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Abstract: 1Cr12Mo martensitic stainless steel is widely used for intermediate and low-pressure steam
turbine blades in fossil-fuel power plants. A nickel-based filler metal (SFA-5.8 BNi-2) was used to
braze 1Cr12Mo in an Ar atmosphere. The influence of brazing temperature and hold time on the
joints was studied. Microstructure of the joints brazed, element distribution and shear stress were
evaluated at different brazing temperatures, ranging from 1050 °C to 1120 °C, with holding times of
10's,30s, 50 s and 90 s. The results show that brazing joints mainly consist of the matrix of the braze
alloy, the precipitation, and the diffusion affected zone. The filler metal elements diffusion is more
active with increased brazing temperature and prolonged hold time. The shear strength of the brazed
joints is greater than 250 MPa when the brazing temperature is 1080 °C and the hold time is 30 s.

Keywords: induction brazing; elements diffusion; microstructural evolution; shear strength;
stainless steel

1. Introduction

1Cr12Mo stainless steel is a modified material made by appropriately increasing the content of
Mo to hold the temper brittleness on the base of AISI 403. As a martensitic heat-resistant stainless steel
with good creep strength and moderate corrosion resistance, 1Cr12Mo stainless steel is widely used for
intermediate and low-pressure steam turbine blades in fossil-fuel power plants. Its mechanical properties,
fatigue resistance, and corrosion resistance have been researched [1-4]. However, most of these studies
are limited to traditional processing technology, such as furnace and vacuum brazing [5]. Compared with
vacuum brazing, induction brazing is a faster and more effective technique, which provides a fast and
controllable method of heating to help elements dissolution, diffusion, and chemical reaction between
the base metal and the filler metal. The heating rate of induction brazing can reach 100 °C/s, which is
important to avoid liquation of the braze alloy with different solidus and liquidus temperatures [6].

For excellent performance of the brazed joint, nickel-based filler metal is often used in
high-temperature alloy induction brazing. B, Si, and other elements are added to the filler metal
to lower its melting point temperature and improve its liquid flow rate. However, B and Si in the filler
metal can react with some metallic elements and form high hardness brittle intermetallic compounds,
usually located in the diffusion affected zone of the welded joints. These intermetallic compounds
have adverse effects on joint performance. The brazing temperature and hold time at high temperature
have a critical influence on the diffusion of B and Si. Proper brazing temperature and hold time are
helpful to the diffusion of B and Si, and the diffusion between the filler metal and the base metal [7].
Compared with BMn50NiCuCrCo and BNi82CrSiBFe filler metals, SFA-5.8 BNi-2 filler metal is the
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best for stainless steel brazing because of its distinct weldability [8]. In this study, induction brazing
of 1Cr12Mo using a nickel-based brazing alloy, BNi-2, was investigated. Both the microstructural
evolution and shear strength of the brazed joint are evaluated.

2. Experimental Procedure

1Cr12Mo stainless steel was used as the base metal, with the chemical composition in
weight percent of Cr (11.50~13.00), Ni (0.30~0.60), Mo (0.30~0.60), Mn (0.30~0.50), C (0.10~0.15),
Si (0.05), P (0.035), S (0.030), and Fe (balance) according to the national (Chinese) standard GB8732.
A nickel-based filler metal, BNi-2, containing in weight percent Cr (6.0~8.0), B (2.75~3.5), 5i (4.0~5.0),
Fe (2.5~3.5), Ni (balance) was chosen. The filler metal was in powder form with the granule size
about 400 mesh. The base metal was processed to shear specimens described in the national (Chinese)
standard GB11363-89, then cleaned using an ultrasonic bath and acetone solvent, and dried with hot
air. Before brazing, the shear specimens were assembled as shown in Figure 1. The gap between brazed
materials was 2 pm and sufficient filler metal was put on the packing place. To prevent the powder
from running away, some alcohol was used during brazing. Figure 2 shows a schematic illustration of
the induction brazing. A HX-GP-25 type high-frequency inductor was used as the heating equipment,
and the heating current was 600 A. A high speed infrared temperature measuring instrument (Kleiber
KMGA740, Kleiber, Allgaucity, German) was used to measure and record the brazing temperature.
Due to the low content of Cr elements in BNi-2, to prevent oxidation the induction brazing was
performed in an Ar atmosphere, and the Ar gas flow rate was 25 L/min. The brazing temperatures
were 1050, 1080, 1120 and 1150 °C. The holding times were 10 s, 30 s, 50 s, and 90 s respectively.
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Figure 1. The brazed specimen for shear strength test (units: mm).

The brazed samples were cut using a metallographic sample cutting machine, then executed in
accordance with the standard metallographic procedure. The cross section of the brazed joint was
examined using the JSM-7600 UHR thermal field emission scanning electron microscope (JEOL, Tokyo,
Japan) with an operating voltage of 15 kV. To evaluate the bonding strength of the base metal and
the filler metal, the shear test was conducted. The shear test piece was drawn by a universal testing
machine (Zwick, Ulm-Einsingen, German) with a constant speed of 1 mm/min at room temperature.
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Figure 2. Schematic illustration of the induction brazing.

3. Results and Discussion

Figure 3 shows the SEM backscattered image of BNi-2 brazed at 1120 °C for 10's, 30 s, 50 s, and
90 s respectively. The distribution of the elements in the joint can be observed in the backscattered
image. The specimen areas containing high-atomic number elements appear light, while the areas
containing low-atomic number elements appear dark. Based on this information, it is clear that the
elements distribution of the joint is not uniform. Due to the rapid heating and cooling rate in the
induction brazing, there is not enough time for the elements to distribute to equilibrium. As a result,
different phases generated in the joint.
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Figure 3. The SEM backscattered image of BNi-2 brazed at 1120 °C for (a) 10's, (b) 30's, (¢) 50's, (d) 90 s.
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As shown in Figure 3, the bond region consists of three parts: the matrix of the braze alloy,
the precipitation, and the diffusion affected zone. It has been reported that the matrix of the braze
alloy is the isothermally solidified zone (ISZ) formed by isothermal solidification during the holding
time [9,10]. The microstructure of the ISZ is y solid solution (which solutes the rich Ni) and free
Y’ precipitates. The precipitation in the middle of the joint is the athermally solidified zone which
formed at the end of the solidification and is controlled by added elements to depress the melting
point [11]. The diffusion affected zone consists of CrB, due to B diffusion and strong metal compounds
for Cr and B.

Figure 3 also proves that the diffusion affected zone is more active as holding time increases.
When the holding time is only 10 s, as shown in Figure 3a, there is almost no reaction layer between
the base metal and the filler metal. When the holding time is prolonged to 30 s, little reaction layer can
be observed (see Figure 3b). When the holding times are 50 s and 90 s, a net structure (see Figure 3c,d)
formed in the diffusion affected zone, which has been reported as enhancing the joining strength of the
base metal and the filler metal [12]. At the same time, the area of athermally solidified zone decreased.

Figure 4 shows the elements distribution of the joint using line-scan analysis of the brazing
temperature at 1120 °C for 10 s. From the base metal to the filler metal, the content of Fe and Cr
decrease while the content of Ni and Si increase. The reason is that there is an interdiffusion between
the base metal and the filler metal. When the scanning line reaches the precipitation, the content of Fe
and Ni decrease sharply, while the content of Cr increases to maximum. Based on the principles of
SEM backscattered images, it can be determined that there is B element in the precipitation. Therefore,
the precipitation is identified as CrB.

line-scan direction

_____________________ >
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Figure 4. Line-scan analysis of the joint brazed at 1120 °C for 10 s, (a) line-scan direction, (b) content of
Fe and Cr, (c) content of Ni and Si.
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Figure 3a,c show the chemical analysis of different phases in the joint brazed at 1120 °C for 10 s
and 50 s respectively. There are three different phases observed in the joint. Their corresponding
chemical compositions are shown in Tables 1 and 2. It suggests that the high brazing temperature will
result in some Fe atoms melting from the base metal to the joint, so there are a few Fe atoms detected
in the joint. Meanwhile, the different chemical compositions of the phases in the two joints result from
the different holding times during the brazing procedure. When the brazing temperature is at 1120 °C
for 10 s, the precipitation in the joint (point 1 in Figure 3a) is CrB without other elements. This result is
consistent with the line-scan result mentioned above. The probable reason is that the precipitation
was formed in the althermal solidification at the end of the isothermal solidification. According to
the phase diagram, the solubility of B in Ni decreased at the end of the isothermal solidification, then
the B element was left in the liquid and resulted in the formation of CrB. With the prolonging of
the holding time, more Fe atoms dissolved into the joint. The precipitation at point 1 in Figure 3c,
consists of B, Cr, Fe and Ni (as shown in Table 2), which is different from the precipitation at point 1 in
Figure 3a. The differences in the matrix of the joints are the content of Fe, Si and B. When the holding
time is prolonged, more Fe melts into the joint, and more Si and B atoms diffuse. Due to the atom
size of B being smaller than that of Si, the diffusion rate of B is faster than that of Si, and there is no B
element detected at point 2 in Figure 3c. Point 3 in Figure 3a is the diffusion affected zone between the
base metal and the filler metal. The composition reveals the diffusion of Ni and Si atoms. Point 3 in
Figure 3c is a precipitation that primarily comprises B, Cr and Fe. As reported, B diffuses into the base
metal to form the intermetallics along the grain boundaries of the base metal [13].

Table 1. The chemical compositions labeled 1,2,3 in Figure 3a.

1 2 3
Element
Wt % At % Wt % At % Wt % At %
Ni 0.33 0.11 56.38 49.09 11.08 10.45
Cr 58.07 22.54 2.84 2.79 9.63 10.25
Fe - - 34.33 31.42 78.57 77.88
Si 0.29 0.21 4.75 8.65 0.72 1.42
B 41.31 77.13 1.7 8.05 - -
Table 2. The chemical compositions labeled 1,2,3 in Figure 3c.
Element
Wt % At % Wt % At % Wt % At %
Ni 3.46 1.05 48.09 45.43 1.74 0.47
Cr 24.32 8.31 4.08 4.36 5.17 1.57
Fe 21.13 6.72 45.06 44.75 31.95 9.01
Si - - 2.77 5.46 0.16 0.09
B 51.1 83.93 - - 60.98 88.86

Figure 5 shows the SEM backscattered images of the joints brazed at 1050, 1080 and 1120 °C
for 30 s, respectively. The diffusion affected zone (see Figure 5a) is not obvious, but is quite clear in
Figure 5b,c. The shape of the boride phase also varies with the brazing temperature. The higher the
brazing temperature, the easier the boride phases achieve phase equilibrium.

Table 3 shows the shear test results of brazed joints for varying brazing parameters. Most shear
stress values of brazed joints are above 250 MPa, except for test samples 1 and 3; the former was brazed
at a low temperature (1050 °C) and the latter was brazed for a short time (10 s). Figure 6a,b show the
variation of shear stress for different brazing parameters. In Figure 6a, when the brazing temperature
is 1120 °C, the shear stress of the brazing joint increases with the prolonging of the holding time.
However, the increase of shear stress is not obvious when the holding time exceeds 50 s. The shear
stress of the brazing joint increases with the increasing brazing temperature when the hold time is 30 s,
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as shown in Figure 6b. The microstructure of the joint is an indicator for its mechanical properties.
The different holding time and brazing temperature that resulted in varying boride phases in the
joint, which have a slight effect on the shear stress in the joint. However, the shear stress is heavily
dependent on the shape of the diffusion affected zone and whether the chemical composition content
in the matrix of the braze joint can easily achieve phase equilibrium [14].
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Figure 5. The SEM backscattered images of BNi-2 brazed at (a) 1050 °C, (b) 1080 °C and (c) 1120 °C
for 30 s.

Table 3. Shear test results of the brazed joints for different process parameters.

No. Temperature (°C)  Time (s) Shear Stress (MPa)

1 1050 30 221.2
2 1080 30 252.1
3 1120 10 235.2
4 1120 30 269.5
5 1120 50 277.8
6 1120 90 285.6
7 1150 30 276.5
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Figure 6. The shear test results of the brazed joints, (a) at 1120 °C, (b) for 30's.

4. Conclusions

The induction brazing of 1Cr12Mo martensitic stainless steel with nickel-based filler metal
(SFA-5.8 BNi-2) in an Ar atmosphere was performed in this paper. The effect of temperature and hold
time of induction brazing on microstructure and shear strength has been discussed. The research
results show that the brazed joint consists of three parts, the matrix of the braze alloy, the precipitation
and the diffusion affected zone. With increases of temperature and holding time, the strength of the
brazed joint was increased. The shear strength of the joints brazed is 285.6 MPa when the Ar gas flow
rate is 25 L/min, the heating current is 600 A, the brazing temperature is 1120 °C, and the holding
time is 90 s.

Author Contributions: Y.C. conceived and designed the experiments, analyzed the data and wrote the paper;
H.C. performed the experiments and contributed analysis tools.

Funding: This research was funded by National Natural Science Foundation of China grant number 51809161,
Shanghai Municipal Natural Science Foundation grant number 18ZR1416000.

Acknowledgments: The authors gratefully acknowledge the financial support of the National Natural Science
Foundation of China (Grant Nos. U1660101).

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2018, 11, 1586 80f8

References

1.

10.

11.

12.

13.

14.

Lemus-Ruiz, J.; Verduzco, J.A.; Gonzdlez-Sénchez, J.; Lopez, V.H. Characterization, shear strength and
corrosion resistance of self joining AISI 304 using a Ni Fe-Cr-Si metallic glass foil. J. Mater. Process Tech. 2015,
223,16-21. [CrossRef]

Wu, N;; Li, Y.; Wang, J. Microstructure of Ni-NiCr laminated composite and Cr18-Ni8 steel joint by vacuum
brazing. Vacuum 2012, 86, 2059-2063. [CrossRef]

Jiang, W.; Gong, ] M.; Tu, S.T. Effect of holding time on vacuum brazing for a stainless steel plate-fin structure.
Mater. Des. 2010, 31, 2157-2162. [CrossRef]

Jiang, W.; Gong, J.; Tu, S.T. A new cooling method for vacuum brazing of a stainless steel plate-fin structure.
Mater. Des. 2010, 31, 648-653. [CrossRef]

Ma, Q.; Li, Y,; Wu, N.; Wang, J. Microstructure of Vacuum-Brazed Joints of Super-Ni/NiCr Laminated
Composite Using Nickel-Based Amorphous Filler Metal. |. Mater. Eng. Perform. 2013, 22, 1660-1665.
[CrossRef]

Chen, J.; Fu, Y.; Li, Q.; Gao, J.; He, Q. Investigation on induction brazing of revolving heat pipe grinding
wheel. Mater. Des. 2017, 116, 21-30. [CrossRef]

Zhou, Y.; Xia, C.; Yang, J.; Xu, X.; Zou, J. Microstructure and properties of W-Cu/1Cr18Ni9 steel brazed joint
with different Ni-based filler metals. Sci. Eng. Compos. Mater. 2018, 25, 463-472. [CrossRef]

Chen, Y.; Cui, H.; Lu, B.; Lu, F. The Microstructural Evolution of Vacuum Brazed 1Cr18Ni9Ti Using Various
Filler Metals. Materials 2017, 10, 385. [CrossRef] [PubMed]

Ruiz-Vargas, J.; Siredey-Schwaller, N.; Gey, N.; Bocher, P.; Hazotte, A. Microstructure development during
isothermal brazing of Ni/BNi-2 couples. ]. Mater. Process Tech. 2013, 213, 20-29. [CrossRef]

Ruiz-Vargas, J.; Siredey-Schwaller, N.; Bocher, P.; Hazotte, A. First melting stages during isothermal brazing,
of Ni/BNi-2 couples. J. Mater. Process Tech. 2013, 213, 2074-2080. [CrossRef]

Chakraborty, G.; Chaurasia, PK.; Murugesan, S.; Albert, S.K.; Murugan, S. Effect of brazing temperature on
the microstructure of martensitic-austenitic steel joints. Mater. Sci. Tech.-Lond. 2017, 33, 1372-1378. [CrossRef]
Yuan, X.; Kang, C.Y.; Kim, M.B. Microstructure and XRD analysis of brazing joint for duplex stainless steel
using a Ni-Si-B filler metal. Mater. Charact. 2009, 60, 923-931. [CrossRef]

Kang, S.W,; Chen, Y.T,; Liu, H.P. Brazing diffusion bonding of micro-nickel cylinders and SUS-316 stainless
steel. J. Mater. Process Tech. 2005, 168, 286-290. [CrossRef]

Jiang, W.; Gong, J.; Tu, S.T. Effect of brazing temperature on tensile strength and microstructure for a stainless
steel plate-fin structure. Mater. Des. 2011, 32, 736-742. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jmatprotec.2015.03.038
http://dx.doi.org/10.1016/j.vacuum.2012.05.027
http://dx.doi.org/10.1016/j.matdes.2009.11.001
http://dx.doi.org/10.1016/j.matdes.2009.04.039
http://dx.doi.org/10.1007/s11665-012-0463-1
http://dx.doi.org/10.1016/j.matdes.2016.11.057
http://dx.doi.org/10.1515/secm-2016-0172
http://dx.doi.org/10.3390/ma10040385
http://www.ncbi.nlm.nih.gov/pubmed/28772745
http://dx.doi.org/10.1016/j.jmatprotec.2012.07.016
http://dx.doi.org/10.1016/j.jmatprotec.2013.06.008
http://dx.doi.org/10.1080/02670836.2017.1292205
http://dx.doi.org/10.1016/j.matchar.2009.03.004
http://dx.doi.org/10.1016/j.jmatprotec.2005.02.234
http://dx.doi.org/10.1016/j.matdes.2010.07.032
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Procedure 
	Results and Discussion 
	Conclusions 
	References

