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The 422 stainless steel (422SS) is one of the typical martensitic stainless steels with both
excellent creep strength and corrosion resistance up to 650◦C. Its application includes
steam turbine blades, high temperatures bolting . . . etc. Repair welding of 422SS is one of
the most common methods to fix the turbine blade. However, repair brazing of surface
shallow cracks, e.g., less than 1 mm in depth, is an alternative way to fix such blades. The
microstructural evolution of brazing 422SS with BNi-3 braze alloy using both infrared and
furnace brazing was performed in the study. Based on the experimental results, BNi-3
cannot effectively wet 422SS substrate below 1025◦C. As the brazing temperature increases
above 1050◦C, comprehensive wetting can be obtained in 1200 sec. For the infrared brazed
specimen with a short brazing time, the cooling path starts from the formation of a BNi3
phase in the molten braze, subsequently forms a Ni-rich phase, and finally a eutectic phase
is solidified from the residual eutectic liquid. The microstructure of the furnace-brazed
specimen is similar to that of infrared brazed specimen, but the interfacial reaction zone is
significantly increased in furnace brazing. There are Kirkendall voids in the braze close to
the interface between BNi-3 and 422SS, and the size of Kirkendall porosity is increased with
increment of the brazing time and/or temperature. The homogenization treatment of the
brazed joint at 900◦C results in growth of both the interfacial reaction zone and porosity.
C© 2003 Kluwer Academic Publishers

1. Introduction
The importance of martensitic stainless steels is in-
creasing in recent years due to the demand from power
generation industry [1–3]. It’s successful application
in corrosive and/or high temperature environment, e.g.,
high temperature steam pipes, steam turbine blades,
rotors . . . etc., has been widely reported in the litera-
tures [1, 4–6]. The 422 stainless steel (422SS) is one
of the representative martensitic stainless steel. It is
designed for service temperatures up to 650◦C, and re-
sistance to oxidation and scaling is good in continuous
service at temperature up to 760◦C [7]. Excellent me-
chanical properties can be developed with proper heat
treatment of the 422SS [7]. Therefore, it is an excel-
lent alloy characterized with both good creep strength
and corrosion resistance. Applications of the 422SS
include buckets and blades in compressors and steam
turbines, high temperature bolting, compressor and tur-
bine wheel, valves and valve trim, and aircraft parts [7].
Therefore, many researchers have focused on the me-
chanical properties, fatigue resistance, and corrosion
resistance of the 422SS [8–14].

Both the high-pressure and intermediate-pressure
steam turbine blades in fossil power plant are primarily
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made of the 422SS. The carbon content of this alloy is
high, and it is alloyed with many other elements, such
as Cr, Mo, V, W . . . etc., resulting in high hardenability
of the steel. Therefore, the 422SS is difficult to weld
due to crack sensitivity [7]. Some studies have been es-
tablished in welding and/or repair welding of the 422SS
[9, 10, 15–18]. Repair welding of 422SS is one of the
most common methods to fix such turbine blades. How-
ever, the repair welding of shallow cracks on the tips of
turbine blades is not the only choice. Repair brazing of
surface shallow cracks, e.g., less than 1 mm in depth,
is an alternative way to fix the blades. Therefore, both
processes are complementary to each other.

Brazing produces coalescence of materials by heat-
ing them to the brazing temperature in the presence
of a filler metal having a liquidus above 450◦C and
below the solidus of base metal [19–21]. This study
proposes repair brazing of 422 stainless steels, and two
primary repair brazing technology will be developed
including traditional furnace brazing and infrared braz-
ing. Infrared brazing utilizes infrared energy generated
by heating a tungsten filament in a quartz tube as the
heating source, and it is featured with a very fast heating
rate up to 3000◦C/min [22–24]. The infrared rays can
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T ABL E I Summary of the process variables used in the experiment

Furnace type Temperature (◦C) Time (sec) Environment Heating rate (◦C/min)

Infrared furnace 1050 60, 180, 300 Vacuum 600◦C/min
Traditional furnace 1050a 600, 1200, 1800 Vacuum 30◦C/min
Traditional furnace 1075a 600, 1200, 1800 Vacuum 30◦C/min
Traditional furnace 1100a 600, 1200, 1800 Vacuum 30◦C/min

aThe specimen was subsequently homogenized at 900◦C for 24 and 120 hrs.

transmit through the quartz tube, and not be absorbed
by the furnace itself. Consequently, local heating of
the bonding surfaces can be acquired by using an ap-
propriate optical focusing system. Infrared brazing is a
very promising technology among all brazing processes
[22–24].

Nickel base braze alloys are featured with good cor-
rosion resistance and creep strength, so they are good
choices in repair brazing of 422SS. BNi-3 is a nickel
base braze alloy, and its chemical composition in weight
percent is 3.1 B, 4.5 Si, 0.06 C (max) and Ni balance.
The solidus temperature of BNi-3 is 980◦C, and its liq-
uidus temperature is 1040◦C [19]. The brazing temper-
ature of BNi-3 braze is between 1010◦C and 1175◦C,
and the suggested brazing temperature of BNi-3 alloy
is 1040◦C [19]. The range of 422SS austenitizing tem-
perature is between 1040◦C and 1055◦C, so it is pre-
ferred that the repair brazing temperature of 422SS is
below 1055◦C [7]. Accordingly, the suggested brazing
temperature of BNi-3 is very close to the austenitizing
temperature of 422SS. Therefore, BN-3 was chosen as
the brazing filler metal in the study.

The purpose of this investigation is concentrated on
the repair brazing of 422SS using both infrared brazing
and furnace brazing. A nickel base braze alloy, BNi-3,
was used as brazing filler metal. The effect of pro-
cess variables, e.g., brazing temperature, brazing time
and homogenization time . . . etc., on the microstruc-
tural evolution of the brazed joint will be extensively
evaluated.

2. Experimental procedure
The base metal used in the experiment was 422SS disk
with the diameter of 32 mm and thickness of 3 mm. Its
chemical composition in weight percent was 0.24 C,
0.71 Mn, 0.38 Si, 0.016 P, 0.006 S, 0.76 Ni, 11.98 Cr,
1.07 Mo, 0.26 V, 0.99 W and balance Fe. The 422SS
specimen was polished by using a SiC paper, and an ul-
trasonic bath made use of acetone as the solvent to clean
the specimen prior to brazing. A nickel base filler metal,
Nicrobraz©R 130 made by Wall Colmonoy Co., was cho-
sen as the braze alloy in the experiment. According to
the specification of American Welding Society (AWS)
for Ni base braze alloys, the chemical composition of
Nicrobraz©R 130 alloy is consistent with BNi-3 braze
[19]. The braze alloy was in the form of Nicrobraz©R

130 tape with the thickness of 125 µm and 50 mm wide.
Infrared brazing was performed in a vacuum of

5 × 10−5 mbr at 1050◦C for 60–300 sec. The heat-
ing rate of the infrared furnace was set at 600◦C/min
throughout the experiment, and the specimen was
preheated at 600◦C for 600 sec prior to the brazing tem-
perature. Traditional furnace brazing was performed in

a vacuum of 5 × 10−5 mbar at temperatures between
1050◦C and 1100◦C for various time periods. The heat-
ing rate of furnace brazing was set at 30◦C/min through-
out the experiment. All specimens were preheated at
600◦C for 600 sec prior to the brazing temperature.
In order to study the microstructural evolution of the
brazed joint, the furnace brazed specimen was sub-
sequently homogenized at 900◦C for 24 and 120 hrs,
respectively. The process variables applied in brazing
422SS using BNi-3 (Nicrobraz©R 130) filler metal are
summarized in Table I.

Dynamic wetting angle measurements were made
using the above traditional furnace at the temperature
ranges between 1025◦C and 1100◦C for 0–1800 sec
[25, 26]. 0.15 g master alloy was placed on the 422SS
substrate, and the heating rate of the furnace was
30◦C/min. The image of wetting angle was recorded
simultaneously by a camera.

The brazed specimen was cut by a low speed dia-
mond saw, and the specimen subsequently experienced
a standard metallographic procedure prior to further in-
spection. The etching solution used in the experiment
was the solution of 50% acetic acid and 50% nitric acid.
The cross section of the brazed specimens was firstly
examined by using a Hitachi 3500 H scanning elec-
tron microscope (SEM) with an accelerating voltage of
15 KV. Quantitative chemical analysis was performed
using a JEOL JXL-8800 M electron probe microana-
lyzer (EPMA) with an operation voltage of 15 KV and
spot size of 1 µm.

3. Results and discussions
Fig. 1 shows the dynamic wetting angle measurement
of BNi-3 braze on 422SS for 1025–1100◦C between 0–
1800 sec. Based on the figure, BNi-3 cannot effectively
wet 422SS substrate below 1025◦C. As the brazing

Figure 1 The dynamic wetting angle measurements of BNi-3 braze alloy
on 422SS substrate for 1025–1100◦C between 0–1800 sec.
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Figure 2 The SEM backscattered images of 422SS infrared brazed at 1050◦C for (a) 60, (b) 180, and (c) 300 sec.

temperature increases above 1050◦C, the wetting angle
is decreased below 30◦ in 1200 sec. For the specimen
brazed at 1100◦C, BNi-3 molten braze can spread com-
pletely on the 422SS substrate in 200 sec. Since the
wettability of BNi-3 braze is insufficient at 1025◦C,
the brazing of 422SS was performed above 1050◦C in
the experiment.

Fig. 2 illustrates the SEM backscattered images of
422SS infrared brazed at 1050◦C for 60, 180 and
300 sec. The backscattered image does not provide
topographic contrast but primarily shows the element
distribution in the joint [27]. Consequently, the area of
the specimen containing high-atomic number elements
appears light, while the area with low-atomic number
elements appears dark [27]. It is apparent that the distri-
bution of elements in the brazed joint is not uniform, and
there are many phases in the brazed joint. Additionally,
there is a reaction layer at the interface between BNi-3
and 422SS as shown in Fig. 2b and c. For the specimen
infrared brazed at 1050◦C for 60 sec, very limited reac-
tion zone is observed due to insufficient reaction time
during infrared brazing as shown in Fig. 2a. On the other
hand, thickness of reaction zone between BNi-3 braze

and 422SS is increased with increasing the brazing
time.

Fig. 3 shows the SEM images and EPMA chemical
analyses of the specimen infrared brazed at 1050◦C for
60 sec. Point 8 in the figure demonstrates the substrate
of 422SS. Point 7 is located at the interface between
BNi-3 braze and 422SS, and its chemical composition
is mainly comprised of Fe, Cr and Ni. As described ear-
lier, the reaction zone between BNi-3 braze and 422SS
is not prominent for short brazing time, so there is no
continuous reaction layer at the interface. At least three
phases with different chemical compositions are ob-
served in the joint as illustrated by points 1–6 in Fig. 3.
A ternary phase diagram, if available, is very helpful in
explaining the microstructural evolution of the brazed
joint. The chemical composition of BNi-3 braze alloy
is primarily composed of Ni, B and Si, so a B-Ni-Si
ternary alloy phase diagram is quoted in the study [28].

Fig. 4 displays the partial liquidus projection of the
B-Ni-Si ternary alloy phase diagram in atomic percent,
and some important invariant reactions are also in-
cluded in the figure [28]. The cooling path in the ternary
alloy phase diagram is valid only if the solidification
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Figure 3 The SEM images (a) (c) secondary electron images, (b) (d) backscattered electron images, and EPMA chemical analyses of the specimen
infrared brazed at 1050◦C for 60 sec.

of the molten brazes is in equilibrium and no reaction
between BNi-3 and 422SS. Since infrared brazing is
characterized with rapid thermal cycles, very limited
interfacial reaction is observed in short brazing cycle.
For example, infrared brazing at 1050◦C for 60 sec is
short enough to depress the interaction between braze
and substrate. Therefore, the cooling path predicted
by B-Ni-Si ternary alloy phase diagram can be an ap-
proximation of the solidified BNi-3 braze. According
to Fig. 4, there are two ternary eutectic reactions in the
partial B-Ni-Si ternary alloy phase diagram. The chem-
ical composition of BNi-3 in atomic percent is 14.2%
B, 7.9% Si and 77.9% Ni, and it is located in the primary
field of BNi3 as marked by A in the figure. Addition-
ally, the point A in Fig. 4 is close to E1 ternary eutectic
reaction, which can be expressed by L ↔ BNi3 +
(Ni) + Ni3Si at 993◦C [28]. According to the liquidus

projection of B-Ni-Si ternary phase diagram, the cool-
ing path of point A in Fig. 4 starts from the formation
of a BNi3 phase in the liquid, subsequently forms a
Ni-rich phase in the molten liquid, and finally a eutectic
phase is solidified from the residual eutectic liquid.

The chemical compositions of point 1 and 2 in Fig. 3
are rich in boron content, and their composition is close
to BNi3. There is a Ni-rich phase alloyed with Si, Fe,
C and Cr as marked by point 6 in the figure. According
to Ni-Si and B-Ni binary alloy phase diagram, the
maximum solubility of Si in Ni at room temperature is
10 at%, but there is no solubility of B in Ni metal [29].
The composition of point 6 contains 9.8 at% Si, but
there is no boron found at point 6. It is considered a Ni-
rich phase in the braze. Finally, there is a eutectic phase
in the braze as marked by 3 and 4 in Fig. 3. Based on the
B-Ni-Si ternary alloy phase diagram, the eutectic phase
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Figure 4 The partial liquidus projection of B-Ni-Si ternary alloy phase diagram [28].

Figure 5 The SEM backscattered images of furnace brazed specimens at (a) 1050◦C × 600 sec, (b) 1050◦C × 1800 sec, (c) 1075◦C × 600 sec,
(d) 1075◦C × 1800 sec, (e) 1100◦C × 600 sec, and (f) 1100◦C × 1800 sec.
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Figure 6 The relation among thickness of the reaction zone, brazing
time and brazing temperature.

Figure 7 The SEM images (a) (c) secondary electron image, (b) (d) backscattered electron image, and EPMA chemical analyses of the specimen
furnace brazed at 1050◦C for 600 sec.

consists of BNi3, Ni and Ni3Si phases, and the chemical
composition of point 3 and 4 mainly consists of Ni, Si
and B. Consequently, the experimental observation is
consistent with the B-Ni-Si ternary phase diagram.

Fig. 5 shows the SEM backscattered images of
422SS furnace brazed at various temperatures. The mi-
crostructure of the furnace-brazed specimen is similar
to that of infrared brazed specimen with longer braz-
ing time, e.g., 180 and 300 sec. Compared with the
infrared brazed specimen, the interfacial reaction zone
is greatly increased in the furnace brazing. Fig. 6 sum-
marizes the relation among the thickness of the reaction
zone, brazing time and brazing temperature. In the fig-
ure, 1050◦C Infrared stands for infrared brazing, and all
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others are traditional furnace brazing at 1050◦C,
1075◦C and 1100◦C, respectively. It is noted that the
thickness of the reaction zone is increased with increas-
ing brazing temperature and/or time.

The EPMA chemical analyses were performed for
the specimen furnace brazed at 1050◦C for 600 sec as
displayed in Fig. 7. Different from the specimen in-
frared brazed at 1050◦C for 60 sec, both Fe and Cr
contents in the braze are increased due to the enhanced
dissolution of 422SS substrate into the molten braze
during furnace brazing. The chemical composition of
point 1 is close to BNi3 alloyed with minor other el-
ements. Similar to the aforementioned result, point 2
is the eutectic phase primarily consisting of Ni, Si, B
and Fe. Point 4 is the Ni-rich phase alloyed with Fe,
Si, Cr and C. Point 5 stands for the composition of
the reaction zone between BNi-3 and 422SS, and the
interfacial phase is primarily comprised of Fe, Cr, Ni,
B and C. It was reported that boron in the nickel-base
braze alloy can diffuse promptly into the base metal
and form compounds along grain boundaries [24, 30].
Since the chemical composition of point 5 is rich in
Fe, Cr, Ni, B and C, it is reasonable that a significant
number of borides and/or carbides might be expected
in this region.

The boron can diffuse into 422SS substrate via both
grain boundary and bulk diffusion as shown in Figs 5
and 7d, and forms the Fe-Cr-B-Ni interfacial phase.
Furthermore, there are a few porosities in the braze
close to the interface as displayed in Fig. 7c. The poros-
ity is called Kirkendall porosity, and it results from

Figure 8 The SEM backscattered images of furnace brazed specimens at 1050◦C × 600 sec and 900◦C for (a) 24 hrs, (b) 120 hrs, 1100◦C × 1800 sec
and 900◦C for (c) 24 hrs, and (d) 120 hrs.

nonsymmetrical mass transport during interdiffusion
[31]. The Kirkendall effect describes that the vacancy
will be formed if the rate of interdiffusion is not bal-
anced [31]. Since boron is a very small atom, it can
diffuse much faster than Fe and Cr atoms with a larger
atomic radius. Consequently, boron can readily diffuse
into 422SS substrate, but much slower diffusion rates
of Fe and Cr atoms from 422SS into the braze are pre-
dictable. Some Kirkendall voids (below 2 microns) in
the braze close to the interface between BNi-3 and
422SS are found in the figure. The Kirkendall effect
is a diffusion-controlled phenomenon, so it is strongly
temperature and time dependent. It is expected that the
size of Kirkendall porosity is ever increasing with incre-
ment of the brazing time and/or temperature due to the
enhancement of nonsymmetrical mass transport during
interdiffusion.

The reaction between BNi-3 braze alloy and 422SS
substrate may cause isothermal solidification of the
molten braze during brazing. Because the melting point
depressant, e.g., boron in BNi-3 braze alloy, readily
diffuses into 422SS, the 422SS is also dissolved into
the molten braze during brazing. Both metallurgical
phenomena result in increasing the melting point of the
molten braze.

The furnace-brazed specimens were subsequently
homogenized at 900◦C for 24 and 120 hrs in order
to confirm the phase stability of the furnace-brazed
joint. Fig. 8 shows the SEM backscattered images of
the furnace brazed specimens at 1050–1100◦C and sub-
sequent homogenization at 900◦C for 24 and 120 hrs,
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Figure 9 The SEM images (a) (c) secondary electron images, (b) (d) backscattered electron images, and EPMA chemical analyses of the specimen
furnace brazed at 1050◦C for 600 sec and homogenization at 900◦C for 24 hrs.

respectively. It is possible that Kirkendall porosity is
located close to the center of the braze due to the disap-
pearance of BNi3 phase in the braze alloy after homog-
enization for long time periods, e.g., 24 and 120 hrs
as shown in Fig. 8b and d. The depletion of boron
content from the braze alloy results in the formation
of Kirkendall porosity. It is apparent that the longer
homogenization time will cause enhanced Kirkendall
effect. Consequently, many voids are observed in the
braze as displayed in Fig. 8b and d.

Fig. 9 illustrates both the SEM images and EPMA
chemical analyses of the specimen furnace brazed at
1050◦C for 600 sec and followed by homogenization

at 900◦C for 24 hrs. The BNi3 phase is still observed as
marked by 1 in Fig. 9, but the eutectic phase is now dis-
appeared. The growth of reaction zone results in deple-
tion of boron content from the braze. It is expected that
the boron containing phase in braze is decreased with
increasing homogenization time of the brazed joint. The
braze alloy is mainly composed of the Ni-rich phase al-
loyed with many other elements as marked by points
2–4 in Fig. 9. Additionally, high Fe content of the Ni-
rich phase close to the interface is observed at point 5
of Fig. 9. Similarly, the interfacial reaction zone mainly
consists of Fe, Cr, B and Ni as demonstrated by point 6
and 7 in Fig. 9.

2344



Figure 10 The SEM images (a) (c) secondary electron images, (b) (d) backscattered electron images, and EPMA chemical analyses of the specimen
furnace brazed at 1050◦C for 600 sec and homogenization at 900◦C for 120 hrs.

According to the EPMA analyses of the light particle
shown in Fig. 9 (point 8), its chemical composition in
atomic percent is roughly 20.9% B, 1.0% C, 0.7% Si,
11.3% Cr, 30.1% Fe, 28.5% Ni, 0.3% V, 0.2% Mn, 4.8%
Mo and 2.3% W. Therefore, these very light particles
can be classified as a type of boride primarily contain-
ing B, Cr, Fe, Ni, Mo and W. Additionally, 4.8 at% Mo
are equal to 9.0 wt% Mo, and 2.3 at% W are equal to
8.2 wt% W. The amount of Mo and W in the light par-
ticle is as high as 10 wt%, respectively. High atomic
number of both W and Mo results in high brightness of
the BSE image in SEM observations. Since the chem-
ical composition of 422SS contains Mo and W, these
light particles are located at the interface between the
braze and 422SS substrate due to dissolution of 422SS
substrate during brazing.

Fig. 10 shows the SEM images and EPMA chemi-
cal analyses of the specimen furnace brazed at 1050◦C
for 600 sec and followed by homogenization at 900◦C
for 120 hrs. The BNi3 phase is completely vanished
in the braze due to the depletion of boron, and the
chemical composition of the braze matrix is free of
boron as marked by 1–3 in the figure. According to
the EPMA chemical analysis of point 5 in Fig. 10,
there are Fe-Cr-B borides in the reaction zone. The
growth of these boride precipitates during homoge-
nization of the brazed joint results in depletion of the
boron content in the braze alloy. The boron containing
phase in the braze is not stable upon homogenizing the
brazed joint at 900◦C, so the BNi3 phase in the ma-
trix is disappeared after homogenization of the joint at
900◦C for 120 hrs. Therefore, Kirkendall porosity is
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observed nearby the interface. In comparison among
Figs 7c, 9c and 10c, the size of Kirkendall porosity
is increased with increasing homogenization time. The
homogenization treatment of the brazed joint results
in growth of both the interfacial reaction zone and
porosity.

4. Conclusions
The microstructural evolution of brazing 422SS using
BNi-3 (Nicrobraz©R 130) braze alloy was performed in
the study. In addition to traditional furnace brazing,
infrared repair brazing of 422SS was also included in
the study. The experimental result can be summarized
as below.

1. BNi-3 cannot effectively wet 422SS substrate be-
low 1025◦C. As the brazing temperature increases
above 1050◦C, the wetting angle is below 30◦ in
1200 sec. For the specimen brazed at 1100◦C, BNi-3
molten braze can spread completely on 422SS substrate
in 200 sec.

2. The braze alloy is primarily comprised of BNi3, a
Ni-rich phase and a eutectic phase after infrared braz-
ing. There is a reaction zone primarily comprised of
Fe, Cr, B and Ni. For the specimen infrared brazed at
1050◦C for 60 sec, very limited reaction zone is ob-
served due to insufficient reaction time during braz-
ing. On the other hand, the thickness of the reaction
zone between BNi-3 braze and 422SS is rapidly in-
creased with increasing the brazing temperature and/or
time.

3. The microstructure of the furnace brazed spec-
imen is similar to that of infrared brazed specimen
with longer brazing time, but the thickness of in-
terfacial reaction zone is significantly increased for
the furnace brazed specimen due to longer brazing
time.

4. There is Kirkendall porosity in the braze close
to the interface between BNi-3 and 422SS sub-
strate, and the size of Kirkendall porosity is ever in-
creasing with increment of the brazing time and/or
temperature.

5. Both Kirkendall porosity and interfacial reaction
zone cannot be removed by homogenization of the
brazed joint at 900◦C. On the contrary, the homog-
enization treatment of the brazed joint at 900◦C re-
sults in growth of both the interfacial reaction zone and
Kirkendall voids.
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