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Abstract Transient liquid phase bonding was used to join

Alloy 617 alloy using nickel-based filler metal (Ni–P

11 wt%) with P as the melting point depressant element.

The influences of interlayer thickness, 25.4 and 38.1 lm,

bonding temperature, 1,065 and 1,150 �C, and hold time,

5 min to 24 h, on microstructure evolution in the joint area,

the diffusion zone and the base metal were investigated.

Specifically, the composition, type, and crystallography of

precipitates were determined and their evolution was

related to process variables. Joints were characterized using

optical and electron microscopy as well as microhardness

testing. The results were analyzed in the framework of the

diffusion, classical nucleation and growth theory, and the

operating mechanisms identified. Based on the results of

the investigation, uniform microhardness and microstruc-

ture across the joints was obtained with the 25.4-lm-thick

interlayer bonded at 1,150 �C during 24 h.

Keywords Superalloy � TLP bonding process � Joint

microstructure � Alloy 617 � BNi-6 � Phosphides � Carbides

Introduction

Alloys for the hot sections of land-based gas turbines and

aero-engines must have high temperature and cyclic oxi-

dation resistance as well as an optimum combination of

stress rupture and fatigue strength [1, 2]. Superalloys,

especially nickel base superalloys, are excellent candidates

for such applications as they exhibit outstanding strength

and surface stability at temperatures up to 85% of their

absolute melting points [3]. Alloy 617 is a solid solution

strengthened nickel base superalloy widely used in the

aerospace and power generation industries because of its

superior mechanical properties, corrosion, and oxidation

resistance at elevated temperatures [1, 2, 4–7]. The alloy is

known for its good mechanical properties and a stable

microstructure, especially after high temperature service

when compared with Alloy 625 and HastelloyX [8].

Fusion welding is the most widely used technique for

joining parts made of Alloy 617 and while the alloy is

reputed for its good weldability, it commonly suffers from

heat-affected zone (HAZ) cracking before and after post

weld heat treatment. Transient liquid phase (TLP) bonding,

also known as diffusion brazing, has become an interesting

alternative to fusion welding or classical brazing tech-

niques for joining highly sensitive and high reliability

components made of Ni base superalloys [9, 10]. Indeed,

the technique does not have the commonly observed

shortcomings of fusion welding and presents clear advan-

tages over classical diffusion bonding as it does not require

high pressures and clamping forces. Moreover, TLP joints

are characterized by uniform composition profiles and less

sensitivity to surface defects and variations in gap sizes

[11–13].

In the TLP bonding process, a thin interlayer alloy

containing the melting point depressant (MPD) element,
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acting as the bonding agent, is placed between the two base

metal surfaces. The joining operation is carried out at a

temperature between the liquidus of the interlayer and the

solidus of the base metal [14–16]. The thickness and

composition of the interlayer, hold time, and bonding

temperature are among the most important process

parameters. The initial conditions of the material such as its

grain size, surface preparation, and heat treatment are also

important considerations in the TLP bonding process [17].

The optimization of the parameters is of great importance

as the life cycle of the component is significantly depen-

dent on the quality of the joints.

The TLP process can be classified into three main stages:

liquation of the interlayer, isothermal solidification, and

homogenization. Isothermal solidification is the most impor-

tant stage in TLP bonding and it requires long hold times. If

isothermal solidification is not fully achieved, part of the

liquid phase remains in the bonding area and forms brittle

phases upon cooling. These brittle phases are detrimental to

the mechanical properties of the joint and reduce the com-

ponent life. An optimum process would be the one allowing

for complete isothermal solidification in a minimum of time

and avoid the formation of brittle phases [16, 18].

To date, the majority of published research on Alloy 617

has been focused on improving mechanical properties and

the evolution of the alloy microstructure under high tem-

perature service conditions. Very few reports have been

reported on TLP bonding of Alloy 617. It is important to

note that achieving optimized process conditions and large-

scale application of the TLP process requires technical data

related to the identification of phases and precipitates, the

diffusion mechanism of the MPD element and the effect of

bonding temperature, hold time and thickness of the

interlayer on joint microstructure. Such data are scarce in

the literature and this study intends to provide some insight

in this regard.

In this study, TLP bonding of Alloy 617 using Ni–11% P

(American Welding Society designation BNi-6) filler metal

is investigated. The influences of the interlayer thickness,

bonding temperature and hold times on the characteristics

of eutectic phases, morphology, distribution, and compo-

sition of second phase particles are studied and the gov-

erning mechanisms are discussed. The relationships

between joint microstructure and mechanical properties of

TLP-bonded specimens are also studied.

Experimental Procedure

Materials

Test specimens, 25 9 5 mm2 were machined out from

the 1-mm-thick sheet Alloy 617 as received material.

They were then annealed at 1,177 �C for 1 h and air

cooled before the experiments. The filler metal,

Ni–11 wt% P alloy with thicknesses of 25.4 and

38.1 lm, was cut to dimensions equal to that of the base

metal specimens. The chemical composition of the filler

metal and the base metal are given in Table 1. Figure 1

shows the microstructure of the as-received material

obtained by optical microscopy. The average grain size

of the matrix was 40 lm and some fine disconnected

carbides were visible within the c matrix.

Experimental Techniques

Before the TLP operation, the two bonding surfaces were

ground and polished with the final polishing step using

0.05 lm Al2O3. The interlayer was then inserted between

the two base metal coupons and the sandwich was placed in

a stainless steel fixture to hold the parts and to reduce metal

flow during the joining process. Finally, each assembly was

placed on a boron nitride tray inside the tube furnace. All

samples were joined in the tube furnace for periods of time

ranging from 5 min to 24 h at 1,065 and 1,150 �C under a

vacuum of 1 9 10-3 Pa. After bonding, the specimens

were sectioned through the middle in a plane perpendicular

to the length of the sample. They were then polished and

etched using Kalling’s reagent (5 g CuCl2 ? 100 cm3

HCl ? 100 cm3 C2H5OH).

The microstructure, chemical composition, and size

distribution of the precipitates were examined using light

and field emission gun scanning electron microscopy

(FEG-SEM). The latter was equipped with electron back-

scattered diffraction (EBSD) and energy dispersive spec-

troscopy (EDS) systems. The depth of the diffusion layer

was measured using the SEM at 1,0009 magnification with

each value reported representing an average of ten mea-

surements. The values for precipitates sizes represent an

average of 40–50 measurements on five different micro-

graphs. The average width of the remaining ‘‘liquid’’ phase

Table 1 Chemical composition (wt%) of the base metal and the filler material

Materials (wt%) Cr Co Mo Al C Ti B Zr P Ni

Inconel 617 22 12 9 1.2 0.07 0.3 0.0006 … … Balance

Filler metal (BNi-6) … … … 0.01 0.02 0.01 … 0.01 10.8 90.64
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(non isothermally solidified phase) at the end of the TLP

process (solidified phase) was measured on micrographs

taken at 1009 magnification with each point being an

average of 50 measurements. X-ray diffraction (XRD) was

performed with a 0.02� step size with continuous time of

1 s/step through 2h angles from 10� to 130�. Vickers

microhardness tests were carried out using a 10 g load and

a 15 lm spacing between indentations. Each data point in

the microhardness profile is an average of three measure-

ments (with an error range of ±3 HV).

Results and Discussion

Microstructures

The TLP bonding process begins with the melting of the

interlayer and the diffusion of phosphorous into the base

metal. This diffusion results in the formation of a diffusion

layer where a gradual change in phosphorus concentration

is observed. Microstructural examination by optical

microscopy revealed that hold at 1,065 �C for 18 h using

the 25.4-lm-thick interlayer resulted in the complete

elimination of the liquid phase. The 38.1 lm interlayer had

a solidification microstructure remaining after heating to

1,065 �C indicating that the liquid phase was still present

even after 24-h hold (Fig. 2a–d). Increasing the bonding

temperature to 1,150 �C, reduced the complete isothermal

solidification time from 18 to 14 h for the 25.4 lm inter-

layer; however, for the thick interlayer, even after 24 h at

1,150 �C, the liquid phase was not completely eliminated,

as evidenced by the presence of solidified phase shown in

Fig. 3(a–d).

The minimum and maximum thicknesses of the diffu-

sion layer for all experimental conditions were measured.

The evolution of the diffusion depth of phosphorous into

the base metal is indicated in Table 2. The results indicate

that increasing the interlayer thickness, bonding time and

temperature increase the diffusion depth.Fig. 1 Microstructures of Alloy 617 (base metal)

Fig. 2 Microstructures of joints

at 1,065 �C (a) 5 min and

(b) 18 h with 25.4 lm

interlayer, and (c) 5 min and

(d) 24 h with 38.1 lm interlayer
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Fig. 3 Effect of the hold time

on microstructure at 1,150 �C

(a) 5-min and (b) 14-h hold time

for 25.4 lm interlayer (c) 5-min

and (d) 24-h hold time for

38.1 lm interlayer

Table 2 The depth of the phosphorous diffusion based on bonding temperature, thickness of interlayer, and hold time

Low temperature (1,065 �C) High temperature (1,150 �C)

Diffusion depth: 25.4 lm interlayer 38.1 lm interlayer 25.4 lm interlayer 38.1 lm interlayer

5 min 2.5 lm 5 lm 6 lm 9 lm

24 h 65 lm 91 lm 105 lm 135 lm
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It was also found that, as the hold time was increased, so

did the average size of the grains from the interlayer-base

metal interface to the joint center. The effect of hold time

on the average width of the liquid phase for the two testing

temperatures is illustrated in Fig. 4. It can be seen that, by

increasing the bonding temperature and the hold time, the

elimination rate of the liquid phase was increased, thereby

increasing the thickness of the diffusion layer. The

behavior was independent of the thickness of the interlayer

and was observed for both investigated thicknesses.

The microstructure in the joint area was characterized in

four distinct regions as illustrated in Fig. 5: (I) the liquid

(eutectic) phase formed when insufficient hold time for

completing isothermal solidification was used, (II) the

solidified grains at the interface of the base metal and

interlayer, (III) the diffusion layer containing the precipi-

tates, and (IV) the base metal microstructure containing

some precipitates at the grain boundaries and inside the c
grains.

Microstructural examination of the diffusion layer

revealed irregularly shaped precipitates including some

with blocky morphologies (Fig. 6). The influence of hold

time on precipitates distribution is shown in Fig. 7.

Fig. 5 The microstructure of joint area

Fig. 6 Morphology of precipitates in the diffusion layer, 1065 �C,

10-h hold time with 25.4 lm interlayer

Fig. 7 Effect of hold time on the microstructure of diffusion layer

with 25.4 lm interlayer, (a) 10 h at 1,065 �C, (b) 14 h at 1,150 �C

Fig. 8 The effect of hold time on precipitate sizes in the diffusion

layer with 25.4 lm interlayer and 1,065 �C (a) 30-min and (b) 24-h

hold time
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Microstructural examination indicated that for both testing

temperatures with hold times above 10 h a large number of

precipitates were present at the grain boundaries. The

density of the precipitates gradually decreased from the

boundary toward the center of the grains indicating that

precipitation started initially at the grain boundaries and

continued within the grains. Comparison between the

results obtained in the present investigation and a previ-

ously published work using a boron-containing interlayer

[19] indicated that the extent of precipitation with the

phosphorus-containing interlayer is much smaller than with

the boron containing one.

The evolution of precipitate size as a function of the

hold time for the 1,065 �C temperature is illustrated in

Fig. 8. As the hold time increases, so does the average size

of the precipitates in the diffusion layer passing from about

0.65 to 3.45 lm for the thin interlayer (Fig. 8a) and from

0.3 to 2.9 lm for the thick interlayer (Fig. 8b). A similar

trend was observed for the 1,150 �C bonding temperature

where the average grain size increased from 0.91 to

Fig. 9 X-ray map analysis of

irregular precipitates, within the

38.1 lm interlayer at 1,065 �C,

and 10-h hold time showing

molybdenum phosphide

precipitates
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3.81 lm for the thin and from 0.59 to 3.42 lm for the thick

interlayer. The above results are interpreted in terms of the

differences in diffusivities of the elements present in the

microstructure. A comparison between the diffusivities of

phosphorus (DP = 1.8 9 10-11 m2 s-1, D0 = 0.49 m2 s-1,

and Q = 284 kJ mol-1 [20–23]) and boron (DB = 6.22 9

10-11 m2 s-1, D0 = 0.14 m2 s-1, and Q = 226 kJ mol-1

[22, 24]) in solid nickel indicates that phosphorus diffusion

rate is significantly lower than that of boron. Thus, the time to

complete isothermal solidification with the phosphorus-con-

taining interlayer will be longer. Moreover, it is known that,

under similar working conditions, the segregation of intersti-

tial elements to interfaces is higher than the substitutional

ones. Several reports in the literature confirm that boron

occupies mostly interstitial positions in the Ni structure, while

phosphorus occupies substitutional sites [25–27].

Low diffusivity of phosphorous, its substitutional posi-

tion in the Ni lattice, and the increased thickness of the

Fig. 10 X-ray map analysis of

the second group of precipitates,

joint with 38.1 lm interlayer at

1,065 �C and 10-h hold time

showing carbides precipitates
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interlayer can be considered as the determining factors for

the lower presence of precipitates when phosphorus is

used. Finally, it is also important to note that a large

fraction of precipitates and carbides, initially present in the

microstructure of the interlayer and the base metal, did not

dissolve during the TLP process and were still observable,

in the base metal and the diffusion zone, at the end of the

joining process.

Identification of the Precipitates

M(C, N), M6C, and M23C6 are the major carbides generally

present in the microstructure of Alloy 617 [4, 28]. Among

these, M23C6 has been observed in the temperature range

649–1,093 �C with a composition considered to be

Cr21Mo2C6 [29]. Ni3Al (c0) and boride precipitates have

also been reported for this alloy [29].

In this study, different types of precipitates in terms of

morphology and composition were identified in the central

region of the interlayer and in the diffusion layer. Specif-

ically, two groups of precipitates with different chemical

compositions were observed and identified in the diffusion

layer. The first group was formed of irregular shape

molybdenum phosphide precipitates, MoxPy (Fig. 9). The

second group of precipitates had blocky and/or irregular

morphologies and contained high concentrations of chro-

mium, molybdenum, and carbon, indicating that they were

carbides of the type MoxCry Cz (Fig. 10).

EDS map analysis of the central region (region I) of the

interlayer revealed the presence of phosphorous and nickel

with significantly higher concentrations for phosphorous

(Fig. 11). EBSD analysis revealed the presence of Ni3P

precipitates in the non isothermally solidified phase as well

as in the isothermally solidified grains (Fig. 12). The for-

mation of the Ni3P phase can be justified when the amount

of phosphorous present in the interlayer and the Ni–P

binary phase diagram are considered [30].

EBSD and XRD analyses revealed that the precipitates

formed as a result of phosphorous diffusion into the base

metal were MoP, MoNiP, Mo3P, or Ni3P, while carbides

were of the type M23C6 and MC. The EBSD patterns of

phosphorus-containing phases, presented in Figs. 13 and

14, indicate the presence of MoP (24.40 wt% P) and

MoNiP with hexagonal crystal structure, and Mo3P

(9.72 wt%) and Ni3P (14.96 wt% P) with tetragonal crystal

structures.

Fig. 11 The X-ray map

analysis of the central region of

the TLP joint or region I,

38.1 lm interlayer at 1,150 �C

bonding temperature and 10-h

hold time
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Fig. 12 EBSD pattern of Ni3P

within the 38.1 lm interlayer

after 6-h hold time and 1,150 �C

(a) image and analysis location,

(b) EBSD pattern, (c) indexing

Fig. 13 Identification of Mo3P

precipitate within the 38.1 lm

interlayer after 18-h hold time at

1,065 �C bonding temperature

(a) image and analysis location,

(b) EBSD pattern, (c) indexing
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The formation of Mo3P and MoP and the various types

of Mo-based compounds can be interpreted partly in terms

of the role played by molybdenum during the TLP process.

Examination of the Mo-P binary phase diagram, at the

concentration level of phosphorous in the interlayer, indi-

cates that Mo3P precipitation should occur in the diffusion

zone. The presence of MoP precipitates identified in this

investigation is not evident from the phase diagram.

Additional chemical analysis and phase identifications

revealed high concentrations of molybdenum at the grain

boundaries. The segregation of Mo to the grain boundaries

in Ni base superalloys has already been reported [25, 31,

32] and this investigation confirms its occurrence during

the TLP process. Such segregation further enhances the

precipitation process at the grain boundaries, which are

already favorite locations for heterogeneous nucleation,

and is probably responsible for the presence of MoP pre-

cipitates observed in the diffusion zone. The thermody-

namic phase prediction software (FACT) was also used and

predicted the formation of MoP and Mo3P precipitates in

the diffusion layer for both thicknesses of the interlayer

correlating well with the experimental observations. It is

believed that, when shorter hold times are used, the con-

centration of molybdenum decreases because of reactions

with phosphorous and nickel thereby leading to the for-

mation of MoP which ultimately results in the observed

lower amounts of molybdenum in the diffusion layer.

Evolution of the Microhardness During TLP

Microhardness profiles of TLP joints produced at 1,065 �C,

for the thin and the thick interlayer are presented in

Fig. 14 Phase identification of

MoNiP at 14-h hold time with

25.4 lm interlayer at 1,150 �C

bonding temperature (a) image

and analysis location, (b) EBSD

pattern, (c) indexing
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Figs. 15 and 16, respectively. A clear evolution from the

center of the joint to the base metal is observed. The

hardness level in the sample with 24-h hold time is sig-

nificantly lower when compared to the sample with 5-min

hold time. Figures 17 and 18 illustrate similar data for the

higher joining temperature of 1,150 �C. The higher hard-

ness values obtained for the thick interlayer with 24-h hold

time are indicative of the presence of the remnants of the

non isothermally solidified phase and confirm the findings

of the microstructure investigation presented in Figs. 2

and 3.

A comparison between the microhardness measurements

in Figs. 15–18 indicates that, for short hold times, the

hardness level increased from the base metal into the

interlayer. This behavior is probably due to the higher

concentration of liquid phase at the center of the interlayer.

Interestingly, the microhardness profiles are not signifi-

cantly affected by the width of the diffusion layer; probably

because for short hold times, the size of the diffusion zone

is small (Figs. 15, 17). By contrast, significant changes in

microhardness levels were observed for the higher bonding

temperature. This rapid change in the rate of hardness

decrease is associated with faster diffusion rates at higher

temperatures. The observed trend was more pronounced for

the thin interlayer. Specifically, the hardness for the thin

interlayer decreased by 140 HV (from 450 to 310), while it

decreased by 120 HV (from 480 to 360) for the thick one.

Increasing the hold time results in a significant drop in the

hardness level was observed in the specimens joined with

the thin interlayer. The drop was more important (120 Hv

instead of 80 HV) when the higher bonding temperature

was used.

Microhardness results also indicate that the hardness of

the thick interlayer continuously increases from the base

metal to the interlayer for both bonding temperatures and

hold times (Figs. 16, 18). Interestingly, for short hold

times, the average value of the hardness in the interlayer

was higher (461 HV for 1,065 �C and 470 HV for

1,150 �C) than that in the diffusion zone or the base

material. Also, the examination of Figs. 15 to 18 reveals a

general trend that with increased hold time, the hardness of

the interlayer region decreases, while that of the diffusion
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zones increases. This is clearly indicative of more diffusion

of phosphorus away from the interlayer and the formation

of precipitates in the diffusion zone with increased hold

times. Under these conditions, the most uniform hardness

profile was obtained for the samples joined using the thin

interlayer TLP bonded at 1,150 �C for 24 h.

Conclusions

TLP bonding process of Alloy 617 using Ni–P filler metal

was studied. The kinetics of elimination of the non iso-

thermally solidified phase were quantified for two thick-

nesses of interlayer and the influences of temperature and

hold time documented. Isothermal solidification is com-

plete after 18 h for the 25.4-lm-thick interlayer at

1,065 �C, while even after 24 h it is not completed for the

38.1 lm interlayer. Precipitates with irregular, and in a few

cases with blocky morphologies were observed in the dif-

fusion zone. The precipitates were present at the grain

boundaries as well as within the grains. Phase identification

results showed that only Ni3P was present in the solidified

structure of the interlayer. The presence of MoP, MoNiP,

Mo3P, Ni3P, M23C6, and TiC precipitates was revealed in

the diffusion layer. Phosphides and carbides were observed

at the grain boundaries and within the grains. Microhard-

ness analyses indicated that short hold times had the

highest impact on hardness variations under all experi-

mental conditions. The most uniform hardness profile was

obtained with the 25.4-lm-thick interlayer at 1,150 �C and

24-h hold time.
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