process of brazed joints microstructure 
evolution. In both investigated filler alloys, Bni-2 and amdry 
915, formation of complex, multi-phase area localized in the 
centreline of the joint was observed. width of asz increased 
with the increase of distance between joined elements. Chemical 
analysis of this zone using seM/eDs method and microhard-
ness measurements led to the conclusion that it was an eutectic 

d)

b)

c)

a)

Fig. 9. Microstructure (seM) and linear elements distribution for Hastelloy X/amdry 915 joints for brazing processes interrupted at: a) 1050°C, 
c) 1145°C and corresponding microstructures after rebrazing: b) and d), respectively

taBLe 6

Chemical composition in selected areas shown on Fig. 9c,d

Process step area
chemical composition

[% wt] [% at.]
B-k Si-k cr-k fe-k ni-k Mo-l B-k Si-k cr-k fe-k ni-k Mo-l

after 
interruption 
at 1145°C

1 — 0.5 24.3 20.2 46.7 7.3 — 1.1 26.9 20.8 45.8 4.4
2 2.2 1.3 25.5 14.2 46.3 10 10.9 2.5 25.8 13.4 41.5 5.5
3 1 3.9 14.5 8.4 70.7 1.4 4.9 7.4 14.8 8.0 64.0 0.8
4 1.8 0.9 53.3 6.5 34 3.4 8.5 1.7 52.4 6.0 29.6 1.8
5 2.9 1.7 59 5.3 27.3 3.7 13.2 2.9 55.0 4.6 22.5 1.9
6 2.2 0.7 26.1 17.6 42.3 10.1 10.8 1.3 26.5 16.7 38.1 5.6

after 
rebrazing

1 2.4 0.7 23.4 17.9 42.2 12.5 11.9 1.4 23.8 17.0 38.2 6.9
2 0.9 4.2 12 — 81.2 0.6 4.6 8.1 12.3 — 73.7 0.3
3 2.3 0.8 22.8 17.6 43.7 12.1 11.4 1.5 23.3 16.8 39.6 6.7
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mixture of γ-ni solid solution and intermetallic, boron- and 
silicon-based compounds. Forming of such microstructure 
constituents in ni-B-s filler alloys is reported in literature. tung 
et al. [25] investigated microstructure evolution during brazing 
of nickel with nickel based filler alloys containing boron and 
silicon as MPD. In joints where Bni-1a brazing filler was used, 
which chemical composition is similar to amdry 915, three main 
intermetallic compounds were identified: nickel silicide, nickel 
boride and chromium boride. Furthermore, the joint consisted of 
three eutectic systems: γ-phase and nickel boride binary eutec-
tic, γ-phase and chromium boride binary eutectic and γ-phase, 
nickel boride and nickel silicide ternary eutectic. authors also 
described the solidification mechanism, starting with nucleation 
of primary γ-phase, which causes the enrichment of remaining 
liquid in chromium, silicon and boron, leading to subsequent 
formation of reported systems. authors of the study on Hastelloy 
X brazed with ni-13Cr-4.5si-4.2Fe-2.8B alloy [26] described 
the same solidification sequence, taking into account the influ-
ence of molybdenum. It was reported that the BIz consisted of 
complex binary, ternary and quaternary eutectics with following 
intermetallic phases: (Cr, Mo) boride in binary systems, (Cr, Mo) 
boride and (ni, Cr) boride in ternary systems and ni boride, Cr 
boride, ni borosilicide and fine ni3si in quaternary systems. Due 
to the same base material and resemblance of BFM used in this 
study, it can be assumed that obtained eutectic was composed 
of similar constituents.

Important differences in joints brazed with particular filler 
alloys should be noted. In case of 0.05 mm gap width, Hastelloy 
X/amdry 915 joint microstructure was uniform, without BIz 
eutectic transformation products. even though this area was 
formed in joints with 0.1 and 0.15 gaps, its width was notably 
lower than in corresponding joints brazed with Bni-2 alloy. 
this observation was also confirmed by hardness measurement. 
BFM zone hardness of 0.1 mm Hastelloy X/amdry 915 joint 
was close to hardness of 0.05 mm Hastelloy X/Bni-2 joint. all 
of the above can lead to general conclusion, that under chosen 
conditions amdry 915 alloy shows better tolerance for gap size 
deviating from the optimum value, which should be taken into 
consideration at the stage of filler metal selection for particular 
applications.

second aspect of this research was evaluation of the braz-
ing process interruption on the joint microstructure. Investiga-
tion of the joint from a process disrupted in 1050℃ has shown 
that melting of amdry 915 filler alloy, to an extent sufficient 
for occurrence of capillary action, might take place well below 
liquidus temperature. Microstructure of the same joint after the 
rebrazing process was found to be typical, without any indica-
tions of previous disruption. this observation is particularly 
important from the perspective of evaluation of similar processes 
in industrial conditions. Brazing is widely used as a joining 
method when complex geometry and different material forms 
are included. If we consider an interrupted process in a context 
of such assembly, transition of BFM into liquid not only causes 
filler alloy flow into the areas from which it cannot be removed 
without disassembling, but also locally affects the surface of 

parent material. therefore, performing the rebrazing operation 
in such cases appears to be a reasonable approach to achieve 
proper joint quality.

Process of Hastelloy X/amdry 915 brazing interrupted in 
1145°C led to formation of a joint which macroscopic appearance 
was conforming to the visual inspection standards. However, 
microscopic investigation revealed significantly limited diffu-
sion zone and major microstructure heterogeneity. Characteristic 
asz was observed in the braze, consisting of predominantly 
chromium rich products of the eutectic transformation (Fig. 9c). 
Diffusion driven homogenization of this joint occurred during the 
rebrazing process (Fig. 9d). Formation of the brittle intermetal-
lic phases in the joint is an undesirable phenomenon, creating 
preferred crack propagation paths, which can reduce its durabil-
ity, especially when subjected to the vibrations. this justifies 
the conclusion, that in case of process interrupted close to the 
brazing setpoint, rebrazing operation is necessary despite that 
the joint may meet visual control requirements after the original  
process.

Finally, another issue is related to potential differences be-
tween joints brazed with amdry 915 after rebrazing, which might 
be caused by process interruption in different stages of the cycle. 
obtained results allow to compare corresponding areas of both 
joints. In the diffusion zone of a joint from process interrupted 
in 1145°C significantly higher content of boron (2.4 % wt.) and 
silicon (0.7 % wt.) was found, compared to the one interrupted 
in 1050°C (0.4 % wt. si, no boron found) along with lower 
concentration of chromium and molybdenum – 26.2 % wt. Cr 
and 16.8 % wt. Mo compared to 23.4 % wt. Cr and 12.5 % Mo, 
respectively. as could be expected, lower content of chromium 
and molybdenum in the diffusion zone is inevitably related to 
higher content of these elements in the braze area (taBLes 5 
and 6). It appears that even if microstructure of both joints after 
rebrazing is comparable, the sequence of performed processes is 
not irrelevant for chemical composition of filler alloy and diffu-
sion zones. Further tests, involving potential effect on strength 
and fatigue properties should be performed to investigate sig-
nificance of these differences.

5. conclusion and summary

In present work the influence of key brazing process 
parameters, such as gap size and course of brazing cycle, on 
microstructure evolution of the joint of Hastelloy X nickel 
superalloy brazed with two different ni-based filler alloys was 
investigated. Following conclusions can be made: 
• the width of gap between joined elements has a significant 

impact on microstructure of the joint for both Bni-2 and 
amdry 915 filler alloys. smaller gap allows to produce 
joints with more uniform microstructure. 

• in all joints brazed with bni-2 alloy, a characteristic centre-
line area with complex morphology and phase composition 
was observed. this area (referred to as asz or BIz) was 
formed from the remaining portion of liquid filler alloy 
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during cooling. width of this zone was increasing with the 
increase of the clearance.

• in the case of amdry 915 filler alloy, microstructure of 
the joint with the gap width of 0.05 mm was completely 
uniform, entirely composed of γ-ni solid solution. in other 
joints centreline asz/BIz was noticed, but its width was 
generally lower than this in corresponding joints brazed 
with Bni-2 alloy, and its morphology was different. 

• basing on seM/eDs analysis, hardness measurements and 
literature reports, it was determined that asz/BIz in the 
centre of the joints consisted of various eutectic systems 
with intermetallic phases such as (Cr, Mo) borides, (ni, Cr) 
borides, borosilicides and silicides. 

• interruption of the brazing process with amdry 915 filler al-
loy, especially near setpoint temperature, leads to formation 
of heterogeneous microstructure with intermetallic phase 
constituents. rebrazing operation is an effective solution 
for homogenization of the joint microstructure.

• comparison of corresponding areas of the hastelloy X/
amdry 915 joints subjected to process interruption indicates 
that disrupting the brazing cycle at different stages may 
lead to dissimilarities in chemical composition of particular 
zones after rebrazing process.

reFerenCes 

[1] C. sponaugle, Pittsburgh eng. 2 (4),7-9 (2005).
[2] J.r. Davis (ed.), asM specialty Handbook: nickel, Cobalt, and 

their alloys, asM International, Materials Park oH (2000).
[3] K. singh, trans. Indian Inst. Met. 67 (5), 601-615 (2014). 
 DoI: https://doi.org/10.1007/s12666-014-0398-3
[4] http://haynesintl.com/docs/default-source/pdfs/new-alloy-

brochures/high-temperature-alloys/brochures/x-brochure.
pdf?sfvrsn=15b829d4_38, accessed: 15.10.2021. 

[5] r.H. al-nafeay, a.o. al-roubaiy, H. omidvar, IoP Conf. ser.: 
Mater. sci. eng. 1094, 012141 (2021). 

 DoI: https://doi.org/10.1088/1757-899X/1094/1/012141
[6] w. Miglietti, M. Du toit, J. eng. Gas turbines Power 132 (8), 

082102 (2010). DoI: https://doi.org/10.1115/1.3155397
[7] K. strzelczak, B. Lisiecka, Prod. eng. arch. 16, 12‐15 (2017). 

DoI: https://doi.org/10.30657/pea.2017.16.03
[8] M.B. Henderson, D. arrell, r. Larsson, M. Heobel, G. Marchant, 

sci. technol. weld. Joi. 9 (1), 13-21 (2004). 
 DoI: https://doi.org/10.1179/136217104225017099
[9] z. Mirski, J. Pabian, t. wojdat, arch. Metall. Mater. 66 (4), 

 1131-1140 (2021). DoI: 10.24425/amm.2021.136438
[10] M. singh, r. asthana, n. sobczak, J. Mater. eng. Perform. 29, 

4898-4912 (2020). 
 DoI: https://doi.org/10.1007/s11665-020-04934-3
[11] L. zhang, J. Manuf. Process. 66, 651-668 (2021). 
 DoI: https://doi.org/10.1016/j.jmapro.2021.04.015

[12] M. way, J. willingham, r. Goodall, r. Int. Mater. rev. 65 (5), 
1-29 (2020). 

 DoI: https://doi.org/10.1080/09506608.2019.1613311
[13] D. Luo, y. Xiao, L. Hardwick, r. snell, M. way, X. s. Morell, 

F. Livera, n. Ludford, C. Panwisawas, H. Dong, r. Goodall, en-
tropy 23 (1), 78 (2021). DoI: https://doi.org/10.3390/e23010078

[14] M.M. schwartz (ed.), Brazing (2nd ed.), asM International, 
Materials Park oH (2003). 

[15] a. elrefaey, High-temperature brazing in aerospace engineering, 
in: M.C. Chaturvedi (ed.), welding and Joining of aerospace 
Materials, woodhead Publishing, Cambridge (2011). 

 DoI: https://doi.org/10.1533/9780857095169.2.345
[16] B. ahn, Metals-Basel 11 (7), 1037 (2021). 
 DoI: https://doi.org/10.3390/met11071037
[17] a. Ghasemi, M. Pouranvari, sci. technol. weld. Joi. 24 (4), 

 342-351 (2019). 
 DoI: https://doi.org/10.1080/13621718.2018.1553280
[18] M. Pouranvari, a. ekrami, a.H. Kokabi, weld. J. 93 (2), 60s-68s 

(2014). 
[19] L. Hardwick, P. rodgers, e. Pickering, r. Goodall, Metall. trans. 

a 52, 2534-2548 (2021). 
 DoI: https://doi.org/10.1007/s11661-021-06246-0
[20] a.a. Ivannikov, B.a. Kalin, o.n. sevryukov, M.a. Penyaz, I.V. 

Fedotov, V.e. Misnikov, M.s. tarasova, sci. technol. weld. Joi. 
23 (8), 187-197 (2017). 

 DoI: https://doi.org/10.1080/13621718.2017.1361668
[21] C. MacIsaac, C.a. whitman, s.F. Corbin, J. Mater. sci. 55, 8741-

8755 (2020). DoI: https://doi.org/10.1007/s10853-020-04594-7
[22] o.a. ojo, n. richards, M.C. Charturvedi, sci. technol. weld. 

Joi. 9 (3), 209-220 (2004). 
 DoI: https://doi.org/10.1179/136217104225012175
[23] z.s. yu, r.F. Li, K. shi, appl. Mech. Mater. 236-237, 26-30 

(2012). 
 DoI: https://doi.org/10.4028/www.scientific.net/aMM.236-237.26
[24] r.P. rezende, M.D.M das neves, Mater. sci. Forum 1012,  354-359 

(2020). 
 DoI: https://doi.org/0.4028/www.scientific.net/MsF.1012.354
[25] s.K. tung, L.C. Lim, M.o. Lai, scr. Mater. 34 (5), 763-769 (1996). 

DoI: https://doi.org/10.1016/1359-6462(95)00577-3
[26] a. Ghasemi, M. Pouranvari. sci. technol. weld. Joi. 24 (4), 1-10 

(2018). DoI: https://doi.org/10.1080/13621718.2018.1553280
[27] https://www.oerlikon.com/ecomaXL/files/metco/oerlikon_

DsM0285.1_amdry_915_series.pdf, accessed: 15.10.2021. 
[28] https://princeizant.com/product/ams-4777, accessed: 15.10.2021. 
[29] J.-C. zhao, M. Larsen, V. ravikumar, Mater. sci. eng. a 293 (1-2), 

112-119 (2000). 
 DoI: https://doi.org/10.1016/s0921-5093(00)01049-2
[30] J. Xie, y. Ma, M. ou, w. Xing, L. zhang, K. Liu, Materials 11 

(10), 2065 (2018).
[31] M.C. Chaturvedi, o.a. ojo, n.L. richards, adv. technol. Mater. 

Mater. Process. 6 (2), 206-213 (2004). 
 DoI: https://doi.org/10.2240/azojomo0123


	Mohamed Afqir￼1*, Mohamed Elaatmani1, Abdelouahad Zegzouti1, 
Nabiha Tahiri1, Mohamed Daoud1
	Structure and Dielectric Properties of V and Y Disorder Doped SrBi2Nb2O9 Ceramics

	Young-Sin Choi￼1,2, Do-Hun Kwon￼1, Min-Woo Lee￼1, Eun-Ji Cha￼1, 
Junhyup Jeon￼3, Seok-Jae Lee￼3, Jongryoul Kim￼2, Hwi-Jun Kim￼1*
	A Study on the Optimization of Metalloid Contents of Fe-Si-B-C Based Amorphous 
Soft Magnetic Materials Using Artificial Intelligence Method

	Cheol-Woo Kim￼1, Hyo-Sang Yoo￼1*
	Study on Improvement of Surface Properties of SKD61 Powder 
on S45C Using Laser Cladding

	Eunjeong Kim1†, Sangyoeb Lee￼2†, Yeonjin Je3, Dong Park Lee3, Sang Jun Park3, 
Sanghyun Jeong2, Joon Sik Park2, Byungmin Ahn￼4*, Jun Hong Park￼1,3*
	Structural Deformation of Tungsten Diselenide Nanostructures Induced 
by Ozone Oxidation and Investigation of Electronic Properties Change

	Se Hwan Lee￼1, Byungmin Ahn￼2* 
	Sintering Behavior and Mechanical Property of Cu-Sn Alloy with Ag Addition Produced 
by Pulsed Electric Current Sintering

	Myeongjun Ji￼1, Eung Ryong Kim￼1, Mi-Jeong Park￼1, Hee Yeon Jeon￼1, 
Jaeyun Moon￼2, Jongmin Byun￼1, Young-In Lee￼1*
	Simple synthesis of Black TiO2 Nanofibers Via Calcination in Inert Atmosphere

	Dong-Kyu Oh￼1, Seung-Hyeok Shin￼1, Sang-Min Lee￼2, Byoungchul Hwang￼1*
	Effects of the Coiling Temperature and Anisotropy on the Tensile Properties of 
High-Strength API X70 Linepipe Steel

	Sang-Gyu Kim￼1, Young-Chul Yoon￼1, Seok-Woo Ko￼1, Byoungchul Hwang￼1*
	Effect of Pre-strain on Hydrogen Embrittlement in Intercritically 
Annealed Fe-6.5Mn-0.08C Medium-Mn steels

	Sang-In Lee￼1, Seung-Hyeok Shin￼1, Hyeonwoo Park￼2, 
Hansoo Kim￼2, Joonho Lee￼2*, Byoungchul Hwang￼1*
	In-Situ Observation of Acicular Ferrite Transformation in High-Strength Low-Alloy Steel 
Using Confocal Laser Scanning Microscopy

	Ji Young Park￼1†, Ye Bin Weon￼1†, Myeong Jun Jung￼1, Byung Joon Choi￼1*
	Structural, electrical, and optical properties of ZnO films grown 
by atomic layer deposition at low temperature

	Youn Ji Heo￼1,2, Eui Seon Lee￼1, Jeong Hyun Kim￼1, Young-In Lee￼1,2, 
Young-Keun Jeong￼3, Sung-Tag Oh￼1,2*
	Synthesis and Characterization of W Composite Powder with La2O3-Y2O3 Nano-dispersoids 
by Ultrasonic Spray Pyrolysis

	Jin Man Jang￼1,2*
	Evaluation of Repetitively Used Feedstock for Powder Injection Molding

	Yu-Jeong Yi￼1,2, Min-Jeong Lee￼1,2, Su-Jin Yun￼1, Manho Park￼3, 
Ju-Yong Kim￼4, Jungwoo Lee￼2*, Jung-Yeul Yun￼1*
	Fabrication of Metal Gas Filter by Material Extrusion Additive Manufacturing Process

	Yong-Hoon Cho￼1, Gi-Su Ham1,2, So-Yeon Park￼1, 
Choongnyun Paul Kim2, Kee-Ahn Lee￼1*
	Effect of Nb and Mo Addition on the Microstructure and Wear Behavior of Fe-Cr-B Based 
Metamorphic Alloy Coating Layer Manufactured by Plasma Spray Process

	So-Yeon Park￼1, Kyu-Sik Kim￼2, Bandar Almangour￼3, Kee-Ahn Lee￼1*
	Effect of Microstructure and Unit Cell’s Geometry on the Compressive Mechanical Response of Additively Manufactured Co-Cr-Mo Sheet I-WP Lattice

	Min-Jeong Lee￼1,2, Hyeon-Ju Kim￼1, Manho Park￼3, Jung-Yeul Yun￼1*
	Fabrication and Pore Properties of SUS316L Membrane with Double-Layered Pore Structures 
by Wet Powder Spraying

	Yu-Jin Hwang￼1, Kyu-Sik Kim￼1,2, Jae-Sung Park3, Kee-Ahn Lee￼1*
	Manufacture of MoO3 Coating Layer Using Thermal Spray Process 
and Analysis of Microstructure and Properties

	Min-Woo Lee￼1, Young-Sin Choi￼1, Do-Hun Kwon￼1, Eun-Ji Cha￼1, 
Hee-Bok Kang￼2, Jae-In Jeong￼2, Seok-Jae Lee￼3, Hwi-Jun Kim￼1*
	The Prediction of Optimized Metalloid Content in Fe-Si-B-P Amorphous Alloys 
Using Artificial Intelligence Algorithm

	Min Sang Kim1,2, Han Sol Son3, Gyeong Seok Joo2, Young Do Kim1, 
Hyun Joo Choi3*, Se Hoon Kim2*
	Fabrication of Aluminum Matrix Composite Reinforced 
with Al0.5CoCrCuFeNi High-Entropy Alloy Particles

	Min-Jeong Lee￼1,2, Yu-Jeong Yi￼1,2, Hyeon-Ju Kim￼1, Manho Park￼3, 
Jungwoo Lee￼2*, Jung-Yeul Yun￼1*
	Microstructure and Pore Characteristics of a SUS316L Gas Filter Fabricated 
by Wet Powder Spraying


