
High Temperature Brazing 
by Liquid Infiltration 

Liquid infiltration reduced the intermetallic forming elements and improved the 
mechanical properties of brazements with large joint clearances 

ABSTRACT. High temperature brazing of 
nickel-based alloy Inconel 1 625 by liquid 
infiltration has been investigated. Nickel- 
phosphorus, nickel-boron and Ni- 
41.2Pd-8.8Si were used as melting point 
depressants (MPDs). They formed wet- 
ting liquids at the bonding temperature 
and subsequently infiltrated the nickel- 
chromium powder interlayers. The infil- 
trated l iquid caused shrinkage of the 
powder interlayer. Calculation showed 
that residual porosity in the interlayer 
was related to its initial green density, the 
amount of liquid and a shrinkage factor. 
Liquid infiltration greatly reduced the 
necessary amount of intermetallic form- 
ing elements such as phosphorus and 
boron in the joints, thereby improving 
the mechanical properties of brazements 
with large joint clearances. Joints with 
clearance up to five millimeters (0.2 in.) 
have been made. Tensile strengths at 
room temperature, 538°C (1000°F) and 
700°C (1300°F) were evaluated. 

Introduction 

Nickel-based filler metals have been 
widely used in brazing processes to pro- 
duce oxidation and corrosion-resistant, 
high-strength joints for high/temperature 
service. These filler metals usually con- 
tain several MPDs, such as silicon, boron 
and phosphorous to ensure proper liquid 
flow and wetting at the brazing tempera- 
ture. However, these elements can form 
eutectic structures that are extremely 
hard and brittle in the brazed joint. These 
appear as hard phases in the form of sili- 
cides, borides and phosphides. These 
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phases often agglomerate along the cen- 
terline of the joint and can greatly de- 
crease the strength and ductility of the 
joint. Consequently, the maximum joint 
clearance that is free of intermetallic 
compounds is generally restricted to less 
than several tens of microns when nickel- 
based filler metals are used (Refs. 1-7). 
Post-brazing high temperature annealing 
can help to partially dissolve or eliminate 
the intermetallics and improve the me- 
chanical properties of the joint. Such 
beneficial effects also can be accom- 
plished by diffusion brazing, which has 
been successfully applied in joining 
some heat resistant superalloys (Refs. 
8-11). Instead of cooling down the joint 
after liquid flow during brazing, the joint 
is held at the joining temperature for so- 
lidification by the diffusion brazing pro- 
cess. Isothermal holding makes the 
MPDs diffuse into the base material and 
a joint free of brittle intermetallics can be 
made. However, tens of hours of isother- 
mal holding is generally required to 
allow solid state diffusion of the MPDs 
into the base material (Refs. 12, 13). 
Therefore, a practical solidification time 
for the diffusion brazed joint also im- 
poses restrictions on the maximum joint 
clearance that can be used. 

In this study, a process called liquid 
infiltrated powder interlayer bonding 
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(LIPB) is used to produce brazements 
with large joint clearances using nickel- 
based filler metals. The filler metals con- 
sist of coatings and thin foils on the faying 
surfaces. A powder interlayer is placed 
between the two fillers. At brazing tem- 
perature, the fillers melt and infiltrate the 
powder interlayer. Dissolution and rear- 
rangement of powder particles occur 
subsequently, followed by homogeniza- 
tion of the joint. By control l ing the 
amount of liquid formed, brittle phases 
and porosities in the powder interlayer 
can be reduced to a minimum, while a 
clearance of up to several millimeters can 
be joined. Isothermal solidification time 
is much shorter as compared to the diffu- 
sion brazing process since the diffusion 
path is greatly decreased in the powder 
interlayer. Thus the LIPB process relaxes 
the limitation on joint clearance set by 
the diffusion brazing process. 

General Considerations of the 
LIPB Process 

One of the ways to decrease the 
amount of brittle intermetallic com- 
pounds in the joint is to reduce the MPDs 
used to produce the joint. This may be 
achieved via the LIPB process. The pro- 
cess can be divided into four consecutive 
stages, which are illustrated in Fig. 1, or 
represented in a simple binary eutectic 
phase diagram as seen in Fig. 2. The im- 
portant parameters of the process can be 
derived based on such a binary system. 
Assuming that the powder interlayer has 
the same MPD composition as the base 
metal, CBiand CBodenote the base metal 
concentration in the infiltrant and overall 
base metal concentration in the joint, re- 
spectively. At the bonding temperature 
Tb, liquid starts to form as the MPDs dis- 

l. Inconel is trademark of the Inco family of 
companies. 
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Fig. I - -  Schematic showing the stages of the LIPB process. The widening stage is absent since 
the dissolution mainly occurs between the powders and the MPD foils. The stages may overlap 
depending on the rates of infiltration and diffusion. 
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Fig. 2 - -  Schematic drawing of a phase diagram shows a simple eutectic reaction between the 
melting point depressant and the powder particles. C denotes the base metal concentration in the 
diagram. Four stages of the LIPB process also are illustrated. 

solve the base material and change its 
composition to CB". The wetting liquid 
infiltrates the powder interlayer while 
dissolving more base material until the 
composition of the liquid changes to CB "~, 
which corresponds to the maximum 
amount of liquid formed. Shrinkage of 
the interlayer is induced by the infiltrated 
liquid and the joint undergoes solidifica- 
tion between CB"~ and CB~, followed by 
homogenization of the joint. An analysis 
of the residual porosity in the interlayer is 
derived here under the assumptions of 
complete wetting and spontaneous infil- 
tration. Base metaI-MPD intereaction is 
not considered because of fast infiltration 
kinetics and rapid intereaction between 
the liquid and the metal powders in the 
interlayer. The initial relative density of 
the powder interlayer is/% with a thick- 
ness of t o, and A is the cross-sectional 
area of the interlayer. Assuming uniform 
dissolution of the powder interlayer, 
when the infiltrant is unsaturated (CB'< 
CB"L) and neglecting the MPD loss by 
solid state diffusion into the base mate- 
rial, then the weight of powders of the in- 
terlayer dissolved in the liquid is: 

( L , 
1 - E~ J (1) 

wg~ = WMpDI C8 
- Crib L k 1 

where WMp D is the total weight of MPDs 
in the joint. The volume of liquid is given 
by 

wMp t PLtl-CB ; (2) 

where PL is the density of the liquid. Cor- 
respondingly, the volume of the remain- 
ing solid in the joint is: 

( L 
v , -  W a,o 

Ps Ps - C~ 

(3) 

where P5 is the density of the base mate- 
rial. The WMp D c a n  be represented by the 
overall composition of the base material 
in the joint, CB°: 

C~ (4) 

The weight of the powder interlayer, 
Wbase , is given by 

Wbase = A psA oto (5) 

Assuming no swelling or shrinking of the 
powder interlayer after infiltration, the 
residual volume fraction of porosity after 
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infiltration can be expressed as: 

V s + V  1 
P = I  

A t o 
(6) 

Substituting equations 1 through 5 into 6, 
one finally arrives at 

I 0 
) 

(7) 

If assuming the same density of liquid 
and solid, Equation 7 reduces to: 

P =  1 A°  (8) 
Co 

Apart from the calculation above, the 
powder interlayer can experience addi- 
tional volume change due to infiltration 
of the liquid. A constant k is introduced 
to account for this additional volume 
change: 

P = 1 A° (9) 
Co 

k<l indicates shrinkage of the powder in- 
terlayer and k>l represents swelling. Ob- 
viously, higher initial relative density and 
lower CB°will lead to a denser joint. 
However, in order to maintain accept- 
able mechanical properties of the joint, 
CB°iS required to be as high as possible. 
Tradeoffs exist between the higher MPD 
concentration or larger volume fraction 
of residual porosity in the joint. A TLP 
joint requires CB°greater than CB ~ as il- 
lustrated in Fig. 1. If we set CB °= CB ~S, 
then the minimum initial relative density 
of the powder interlayer needed for a 
porosity free joint is: 

A o = k C~ 5 (10) 

It is evident that smaller k, lower C~ s or 
higher solubility of MPDs in the base 
metal will allow lower initial packing 
density of the powder interlayer, which 
will be easier to infiltrate. Nevertheless, 
as has been pointed out in Ref. 14, diffu- 
sional solidification can block the infil- 
trating liquid if the solubility of MPDs in 
the base material is high. Therefore, the 
infiltration rate can be retarded signifi- 
cantly because of the solubility effect, as 
will be shown in our experiments. 

Table I - -  Chemical Compositions of the Infiltrants Used (wt-%) 

Materials Pd Si P B Ni Solidus (°C) Liquidus (°C) 

Ni-P - -  - -  11 - -  Bal. 870 870 
Ni-B - -  - -  - -  3.6 Bal. 1093 1093 
MBF-1006 41.2 8.8 - -  - -  Bal. 714 938 

Table 2 - -  Chemical Compositions of the Base Metals Used (wt-%) 

Materials C Mn P Si Cr Cu Mo Ti Nb Fe AI Co Ni 

Nickel 0.01 0.2 - -  0.04 - -  - -  0.15 - -  - -  Bal. 
Incone1625 0.04 0.11 0.01 0.36 22.6 0.18 8.85 0.25 3.68 4.99 0.16 0.2 Bal. 

Exper imenta l  W o r k  

Materials 

The infiltrants selected for this investi- 
gation were Ni-P eutectic, Ni-B eutectic 
and Ni-41.2Pd-8.8Si (MBF-1006) alloys. 
The chemical composition of the 
infiltrants used are given in Table 1 with 
their solidus and liquidus temperatures. 
The base metal studied was commer- 
cially pure nickel and Inconel 625 
nickel-based alloy. The powders investi- 
gated were commercially pure nickel 
and Ni-20wt-%Cr powders with sizes 
less than 44 microns (-325 mesh). The 
chemical composition of the base metals 
used is shown in Table 2. 

LIPB Procedure 

The Ni-P and Ni-B eutectics were 
electrolessly plated onto the faying sur- 
faces according to Riedel (Ref. 15), 
whereas the silicon-containing alloy is in 
the form of thin amorphous foils. The 
powder interlayers were all prepared in a 
9.55-mm-diameter cylindrical die at 373 
MPa compressive pressure. The green 
density of the interlayers was found to be 
about 72% by volume. The faying sur- 
faces of the butt joints were polished to 
600 grit paper and were ultrasonically 
cleaned in acetone before joining. 

Bonding was performed in a quartz 
tube resistance furnace. The furnace was 
first evacuated to 2.7 x 10 -3 Pa (2 x 10 -5 
torr), and preheated to 900°C (1652°F) 
before it was placed on the sample. The 
joining temperature was 980°C (1796°F) 
for the nickel-phosphorus, 1000°C 
(1832°F) for the MBF-1006 and 1125°C 
(2055°F) for the nickel-boron eutectic. 
The average heating rate for joints using 
Ni-P and MBF-1006 as infiltrants was 
20°C (68°F)/min. The rate was dropped to 
about 14°C (57°F)/min for the boron- 
containing joints. During joining, a 

minor pressure of about 0.29 MPa (41 
Ib/in. 2) was applied on the sample to en- 
sure close contact of the fillers and the 
powder interlayer. Each joint was cut for 
metallographic examination. Standard 
round tensile specimens, each with a 
6.0-mm-diameter cross section, were 
made to evaluate tensile strength of the 
joints. Room temperature, 538°C 
(1000°F) and 700°C (1300°F) strengths 
were eva I u ated. 

Results and  Discussion 

Microstructures 

Figure 3A shows the microstructure of 
a joint with 0.6-mm clearance using 
nickel as the base metal. About 50 mi- 
crons of Ni-P eutectic was plated on each 
of the faying surfaces, and nickel pow- 
ders were used to form the interlayer. 
Joining was performed at 980°C for 
60 min. The joint can be seen to have 
completely homogenized. The overall 
phosphorus content in the joint after in- 
filtration was 2.4 wt-%, which is more 
than four times lower than in commer- 
cially available brazing alloys BNi-6 and 
BNi-7. In Fig. 3B, the same joining con- 
ditions - -  except a 1.5 mm powder in- 
terlayer - -  were applied to make the 
joint. The powder interlayer was not fully 
infiltrated, leaving a narrow uninfiltrated 
zone in the center of the interlayer. Cal- 
culation from Equation 10 indicates k<l 
for infiltration using Ni-P eutectic, thus 
liquid-induced shrinkage of the powder 
interlayer helped to eliminate the voids. 
It can be estimated from Fig. 3B that the 
minimum phosphorus content achiev- 
able in the joint through the LIPB process 
is about 1.8 wt-%, and in fact this crite- 
rion was applied for all subsequent joints 
that were infiltrated by Ni-P eutectic. 

Figure 3C is the microstructure of 
MBF-1006 infiltrated joint. The 0.65- 
mm-thick interlayer consisted of nickel 
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(A) 

Fig. 4 - -  Microstructures o f  infiltrated joints with 3.54-mm-thick Ni-20Cr powder interlayers. A 
- -  Interface between Incone1625 and the powder interlayer infiltrated by Ni-P eutectic at 980°C 
for 60 min. B - -  Same as A, microstructure o f  the interlayer. C I Ni-B eutectic as the infiltrant, 
1125°C, 60 min infiltrated. D I Microstructure o f  the interlayer. 

Fig. 3 - -  Microstructures o f  infiltrated joints. 
A - -  0.6-ram nickel powder interlayer infil- 
trated by Ni-P eutectic at 950°C for 60 min. 
The base metal is nickel and the phosphorus 
content in the jo in t  is 2.4 wt-%. B - -  Same as 
A, only the interlayer is increased to 1.5 mm. 
C - -  0.65-mm nickel powder interlayer infil- 
trated by MBF- 1005 at 1000°C for 30 min. The 
base metal is Incone1625 and the designed sil- 
icon content is 2 wt-%. 

powders. Infiltration was performed at 
1000°C for 30 min. The designed silicon 
content in the joint was 2 wt-%, which is 
below the solubility limit of silicon in 
nickel (about 7 wt-% at 1000°C). Only 
partial infiltration of the powder inter- 
layer was obtained. The lower infiltration 
rate is likely due to large solubilities of 
palladium and silicon in nickel. Diffu- 
sional solidification occurs along with 
the infiltrating liquid, and consumes the 
liquid before the entire interlayer is 
infiltrated. 

Figures 4A and 4B are the microstruc- 
tures of a Ni-P eutectic-infiltrated joint 
with 3.54-mm Ni-20Cr powder inter- 
layer. The joint was soaked at 980°C for 
60 min. Figure 4A shows the interface be- 
tween the Inconel 625 base metal and 
the Ni-20Cr powder interlayer. The mi- 
crostructure of the interlayer after infiltra- 
tion is shown in Fig. 4B. Note that oxides 

from the powder surfaces are trapped in 
the grain boundaries. Figures 4C and 4D 
show the microstructures of Ni-B eutec- 
tic-infiltrated joint at 1125°C for 60 min. 
The same 3.54-mm Ni-20Cr powder in- 
terlayer was used and the designed boron 
content in the joint was 0.33 wt-%. 
Deeper penetration of boron into the In- 
conel 625 base metal can be seen as 
compared to that of phosphorus. This 
was due to the higher diffusivity of boron 
and the higher temperature employed to 
produce the joint. Significant grain 
growth can be seen in Fig. 4D, and a large 
amount of isolated pores remains in the 
joint. It turned out that the effect of pow- 
der interlayer shrinkage was insignificant 
when using the Ni-B eutectic infiltrant. 
Higher green density of the interlayer 
and/or more infiltrant should be used to 
eliminate residual pores in this sample. 

Tensile Tests 

Figure 5 shows the tensile properties 
of the LIPB joints using Ni-P eutectic as 
the infiltrant and 3.54-mm-thick Ni-20Cr 
as the interlayer. Tensile strength of the 
joints infiltrated by Ni-B eutectic is pre- 
sented in Fig. 6. For the joints infiltrated 
by Ni-P eutectic, their room temperature, 
538°C, and 700°C strengths were evalu- 
ated. Two specimens were used for test- 
ing at each temperature. Consistent 
tensile strength was observed for each 

group of specimens tested. The average 
room temperature strength was 523 MPa 
(75 ksi). The 538°C strength decreased to 
420 MPa (57 ksi) and the average strength 
dropped to 300 MPa when tested at 
700°C. The data showed about 60% of 
the Inconel 625 base metal strength 
within this temperature range. However, 
the tensile strength was found to be much 
lower for the joints infiltrated by Ni-B eu- 
tectic at 1125°C. All the specimens tested 
were found to fracture in the powder in- 
terlayer, as shown in Fig. 6A, indicating 
strong interfacial bonding between the 
interlayer and the base metal. Figures 6B 
and 6C show the fracture surfaces of the 
room-temperature tested sample with Ni- 
P as the infiltrant. Apart from the effect of 
the MPDs, the interlayer strength also 
could be impaired by the oxides dis- 
tributed on the surfaces of the alloy pow- 
ders. A powder cleaning procedure 
before joining may improve the interlayer 
strength. The ductility of the joints is still 
much lower than that of the base metal, 
although plastic deformation was ob- 
served. This is due to a large amount of 
phosphorus (1.8 wt-%) left in each joint, 
although phosphides are not discernible 
from the microstructures shown here. 

As can be expected from the mi- 
crostructures revealed in Figs. 4C and 4D, 
the tensile strength of Ni-B eutectic infil- 
trated joints is degraded by the presence 
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Fig. 5 - -  Results from tensile tests on the joints infiltrated by Ni-P eu- 
tectic at 980°C for 60 rain. The powder interlayer was Ni-20Cr and the 
overall phosphorus content in each jo int  was 1.8 wt-%. 

Fig. 6 - -  Results from tensile tests on the joints infi ltrated by Ni-B 
eutectic at 1125°C for 60 rain. The powder interlayer was Ni-20Cr and 
the designed boron content in each jo int  was 0.33 wt-%. 

Fig. 7 - -  Fracture appearance of  Ni-P eutec- 
t ic inf i l t rated Ni-2OCr powder  interlayer 
joints. A - -  Specimens showing fracture in 
the powder interlayers. B - -  Fracture surface 
of  the sample tested at room temperature. 
C - -  Same as B, showing some oxides in the 
interlayer. 

Fig. 8 - -  Fracture surface of  the Ni-B eu- 
tectic infiltrated joint. The powder inter- 
layer was Ni-2OCr and the boron content 
in the jo in t  was about 0.33 wt- %. Residual 
porosities can be seen from the pho- 
tographs. 

of the residual voids. Figure 8 depicts the 
fracture appearance of the sample tested 
at room temperature. Residual pores can 
be seen from both of the metallographs. 

C o n c l u s i o n s  

In this study, the LIPB process was in- 
vestigated for high temperature brazing 
of joints with large clearances. Calcula- 
tions based on a binary eutectic system 

show that the volume fraction of residual 
porosity in the interlayer depends on the 
initial relative density of the interlayer, 
the shrinkage factor k, and the solubility 
of MPDs.in the powder material. Ni-P 
and Ni-B eutectics and MBF-1006 (Ni- 
41.2Pd-8.8Si) were used as infiltrants, 
nickel and Ni-20Cr were used as powder 
interlayers to join nickel and Inconel 625 
nickel-based alloys. The following results 
were obtained: 

1) Brazements with large joint clear- 
ances could be made by the LIPB pro- 
cess, using Ni-P and Ni-B eutectics as 
the infiltrants. Intermetallic compounds 
were greatly decreased because of much 
smaller amount of phosphorus or boron 
contained in these joints, compared to 
those joined with commercial brazing 
alloys. 

2) Ni-P eutectic was found to cause 
shrinkage of the nickel-based powder in- 
terlayer (k<l), and contribute to elimina- 
tion of residual pores in the joint, 
whereas Ni-B eutectic showed less ben- 
efit in this regard. 

3) Infiltration using MBF-1006 as the 
infiltrant was slow due to high solubility of 
palladium and silicon in the nickel-based 
powder interlayer. A proper mixture of the 
infiltrant and the interlayer is important to 
produce a fully infiltrated joint. 

4) Tensile tests showed 60% joint ef- 
ficiency up to 700°C when Inconel 625 
was the base metal and Ni-P eutectic was 
the infiltrant. Plastic deformation was ob- 
served, though the ductility of the joint 
was still much lower than that of the base 
metal. Joints infiltrated by Ni-B eutectic 
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revealed poor tensile strength due to iso- 
lated pores in the interlayers. 
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