Infrared Repair Brazing of 403 Stainless Steel with a Nickel-

Based Braze Alloy
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Martensitic stainless steel (403SS) is extensively used for intermediate and |ow-pressure steam turbine
blades in fossil-fuel power plants. The purpose of this investigation is to study the repair of shallow
cracks on the surface of 403SS steam turbine blades by infrared repair brazing using rapid thermal
cycles. A nickel-based braze alloy (NICROBRAZ LM) is used as filler metal. The braze alloy after
brazing is primarily comprised of borides and an FeNi; matrix with different amounts of alloying
elements, especialy B and Si. As the brazing temperature increases, more Fe atoms are dissolved
into the molten braze. Some boron atoms diffuse into the 403SS substrate primarily via grain boundary
diffusion and form B-Cr-Fe intermetallic precipitates along the grain boundaries. The LM filler metal
demonstrates better performance than 403SS in both microhardness and wear tests. It is also noted
that specimens brazed in a vacuum have less porosity than those brazed in an Ar atmosphere. The
shear strength of the joint is around 300 MPa except for specimens brazed in short time periods, e.g.,
5 seconds in Ar flow and 30 seconds in vacuum. The fractographs mainly consist of brittle fractures
and no ductile dimple fractures observed in the scanning electron microscope (SEM) examination.

I. INTRODUCTION

MARTENSITIC stainless steel iswidely used for inter-
mediate- and low-pressure steam turbine blades in fossil-
fuel power plantsdueto itsgood creep strength and moderate
corrosion resistance.*~® The successful application of mar-
tensitic stainless steels in steam turbine blades is world-
wide.8 Currently, intermediate- and low-pressure steam
turbine blades in afossil power plant are made of 403 stain-
less steel. Many researchers have focused on the mechanical
properties, fatigue resistance, and corrosion resistance of
403 stainless steels."~29 However, most of these studies are
limited to traditional processing technology. This current
research investigates a new technique, infrared repair
brazing.

For 403 low-pressure steam turbine blades, cracks can
initiate and grow on the surface of blades due to the erosion
of high-speed water droplets condensed from supersaturated
steam after long-term operation, seriously jeopardizing the
steam turbine safety. Repair welding of 403 stainless-steel
turbine blades is one of the most common methods used to
fix such cracks, and the welding of 403 stainless steelsis a
well-devel oped technique.?»?22%l However, the repair weld-
ing of shallow cracks on the tips of low-pressure turbine
blades is not the only choice. Infrared repair brazing of
surface shallow cracks, e.g., less than 1 mm in depth, is
an alternative method to fix such blades. Therefore, both
techniques are complementary to each other.

Infrared brazing makes use of infrared energy generated
by heating atungsten filament in a quartz tube as the heating
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source, providing a rapid heating rate of up to 3000 °C/
min.[?-271 This is important, since a fast brazing thermal
cycleis necessary to avoid liquation of the braze alloy.[229
For a brazing filler alloy with different solidus and liquidus
temperatures, the composition of the melt will gradually
change as the temperature increases from the solidus to
liquidus.[?®! If the portion that melts first is allowed to flow
out, theremaining solid may not melt and may remain behind
as a residue, which is called liquation.?® Filler alloys with
narrow melting ranges do not tend to liquation, so they flow
quite freely into joints with narrow clearance. On the other
hand, a filler metal with a wide melting range needs rapid
heating cycles to minimize separation during brazing. It is
also noted that most interfacial reactions between the base
metal and braze aloy can be inhibited or delayed by using
arapid brazing cycle.®¥ Thus, afast thermal cycleiscrucial
for certain braze aloys having large melting ranges.

The infrared rays can easily transmit through the quartz
tube and not be absorbed by the quartz furnace itself. Using
an appropriate optical focusing system, local heating of the
bonding surfaces can be obtained. Therefore, infrared braz-
ing is characterized by both high-speed thermal cycles and
high-energy efficiency, making it very promising for joining
processes.[*4?°1 The purpose of this investigation is to study
the repair of shallow cracks on the surface of low-pressure
turbine blades by infrared brazing. A nickel-based braze
aloy, NICROBRAZ* LM, was used as filler metal. Both

*NICROBRAZ is atrademark of Wall Colmonoy Co., Michigan 48071.

themicrostructural evolution and shear strength of the brazed
joint are evaluated.

Il. EXPERIMENTAL PROCEDURE

There are many commercially available high-temperature
nickel-based brazing filler aloys, as displayed in Table I.
Both NICROBRAZ 10 and NICROBRAZ 50 havelow melt-
ing points, but phosphorus is included in their chemical
composition. It is reported that phosphorus-containing filler
metals suffer from low ductility because they form nickel
phosphides.!?®!  Therefore, phosphorus-containing filler
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Tablel. Commercially Available High-Temperature
Brazing Filler Alloys
Nominal Composition Melting Point (°C)
NICROBRAZ (Wt Pct) Solidus/Liquidus
LM 7Cr-3.1B-4.55-3Fe- 970/1000
Ni (balance)
10 11P-Ni (balance) 875/875
30 19Cr-10.2Si-Ni 1080/1135
(balance)
50 14Cr-10P-Ni (balance) 890/890
150 15Cr-3.5B-Ni 1055/1055
(balance)
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alloys are not suitable in the turbine blade application. It is
expected that the distortion of turbine blades during brazing
can be minimized by using a lower brazing temperature.
NICROBRAZ LM has the lowest liquidus temperature
among NICROBRAZ 30, 150, and LM alloys. Although
thereisadifference between the solidus and liquidus temper-
atures of NICROBRAZ LM filler, the advantage of rapid
heating during infrared brazing can prevent liquation. Addi-
tionally, there is also a difference in Cr content between
NICROBRAZ LM and 403 stainless steel. Corrosion of
low-pressure steam turbine blades is not a primary problem
because purified water is always used in the steam turbine.
The corrosion resistance of a nickel-based alloy is usually
much better than that of 403SS. Consequently, NICRO-
BRAZ LM filler metal was chosen in the experiment.

The base metal used in the experiment was 403SS in the
form of 15 X 15 X 3 mm samples. Its chemical composition
in weight percent was 0.15C, 12.0Cr, 1.0Mn, 0.5Si, 0.01R,
0.01S, and the balance Fe. The 403SS surface was first
polished with SIC paper and then an ultrasonic bath, using
acetone as the solvent to clean specimens prior to infrared
brazing. A nickel-based filler alloy, NICROBRAZ LM, con-
taining in weight percent 7.0Cr, 3.1B, 4.5S, 3.0Fe, and Ni
balance and made by Wall Colmonoy Co., was used as the
brazing filler alloy. Based on the American Welding Society
specification for Ni-based braze alloys, the chemical compo-
sition of NICROBRAZ LM braze is consistent with BNi-2
braze.?2 The braze aloy was in powder form with aparticle
size below 44 um. An S-type binder made by Wall Colmo-
noy Co. was used in the experiment. The nickel-based alloy
powder was uniformly mixed with the S-type binder in a
weight ratio of 4:1 in order to form a paste. All specimens
were dried in an oven at 100 °C for at least 1 hour prior to
infrared brazing. The thickness of the braze alloy paste was
manually deposited on the specimen with a thickness of
about 200 um prior to brazing. After infrared brazing, the
binder will be evaporated, and the braze alloy powder is
consolidated into a sound joint. The width of the brazement
after infrared brazing is varied between 40 and 120 pm.

To enhance the absorption of infrared rays, a graphite
fixture was used during brazing, as shown in Figure 1.
Figure 1(a) shows samples prepared for metallographic
observation. Specimens were sandwiched between two
graphite plates, and a thermocouple was inserted into the
upper graphite plate to make contact with the 403SS speci-
men. There is a time delay between the actual specimen
temperature and programmed temperature, as discussed in
aprevious study.[?1 The time delay will have a strong effect
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(b)
Fig. 1—Schematic diagrams showing the geometry of infrared brazed spec-
imens used in the experiment: (a) metallographic observation and (b) X-
ray analysis and wear test.

in the test if the brazing time is short (<5 seconds). There-
fore, time compensation during the infrared brazing was
included for all specimens in the study in order to prevent
incomplete melting of the braze alloy. In other words, the
brazing time stands for the time period after the specimen
reaches the brazing temperature. Infrared brazing was per-
formed either in an Ar atmosphere with a flow rate of
200 cm®min or in a vacuum of 5 X 102 Pa at various
temperatures for a 5 to 300-second duration. The process
variables used for NICROBRAZ LM filler metal are shown
in Table I1. The heating rate of the infrared furnace was set
at 3000 °C/min throughout the experiment.

The brazed specimens were first cut by alow-speed dia-
mond saw, foll owed by a standard metal | ographic procedure.
The polished cross section of the brazed specimens was
first examined using a PHILIPS* XL30 scanning electron

*PHILIPS is a registered trademark of Philips Electronic Instruments
Corp., Mahwah, NJ.

microscope (SEM) with an accelerating voltage of 15 kV.
Quantitative chemical analysis was performed using a
JEOL* JXL-8800M electron probe microanalyzer (EPMA)

*JEOL is a trademark of Japan Electron Optics, Ltd., Tokyo.

with an operation voltage of 15 kV and spot size of 1 um.
Microhardness measurements were made using amicrohard-
nesstester (Akashi MVK-E (Akashi Co., Yokohama, Japan))
with a load of 200 g and a duration time 15 seconds. The
structure analysis of the joint after brazing was performed
using a PHILIPS PW1710 X-ray diffractometer. CuK, was
selected for the X-ray source. Figure 1(b) shows the sample
prepared for the X-ray analysis and wear test. The thickness
of the braze alloy paste was manualy deposited on the
specimen with athickness of about 200 wm prior to brazing.

Wear testing was performed using a TE77 high-frequency
reciprocal wear test machine made by Cameron-Plint
Tribology, Ltd. (Plint & Partners Ltd., Old Station Business
Park, Compton Berkshire, England). A schematic diagram
of the wear test is shown in Figure 2. The large specimen
in Figure 2 is the surface of the braze alloy, and the small
specimen, a 6-mm-diameter steel bearing ball with a Rock-
well hardness of 62, isthe counterpart of the large specimen
in the wear test. The test was under 150-N normal load with
no lubricant and 5-Hz reciprocal frequency of the moving
arm for 10 minutes. Surface morphology of the wear region
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Tablell. The Process Variables Used for NICROBRAZ LM Filler Metal

Second(s) 5 10 15 20 25 30 45 60 90 120 180 300
1050 °C (Ar flow) 0 0 0
1100 °C (Ar flow) (0] (0] (@) (0] (0] (0] (@) (0] (@) (0]
1150 °C (Ar flow) o} o) o}
1100 °C (vacuum) (0] (@) (0] (0]

Moving Arm cycles, the phases in the braze may be not in equilibrium
for very short brazing times. When increasing the brazing
time, the phases in the matrix of the braze aloy approach

Adaptor to equilibrium, as displayed in Figure 4(d).
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Fig. 2—A schematic diagram of the wear test layout.
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Fig. 3—A schematic diagram of the specimen used in the shear test.

after wear testing was recorded by a Hommel Werke LV-
150 surface profilometer (Hommel American, New Britain,
CT). Findly, a shear test was performed to evaluate the
bonding strength between the braze filler alloy and 403SS.
Figure 3 shows a schematic diagram of the specimen used
in the shear test. The shaded area is 403SS, and the outer
part of the layout is the graphite fixture used in the infrared
brazing furnace. The two bold black lines, 1.5-mm wide in
the middle of the graph, represent the braze filler alloy.
The brazed specimen was compressed by a universal testing
machine with a constant speed of 1 mm/min.

[I1. RESULTS AND DISCUSSIONS

A. Microstructural Observations of the Infrared
Brazed Joint

Figure 4 shows the SEM backscattered image of NICRO-
BRAZ LM brazed at 1100 °C for 5, 20, 90, and 300 seconds.
The backscattered image does not provide topographic con-
trast but primarily shows the element distribution in the
joint.®Y Thus, the specimen areas containing high-atomic
number elements appear light, while areas with low-atomic
number elements appear dark. Based on this information, it
is clear that the distribution of elements in the joint is not
uniform, especialy for the 5-second specimen. Since infra-
red brazing features rapid heating and cooling thermal

METALLURGICAL AND MATERIALS TRANSACTIONS A

Figure 5 showsthe SEM backscattered images of NICRO-
BRAZ LM after brazing at 1050 °C and 1150 °C, respec-
tively. The difference in width of the braze aloy after
infrared brazing resulted from manually depositing braze
alloy paste during the experiment. It is clear that theinhomo-
geneous microstructure of the braze processed at 1050 °C,
as displayed in the backscattered images, is more prominent
than that brazed at 1150 °C. For specimens brazed at 1050
°C, the composition is not approaching equilibrium until the
brazing time exceeds 60 seconds. Meanwhile, the equilib-
rium of the matrix in the braze is evident as the brazing
temperature is increased to 1150 °C. However, the black
phase in the braze is coarsened if the brazing time exceeds
60 seconds.

Figure 6 shows the chemical analysis of various phases
in the joint brazed at 1100 °C for 120 seconds, which has
a stable microstructure. At least three phases with different
chemical compositions are observed in the joint, including
chromium boride (marked by 1 in Figure 6), matrix phase
(marked by 2 and 3in Figure 6), and interfacial precipitates
(marked by 4 in Figure 6). The X-ray microanalysis shows
that Region 2 has some B while Region 3 does not; yet, the
two regions appear identical microstructurally. It is possible
that there is a CrB particle below the surface of Region 2,
causing the B peak in the spectrum. Consequently, one
matrix phase is considered in the figure. To elucidate the
microstructural evolution in the brazed joint, phase dia
grams, especially those of multicomponent systems, arevery
helpful. The chemical composition of theLM brazein atomic
percent is 6.6Cr, 14.1B, 7.9Si, 2.6Fe, and Ni balance, and
the 403 stainless steel is primarily comprised of Fe and Cr.
A quinary equilibrium phase diagram is preferred in the
study, but there is no such phase diagram currently available.
Some important information can, however, be obtained with
the aid of certain ternary phase diagram.

Figure 7 displays the liquidus projection of the B-Cr-Ni
ternary alloy phase diagram in atomic percent, and some
important invariant reactions are also included in the figure.
Although Si is not included in the B-Cr-Ni ternary alloy
phase diagram, the diagram can still provide an approxima-
tion of the phase evolution during brazing. According to
Figure 7, there are three ternary-eutectic reactions, E;, E,,
and Ej, in the diagram. The chemical composition of the
eutectic liquid at E, is close to that of the LM braze dloy.
The ternary-eutectic temperature at E, in the B-Cr-Ni phase
diagram is 1050 °C. Three phases are formed during eutectic
solidification, including BCr, BNi3, and fce Ni phase alloyed
with other elements.

It was previously reported that chromium borides were
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Fig. 4—The SEM backscattered image of NICROBRAZ LM brazed at 1100 °C for (a) 5s, (b) 20 s, (c) 90 s, and (d) 300 s.

observed in the nickel-based braze alloy.®3 According to
the EPMA analysis of point 1 shown in Figure 6, the stoichi-
ometry of the chromium boride phase is close to BCr. This
is consistent with many other reports.[33-3¢ The matrix phase
is mainly comprised of Ni in the braze with various amounts
of other aloying elements. It is also noted that the matrix
phase contains Fe dissolved from the 403SS substrate. The
dissolution of Fe from the 403SS substrate into the molten
braze may result inisothermal solidification of the LM braze
alloy during brazing. Meanwhile, very limited oxygen is
detected in the EPMA analysis, indicating that there is little
oxidation during infrared brazing.

Figure 8 shows the X-ray diffraction (XRD) analysis of
NICROBRAZ LM brazed at 1100 °C for different time
periods. The XRD data features many unidentified peaks
for specimens brazed within 30 seconds, indicating that
phases in the braze are fairly complex. As the brazing time
increases, the phase in the braze becomes stable. Meanwhile,
it is noted that only FeNi; phase can be identified in the
figure, and al other phases are not identified in the analysis.
This is because the amount of the other phases is not suffi-
cient to generate a strong enough peak in the XRD analysis.
Thelack of second-phase peaksin Figure 8 could be resulted
from the X-ray analyzed surface of the specimen. According
to Figure 1(b), only the very top surface of the braze alloy
was examined by the X-ray analysis. However, it is possible
that not all phases existed on the top surface of the sample.
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For example, very few CrB phases are observed at the inter-
face between the braze and 403SS, as shown in Figures 4(c)
and (d). Therefore, it is reasonable that only FeNi; phase
was identified in the analysis even for the 90-second brazed
specimen. The FeNi; phaseis observed throughout the exper-
iment even for the specimen brazed at 1100 °C for 5 seconds.
Based on both XRD and EPMA analysis, the matrix of the
braze after infrared brazing is mainly comprised of FeNis
phase alloyed with many other elements, e.g., B, Cr, Si, etc.

There is no reaction layer between the LM braze and
403SS, but ablack dot phase at the interface between 403SS
and NICROBRAZ LM is observed, as shown in Figures 4
through 6. Based on EPMA analysis of point 4, shown in
Figure 6, the black dot phase is primarily comprised of B,
Cr, and Fe. It has been reported that B in the braze will
readily diffuse into the base metal and form intermetallics
along grain boundaries of the base metal .l*¥! This is consis-
tent with our experimental results. The boron atoms diffuse
into 403SS base metal primarily via grain boundary diffusion
and form B-Cr-Fe intermetallic phase particles along
the grain boundaries of the base metal close to the joint
interface. Although the ternary B-Cr-Fe phase diagram is
not complete, six ternary phases, BCrFe, B3;CrisFes,,
B33CrasFess, BagCrssFe;, BsgCragFeso, and BsyCrasFe;s, have
been found in the diagram.*¥ However, the size of the B-
Cr-Fe ternary-intermetallic phase is less than 1 um, which
is smaller than the spot size used in the EPMA analysis.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 5—The SEM backscattered image of NICROBRAZ LM brazed at 1050 °C for (a) 5s, (b) 30 s, (c) 60 s, and 1150 °C for (d) 5s, (e) 30 s, and (f)

60 s.

The analysis may also include characteristic X-rays from
the 403SS substrate, so there is no precise stoichiometric
compound confirmed in the study.

Figure 9 shows the chemical analysis of various phases
in the joint brazed at 1150 °C for 60 seconds. Asthe brazing
temperature increases, more Fe atoms are dissolved into the
molten braze. The boride phase (marked by 1 in Figure 9)
is now mainly comprised of B, Cr, Fe, and Ni, which is
different from the EPMA analysis results for the boride
displayed in Figure 6. Points 2, 3, and 4 in Figure 9 are
primarily comprised of Ni with different alloying-element

METALLURGICAL AND MATERIALS TRANSACTIONS A

contents. The major difference in the matrix phases is their
chemical contents of B and Si. Based on the XRD analysis
(not shown here), the FeNi; phase is observed to be the
matrix phase for the specimens brazed at 1150 °C for 5, 30,
and 60 seconds. Similar to the specimens brazed at 1100
°C, the matrix of the braze alloy is mainly comprised of the
FeNi; phase aloyed with different amounts of B, Si, and
Cr. The chemical composition of theinterfacial intermetallic
precipitates is 19.9B-1.0C-0.1Si-17.0Cr-59.9Fe-2.0Ni in
atomic percent, which is close to those in brazes brazed at
1100 °C for 120 seconds (Figure 6).
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Fig. 6—The chemica analysis of phasesin the joint for NICROBRAZ LM
brazed at 1100 °C for 120 s.
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Fig. 7—Liquidus projection of B-Cr-Ni ternary aloy phase diagram.[*?

B. Mechanical Evaluation of the Infrared Brazed Joint

Figure 10 shows the microhardness measurements of the
braze for both 1100 °C and 1150 °C in Ar flow as well as
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Fig. 8—The XRD analysis of NICROBRAZ LM brazed at 1100 °C for
different time periods.
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for 1100 °C in high vacuum. It is noted that a high hardness
is obtained for specimens with short brazing times. For
samples brazed in the Ar atmosphere, the hardness value
levels off at Hv 540 after 30 seconds. According to the
previous analysis, it is clear that the higher hardness may
result from the existence of metastable phases in the braze
after solidification. As the microstructure of the braze is
stabilized, its hardness remains constant. However, even
higher hardness values can be found for specimens brazed
under vacuum conditions because of heat transfer in a vac-
uum being less efficient than in an Ar atmosphere. The
use of powder-form braze aloy is responsible for the less
efficient heating in vacuum. Although the transfer of heat
flux in vacuum is primarily radiant, the heat transfer from
the graphite specimen holder into the braze aloy is per-
formed via heat conduction. The actual contact area between
powder particlesisvery limited during brazing. On the other
hand, the heat transfer between the graphite specimen holder
and the braze-alloy powder can be assisted by the Ar atmos-
phere. Conseguently, infrared brazing in an Ar atmosphere
is more efficient than that in a vacuum. It is expected that
the bonding strength be deteriorated for a short-time (<30
seconds), vacuum-brazed specimen due to insufficient heat-
ing of the braze powder.

Figure 11 displays the wear test results of the 403SS base

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 9—The chemical analysis of phasesin thejoint for NICROBRAZ LM
brazed at 1150 °C for 60 s.
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Fig. 10—The microhardness measurement of the filler alloy brazing at
various temperatures.

metal and the braze alloy for different time periods of 1100
°C. The hardness of the 403SS base metal is Hv 440, and
the depth of scratch in wear test is about 200 wm. The
scratch depth in the braze is increased with the increment
of brazing time, and there was no delamination of the braze
alloy observed in the test. It is consistent with the preceding
microhardness measurements. In general, the harder the
meaterial, the more wear resistant it isif thereisno delamina-
tion of the braze alloy in the test. According to Archard’s
equation, thewear resistance of aductilematerial isprimarily
dependent upon the hardness of material.>1 However, both
hardness and toughness of the material are major factors
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Fig. 11—The wear test results of 403SS and the braze alloy with various
time periods: (a) 403SS, (b) 55, (c) 30°s, (d) 90 s.

affecting the erosive behavior of the material.*”! Therefore,
neither microhardness measurements or wear-test results can
exactly simulate the actual service condition of the braze
aloy. Further study isnecessary in order to accurately evalu-
ate the braze alloy for a specific practical application.
Table 111 showsthe shear test strength of the brazed joints.
The bonding strength of most joints was around 300 MPa,
except for specimens brazed in a short time period. Speci-
mens brazed in less than 5 seconds under the Ar atmosphere
exhibited low bonding strength. In addition, specimens
brazed in a vacuum for less than 30 seconds aso showed
low shear strength. Thislow bonding strength resulted from
the existence of a hard and brittle metastable phase in the
alloy for short brazing times. According to the experimental
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Tablelll. Shear Test Results of the Brazed Joint for
Various Process Variables

Temperature Time Shear stress
Environment (°0) (s) (MPa)
5 116.0
1050 30 298.0
60 327.3
5 214.9
Ar 1100 30 300.6
60 296.5
90 305.1
5 211.0
1150 30 289.1
60 303.4
30 265.4
Vacuum 1100 60 310.2
o) 317.8

resultsfor brazing in an Ar atmosphere, NICROBRAZE LM
filler alloy should be infrared brazed above 1050 °C for at
least 30 seconds in order to obtain optimal bonding strength.
Similarly, the minimum requirement for specimens infrared
brazed in a vacuum condition is 1100 °C for 60 seconds.
The 403 stainless steels are usually austenitized between
925 °C and 1010 °C, using the upper end of the temperature
range for larger sections or when maximum corrosion resist-
ance and strength are required.*®® Since infrared brazing
features rapid local heating of the specimen, it is believed
that brazing above 1050 °C for 60 seconds will not deterio-
rate the mechanical properties of the base metal.

Figure 12 shows the fractographs of specimens brazed at
1100 °C for 60 seconds under two different brazing environ-
ments, vacuum and Ar flow. It is noted that the specimen
brazed in the Ar atmosphere has more porosity than that
brazed in a vacuum. However, the porosity did not appear
to greatly affect the bonding strength of the brazed joint in
the shear test. As shown in Table |11, the shear strength of
the vacuum-brazed specimen at 1100 °C for 60 seconds is
dlightly higher than that of the Ar-brazed specimen at 1100
°Cfor 60 seconds. Thetrapped Ar atomsin the braze powder
have little opportunity to be removed during infrared brazing
due to the sandwich geometry of the fixture, as shown in
Figure 1(a). However, the infrared repair brazing of low-
pressure turbine blades is performed by depositing braze
alloy paste on the surface of these blades. The trapped Ar
atoms in the braze powder can be easily removed as the
molten braze formed during infrared brazing. Consequently,
porosity should not be a problem in practical application.

Figure 13 shows the SEM examination of the fracture
surface of braze alloy after shear test. The fractographs
indicate mainly brittle fractures (Figure 13(a)), and a few
sliding facets can also be observed. The dliding facets were
caused by shear forcein the test. No ductile dimple fractures
were observed in the SEM examination.

IV. CONCLUSIONS

1. NICROBRAZ LM can be used in infrared brazing of
403SS. For infrared repair brazing of surface shallow
cracks, e.g., lessthan 1 mm in depth, it is necessary that
specimens be brazed at 1050 °C for at least 30 seconds
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Fig. 12—The fractographs of the infrared brazed specimens at 1100 °C for
60 s after shear test: (a) vacuum (b) Ar environment.

in an Ar flow atmosphere in order to obtain sufficient
bonding strength. Similarly, brazing at 1100 °C for at
least 60 seconds is the minimum requirement for vacuum
infrared brazing. Specimens brazed in a vacuum have
less porosity than those brazed in an Ar flow atmosphere.

2. The braze alloy after brazing is primarily comprised of
borides and an FeNi; matrix with different amounts of
aloying elements, especially B and Si. As the brazing
temperature increases, more Fe atoms are dissolved into
the molten braze. Some boron atoms quickly diffuse into
403SS base metal primarily via grain boundary diffusion
and form B-Cr-Fe intermetallic precipitates along the
grain boundaries of the 403SS close to the joint interface.

3. High microhardness of the braze results from the exis-
tence of a hard metastable phase in the braze for short
brazing thermal cycles, e.g., 5 seconds. The hardness of
the braze alloy decreases as the brazing timeisincreased.
Based on the wear test results, the wear resistance of the
braze alloy with various thermal cycles is much better
than that of the 403SS base metal.

4. The shear strength of thejoint is around 300 M Pa except
for specimens brazed in short time periods, e.g., 5 seconds
in Ar flow and 30 seconds in vacuum. Fractographs show
that thefracture surface mainly consistsof brittlefractures
and afew gliding facets with no ductile dimple fractures.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 13—The SEM examination of the fracture surface of the braze after
shear tests: (a) 1150 °C X 60 s and (b) 1150 °C X 30 s.
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