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ABSTRACT. The applicability of the tran- 
sient liquid phase (TLP) metallic bonding 
method for joining fine-grained Inconel 
718SPF® superalloy sheets by inserting a 
Ni-P or a Ni-Cr-P amorphous interlayer 
has been evaluated. The results show that 
a joint with uniform chemical composi- 
tion could be obtained for the Inconel 
718SPF superalloy with a Ni-P interlayer 
at 1100°C for 8 h. When a Ni-Cr-P inter- 
layer was used under the same metallic 
bonding conditions, the concentrations 
of nickel, iron and niobium in the bond 
region and in the base metal had a dif- 
ference of more than 2 wt-%. This means 
that longer bonding time was required to 
homogenize the chemical compositions 
of bonds with a Ni-Cr-P interlayer. The 
joints with a Ni-P interlayer showed 
higher bond strength than did those with 
a Ni-Cr-P interlayer. Furthermore, many 
grain boundary precipitates were found. 

Introduction 

Nickel-based superalloys possess ex- 
cellent properties at elevated tempera- 
tures and have been widely used in the 
manufacture of gas turbine components. 
For the application of this alloy, an effec- 
tive joining method is required. Tradi- 
tionally, fusion welding is used for this 
purpose. However, the heat-affected 
zone (HAZ) formed in the fusion-welded 
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Inconel 718 superalloy has been shown 
to be susceptible to hot cracking (Ref. 1 ). 
On the other hand, brazing also has been 
considered as a useful technique for join- 
ing nickel-based superalloys (Refs. 2, 3). 
The principal disadvantage of this 
method is that the service temperature of 
a brazed workpiece is limited to a tem- 
perature below the melting point of its 
filler metal, which is generally much 
lower than the usual application temper- 
ature ofa superalloy. Diffusion welding is 
the third choice for joining nickel-based 
superalloys (Refs. 4, 5). However, the for- 
mation of brittle intermetallic phases at 
the interface of a diffusion-welded su- 
peralloy reduces its joint strength. Fur- 
thermore, the diffusion welding process 
requires high external pressure and a 
very smooth and clean contact surface, 
which is difficult to obtain in industrial 
applications. 

Transient liquid phase (TLP) metallic 
bonding is a process developed by Du- 
vail, etal. (Ref. 6), for joining nickel- and 
cobalt-based superalloys. An interlayer 
material is used as a bonding agent for 
the TLP process similar to the brazing 
process. In order to lower the liquidus 
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temperature of the interlayer, melting 
temperature depressants such as phos- 
phorus are added. A TLP process consists 
of four stages: namely, melting of the 
filler metal, homogenization of the liq- 
uid, isothermal solidification and ho- 
mogenization of the bond region (Ref. 7). 
There are three basic reactions that occur 
at the interface between the interlayer 
and the base metal, i.e., short circuit 
paths, irrigation effects and incipient vol- 
ume diffusion (Ref. 8). Furthermore, Nak- 
agawa, et al. (Ref. 9), found that for TLP 
metallic bonding of pure nickel with a 
Ni-Cr-P interlayer, the time required for 
complete dissolution is longer than that 
required when using a Ni-P interlayer. 
For the same TLP bonding system, 
Kokawa, et al. (Ref. 10), reported that the 
rate of isothermal solidification at 
1200°C was greater when fine-grained 
nickel was employed. 

The Inconel 718SPF superalloy is a 
precipitation-strengthened alloy and ex- 
hibits excellent mechanical strength and 
hot gas corrosion resistance. It has been 
used in the manufacture of complex- 
shaped parts for aircraft by the super- 
plastic forming (SPF) technique (Ref. 11). 
This superalloy possessed a very fine 
equiaxed grain size of about 10 pm and 
reached the total elongation to 500% at 
a strain rate of 2 x 10-4s -1 at 982°C (Ref. 
12). There are many grain boundary dif- 
fusion paths that promote the diffusion of 
elements from the interlayer into the base 
metal and might be beneficial for the TLP 
process. The atomic structure of the 
amorphous interlayer is a glassy state, 
possessing complete chemical homo- 
geneity, which is considered another 
benefit of TLP metallic bonding. On the 
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Fig. I - -  Thermograms of Ni-P interlayer and Ni-Cr-P interlayer. 
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Fig. 2 - -  Temperature-time schedule for typical transient liquid phase (TLP) metallic bonding. 
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Fig. 3 - -  The dimensions for single lap shear 
test specimen. 

other hand, a complex-shaped compo- 
nent can be joined easily by using these 
interlayers (Ref. 13). It was the goal of this 
study to evaluate the applicability of the 
TLP process for a very fine-grain mater- 
ial. For this purpose, the Inconel 718SPF 
superalloy was experimentally TLP- 
bonded by inserting interlayers of amor- 
phous Ni-P. In addition, the bonding 
strengths and interfacial microstructures 
were analyzed in terms of dependence 
on the bonding time. 

Experimental  Procedure 

The chemical composition of Inconel 
718SPF superalloy sheet, manufactured 

by INCO Alloys International, Inc., Hunt- 
ington, W.Va., which was used for this 
study, is given in Table 1. Strips of this 
alloy with dimensions of 34 x 15 x 1.3 
mm were cut from the sheet material. The 
surfaces to be joined were prepared by 
grinding with 150-grit SiC paper, rinsing 
in distilled water, ultrasonic cleaning in 5 
g/L NaOH solution, and finally, rinsing in 
acetone for 5 min. Two amorphous foils 
composed of Ni-11 P and Ni-14 Cr-10 P 
(wt-%), both with a thickness of 37 pm 
and produced by Metglas Products, an 
Allied Signal company were used as the 
interlayers for bonding. These interlayers 
possessed eutectic compositions and 
there existed an eutectic reaction of the 
nickel solid solution and the Ni3P inter- 
metallic phase at 880°C. The melting 
characteristics were determined using 
differential thermal analysis (DTA), 
which showed the solidus and liquidus 
for Ni-11P and for Ni-14Cr-10P-- Fig. 1. 

Two Inconel 718SPF strips sand- 
wiched with an interlayer foil were 
arranged with an overlap of 3T (T = 1.3 
mm, sheet thickness). Tests then were 
carried out at 1100°C + 7 ° for various 
amounts of bonding time under a vac- 
uum of 10 4 torr. After TLP metallic bond- 
ing, the specimens were heat treated ac- 
cording to the following procedure: 
720°C for 8 h, furnace cooled to 620°C; 
620°C for 8 h, air cooled. A schematic of 
the TLP process used in this study is 
shown in Fig. 2. The bonding interfaces 
following heat treatment were observed 
by means of optical microscopy (OM), 
and their compositions were analyzed 
using an energy dispersive X-ray spectro- 
scope (EDX) in a scanning electron mi- 
croscope (SEM). 

These test specimens then were ma- 
chined using a wire cut electric discharge 
machine. The dimensions of the tensile 
shear test specimens are shown in Fig. 3. 
Tests were carried out in air at room tem- 
perature at a crosshead speed of 0.5 
mm/min. The shear strength (T) was cal- 
culated using the following equation: 

"c = P/AW 

where P is the breaking load, A is the 
overlap length, and W is the sample 
width. The shear strength was deter- 
mined as the average taken from three 
bonded specimens. The fracture surfaces 
also were observed by SEM. 

Results and Discussion 

The optical micrographs of the TLP 
joint interfaces for the Inconel 718SPF 
superalloy with a Ni-P interlayer in test 
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specimens maintained at 1100°C +7 ° for 
various bonding times are shown in Fig. 
4. At the TLP bonding temperature, the 
interlayer melted and the liquid zone fur- 
ther widened by melting adjacent to the 
Inconel 718SPF superalloy. The phos- 
phorus in the molten interlayer rapidly 
diffuses into the base metal when a fine- 
grained superalloy is employed. The pre- 
cipitates of phosphorus were formed at 
the grain boundaries of the base metal. 
The width of the total affected zone 
widened to about 150 pm, which was 
greater than the initial interlayer thick- 
ness (37 pm). Isothermal solidification 
took place across the joint• The nickel 
solid solution nucleated at the 
liquid/solid interface and grew toward 
the joint center. Since the isothermal so- 
lidification stage is controlled by the dif- 
fusion of phosphorous in solid nickel, 
this process wil l  be very slow. At the 
same time, the solubility of phosphorus 
was rejected to the residual liquid. If the 
samples cooled before the completion of 
isothermal solidification, intermetallic 
phases were formed in the center of the 
joint. Fig. 4a show that a large number of 
precipitate grains, the restriction of grain 
growth by grain boundary precipitates, 
should more or less limit the homoge- 
nization effect during the TLP process• 

The microstructures of the TLP bond 
with the Ni-Cr-P interlayer at 1100°C ±7 ° 
for various bonding times are shown in 
Fig. 5. The mechanisms of the bonding 
process and the microstructures were 
similar to those of the TLP bond with the 
Ni-P interlayer. However, the concentra- 
tions of nickel, iron and niobium in the 
bond region and in the base metal had a 
difference of more than 2 wt-% under the 
same metallic bonding conditions 
(1100°C for 8 h) - -  Fig. 6 and Table 2. 
This means that a longer time was re- 
quired to homogenize the compositions 
of bonds with the Ni-Cr-P interlayer. This 
result might have been caused by the 
chromium, which may have reduced the 
diffusion of the nickel and iron in the in- 
terlayer and increased the bonding time 
for the homogenization process. 

The results of the shear strengths of the 
TLP bonds with Ni-P and Ni-Cr-P inter- 
layers are shown in Fig. 7. It can be seen 
that the shear strength of the TLP bonds 
increased with the bonding time. Under 
the same conditions, the shear strength of 
the TLP bonds with the Ni-P interlayer 
possessed higher strength than did those 
with the Ni-Cr-P interlayer. All the bonds 
failed at the interface in tensile shear 
tests• Figure 8 shows the fracture surfaces 
of the TLP bonds with the Ni-P interlayer 
for 30 and 480 min. As indicated in Fig. 
4A, a large number of brittle intermetal- 

Table 1- -The Chemical Composition of Inconel 718SPF Superalloy 

C Mn Fe Si Cu Ni Cr AI 

0.03 0.08 17.9 0.11 0.09 53.85 18.26 0.53 
Ti Co Mo P B S Nb + Ta 
1.06 0.15 3.01 0.011 0.002 0.001 4.92 

Table 2--Phase Compositions Observed in TLP Metallic Bonding with Ni-P and Ni-Cr-P Inter- 
layers (wt-%) 

Position Ni Cr Fe Mo Nb Ti P AI 

Ni-P 1 Bal. 16.7 15.5 3.6 3.6 0.6 0.6 0.4 
Interlayer 2 Bal. 16.7 16.2 3.7 3.6 0.7 0.6 0.8 
Fig. 6 3 Bal. 9.0 6.4 3.5 34.5 5.7 16.1 - -  

N i-Cr-P 1 Bal. 19.3 16.1 3.3 2.6 0.6 0.2 0.7 
Interlayer 2 Bal. 19.1 18.6 3.6 4.8 1.3 0.2 0.7 
Fig. 8 3 Bal. 11.3 6.2 3.3 32.4 5.2 15.8 - -  
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Fig. 4 - -  M ic ros t ruc tu re  o f  TLP b o n d  p r o d u c e d  wi th  a N i -P  inter layer  (vacuum o f  10 -4 torr, 
1 1 0 0 ° 0 .  A - -  30  m in ;  B - -  60  m in ;  C - -  2 4 0  rain;  a n d  D - -  4 8 0  rain. 
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Fig. 5 - -  M ic ros t ruc tu re  o f  TLP meta l l i c  b o n d  wi th  N i -Cr -P in ter layer  (vacuum o f  10 -4 torr, 
1 1 0 0 ° 0 .  A - -  30  rain;  B - -  60  rain;  C - -  2 4 0  rain;  D - -  4 8 0  min.  

WELDING RESEARCH SUPPLEMENT I 519-s 



Fig. 6 - -  Microstructure of  jo in t  produced 
with Ni-Cr-P interlayer at 1100°C for 480 
rain. 

lic phases formed at the centerline of the 
specimen joint at 100°C for 30 min. 
These intermetallic phases decreased the 
strength of a bonded joint and caused the 
brittle fracture for the Ni-P bonds at 
1100°C for 30 min - -  Fig. 8A. However, 
the intermetallic phases continue to de- 
crease until the bonding time increased 
to 8 h. In this case, the bond strength of 
a joint with intermetallic-free phase was 
higher than that of a joint with brittle 
phases formed at the centerline of the 
specimen joints at 1100°C for 30 rain. 
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Fig. 7 - -  Shear strength of  Inconel 7185PF superalloy TLP metall ic bonds produced with Ni-P 
and Ni-Cr-P interlayers at 1100°C for various lengths of  time. 
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Fig. 8 - -  Fractographs of  metall ic bonds produced with Ni-P interlayer at 1100°C for various 
lengths of  time (overlapping length 3 T). A - -  30 min; B - -  480 rnin. 

According to the Ni-P phase diagram, the 
intermetallic compounds were mixed 
with NigP, Ni5P 2 and Ni12P 5. EPMA ele- 
ment mapping revealed that these phases 
consisted of nickel, chromium, phospho- 
rus and niobium - -  Fig. 9. The appear- 
ance of niobium in these phases indi- 
cated dissolution of the solid base metal 
in the molten interlayer. Maintaining the 
specimens at TLP bonding temperature, 
the composition of the filler metal will 
change with time, because the phospho- 
rus in the filler metal diffuses away from 
the joint and into the nickel matrix and 
grain boundaries of the superalloy. This 
caused the volume of the precipitate 
phases, which formed at the centerline of 
the specimen joints, to decrease and the 
volume of the nickel solid solution to in- 
c rease -  Figs. 4B, 4C. The precipitate 
phases almost disappeared at 1100°C 
when the bonding time increased to 8 h. 
Furthermore, many second phases then 
formed at the grain boundaries of the in- 
terlayer/base metal interface- Fig. 4D. 
The results of compositional analysis in 
the center of the bond region and in the 
base metal (label in Fig. 10) are presented 
in Table 2. No difference in the chemical 
composition in either region was ob- 
served. This means that the homogeniza- 
tion stage for the Inconel 718SPF super- 
alloy bonded with the Ni-P interlayer can 
be completed under the 1100°C/8 h 
bonding condition. However, the second 
phases (Region 3) had higher concentra- 
tions of phosphorus and niobium than 
matrix. These phases formed as discrete 
globular particles, usually along the grain 
boundaries of the nickel solid solution. 
They provided the pinning effect to retard 
the grains of the interlayer/base metal in- 
terface to growth. For this reason, some 
small grains also were observed in this re- 
gion. The migration of grain boundaries 
accompanying the grain growth can 
somewhat sweep off the inhomogeneity 
in the intermetallic phases. When the 
bonding time increased to 480 min, a 
bond with average strength of 191.2 MPa 
+3.5 MPa can be obtained, and tear dim- 
ple fractographic features were observed 
- -  Fig. 8B. The fracture surfaces of the 
TLP bonds with the NiCr-P interlayer 
were similar in appearance to those of 
the bonds with the Ni-P interlayer (Fig. 
11) for the similar reasons mentioned 
previously. 

Conclusions 

The following conclusions were ob- 
tained from the present study: 

1. Transient liquid phase (TLP) metal- 
lic bonding of the Inconel 718SPF super- 
alloy with the Ni-P interlayer at 1100°C 
for 8 h showed uniform chemical com- 
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Fig. I0 - -  Microstructure of joint produced 
with Ni-P interlayer at 1 IO0°C for 480 min. 

Fig. 9 - -  The EPMA element mapping of TLP metallic bond produced 
with Ni-P interlayer (vacuum of 10 ~ torr, 1100°C 30 rain). 

Fig. 11 - -  Fractographs of joints produced with Ni-Cr-P interlayer after bonding at 1 I O0°C (over- 
lapping length 3 T). A - -  30 rain; B - -  480 rain. 

position in the bond region and in the 
base metal. However, the Inconel 
718SPF superalloy with the Ni-Cr-P in- 
terlayer had precipitate phases at the cen- 
terline of the joint. 

2. The shear strength of the TLP bonds 
with the Ni-P interlayer indicated higher 
bond strengths than did that with the Ni- 
Cr-P interlayer under the same bonding 
conditions. 

3. The second phases, which existed 
at the grain boundaries, retarded grain 
growth in the bonding region. Homoge- 
nization during the TLP metallic bonding 
process was, thus, limited. 
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