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Abstract

:

Brazing technology is widely used in modern industrial systems as an important connection method. The brazing joints are the weakest zone in the whole structure and directly determine the working efficiency and life of the entire system. However, the research on the connection mechanism and fracture behavior of brazing joints is still unclear. In this study, the peeling force and displacement curves during the peeling process are tested by using T-type specimens. Based on the cohesive zone model, the peeling energy of each part during the whole peeling process is calculated and analyzed. The results show that the whole peeling process can be divided into three stages, including the initial stage, crack propagation stage, and stable peeling stage. The peeling energy of each stage can be calculated experimentally. The larger the peeling energy, the better the joint performance. Then, a simplified calculation method for peeling energy is developed for T-type joints and is verified as accurate using experimental data. It is also observed that the increase in the base material thickness can effectively improve the peeling performance of the joints. This provides a feasible and effective method for peel strength calculation and evaluation in brazing joints.
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1. Introduction


In recent years, with the establishment of sustainable production, improving energy efficiency and reducing energy consumption have become key to building an energy-saving industrial production system. In the fields of nuclear power, aerospace, shipbuilding, petrochemicals, and other high-energy-consumption fields, some core equipment often works for a long time in harsh environments, such as under high temperature and high pressure. The service life of these pieces of equipment often directly determines the working efficiency and life of the entire system [1]. Generally, these pieces of equipment often fail at the joints, which constitute the weakest zone in the whole structure. So, it is very important to study the connection and packaging technology [2].



As a common connection technology, vacuum diffusion brazing has the advantages of low welding deformation, a compact structure, and low manufacturing cost [3,4,5]. It is often used in the packaging process of some precision equipment and complex sheet structures [6]. At present, the research on improving the performance of brazing joints is mainly aimed at improving the processing technology, to improve the welding quality. Vianco [7] studied the effect of the brazing and welding processes on the interface performance and concluded that different processes will influence the synergistic diffusion and reaction mechanisms between opposing interfaces. Wang et al. [8] prepared three different series of dissimilar joints to discuss the effects of the brazing temperature, Ag50Cu content, and Mn concentration in high-entropy alloys on atomic immigration during brazing. Park et al. [9,10] performed the Taguchi method to analyze the most effective processing parameter for the tensile strength of SUS304/MBF20/SUS304 brazed joints. However, because the microstructure of brazing joints is relatively complex, the research on the connection mechanism and fracture behavior of brazing joints is still unclear.



There are many methods of testing the properties of brazing joints, such as the butt tensile test and lap tensile test. But the stress form is different between brazing joints and practical applications. M. Salmaliyan [11] carried out shear strength and microhardness tests to investigate the mechanical properties of the joints and found that the presence of eutectic and dendritic solidification increased through Ti addition. Wu et al. [12] designed a small 304 stainless steel/T2 red copper T-type brazed-joint specimen to study the brazing interface strength. The results showed that with an increase in cyclic displacement, the crack initiation life decreased, and the crack growth rate increased; Kawashima et al. [13] proposed a novel specimen by taking a section of the overall plate-fin heat exchanger. Abdolvan [14] designed a new fixture for the shear test of SAF 2507 and AISI 304 dissimilar-material brazing joints. Otto JL et al. [15] used three different nickel-based brazing filler to brazing joints of AISI 304L under vacuum and then carried out tensile tests at low and high strain rates to evaluate the strain-rate-dependent tensile strength of the brazing joints. It was found that high strain rates increased the ultimate tensile strength of all variations and shifted the other mechanical properties in the high-speed tensile tests. However, in the practical application, the failure process of brazing joints was very similar to that of adhesive joints. The standard specimen cannot accurately describe the real stress distribution. Therefore, the T-type specimen used for the peel test was designed and is closer to the actual stress form of the joint under some working conditions [16].



Generally, the peel test is one of the most common tests to evaluate adhesive joints’ performance [17,18]. Heuser et al. used in situ peel tests to study the influence of the peel angle, the alignment angle, and the bulge in the packaging process in relation to the opening behavior of the sealing packages [19]. Weidmann reviewed the existing test methods for the determination of the Mode I dominant interfacial fracture toughness of sandwich structures and found that the mandrel peel test was the most promising test method for thermoplastic sandwich structures [20]. Zhang et al. [21] used T-type joints to obtain an analytical model for fracture mechanics. Jarzabek [22] studied the influence of a weak interface between the particles and matrix on the mechanical properties of the metal matrix using ceramic-reinforced composites and draw the conclusion that the influence of a weak interface and delamination should be taken into consideration for adhesive joints. In recent years, peel tests have become more popular for use in the adhesive industry, but few researchers have used the method to test the performance of brazing joints.



In this study, the peel test has been carried out using T-type brazing joints. The peeling force and displacement curves during the peeling process have been obtained. According to the curve, the whole peeling process is divided into three stages: the initial stage, the crack propagation stage, and the stable peeling stage. The deformation of different parts in three stages are analyzed, respectively. The energy of each stage can be obtained through experimental and theoretical calculation. The theoretical calculation formula for energy is derived. By comparing the energy of each stage, the peeling performance of joints can be directly judged. Meanwhile, the study provides a feasible and effective test method for testing the strength of brazing joints and provides some basis for the size design of joints during manufacturing.




2. Peeling Test


2.1. Specimen Preparation


In the previous study, according to the structural stress and failure mode of the plate-fin heat exchanger and referring to the bonding T-type peel test, the T-type brazing tensile specimen was designed [16]. The geometry dimensions of the specimen were designed according to the adhesive peel test standard ASTM D 3167-03a [23] and GB/T 2039-1997 [24], as shown in Figure 1. Considering the actual working conditions of the plate-fin structure joint, the thickness of the base metal was selected as being between 0.5 mm and 1.5 mm. For the plate-fin heat exchangers that often work under high temperature and high pressure, 316L stainless steel with high-temperature resistance was considered as the test material, and nickel-based BNi-2 solder was selected as the solder.



The T-type peeling specimen used in this study is prefabricated using the procedure shown in Figure 1. Two plates made of base metal are first bent into an L-shape (Figure 1a) and clamped along the short edge filled with brazing filler metal using a fixture (Figure 1b). According to the brazing process [25,26,27,28] shown in Figure 1d, the two plates are placed into a vacuum brazing furnace (Beijing Aerospace Jinxiang Equipment corporation, Beijing, China) (Figure 1c) and brazed together. Firstly, the brazing parts are heated to 850 °C in 50 min and kept at this temperature for about 30 min to make the temperature distribution of the whole specimen more uniform. Then, they are further heated to the brazing temperature of 1050 °C at a heating rate of 10 °C/min and kept for 25 min to complete the isothermal solidification. After the brazing process is completed, they are self-cooled in a furnace (Beijing Aerospace Jinxiang Equipment corporation, Beijing, China). Finally, the brazing parts (Figure 1e) are cut and prepared as T-type peeling specimens, as designed before (Figure 1f).




2.2. Peel Test of T-Type Brazing Joints


The test is carried out using a tensile testing machine (Instron, Norwood, MA, USA) at room temperature (Figure 2). The loading mode is rate loading at 1 mm/min. In the previous study [16], different conditions such as the thickness of the brazing seam, temperature, and loading rates were studied. The present study mainly focuses on the influence of the base metal thicknesses. The specimen geometry parameters and test conditions are shown in Table 1. To obtain accurate results, three repetitive experiments were performed under the same conditions.



When the specimen is stretched to the stable peeling stage (Figure 3), we output the peeling force and displacement curve. The results are shown in Figure 4 (The error band has been added in green).




2.3. Experimental Results


Each test was conducted three times under the same conditions to reduce the impact of randomness, and the results were basically consistent. The error band has been added in green. According to Figure 4, the curve can be divided into three parts. At the initial stage, the peeling force is linearly related to the displacement. The peeling force reaches the maximum force Pmax = 746 N when the displacement is about 0.5 mm. The damage to the brazing joints is initiated at this point. Then, the value of the force dropped rapidly, which is due to the force required for crack propagation being much smaller than that required for crack initiation. When the displacement reaches about 8.7 mm, the peeling force tends to be stable (P ≈ 351 N), which is defined as the average peeling force P. It can represent the performance for preventing crack propagation.





3. Critical Cohesive Energy Calculation Based on Cohesive Zone Model


To evaluate the peeling performance of brazing joints, in addition to the maximum peeling force Pmax and the average peeling force P mentioned above, there is also an important parameter, the critical cohesive energy Gc.



To calculate the critical cohesive energy Gc, we adopted the bilinear cohesion zone model for its simplicity and effectiveness [29,30,31]. The relationship between traction force and displacement is shown in Formula (1) (Figure 5).


  F =           σ   m a x       δ   0     δ               δ ≤   δ   0           σ   m a x       δ   f   − δ       δ   f   − δ   0         δ >   δ   0          



(1)







In the model, the area surrounded by the traction–displacement curve is the cohesive energy. When the cohesive element is destroyed, the cohesive energy reaches its critical value Gc.



The total energy Gt consumed through crack propagation in the peel test can be calculated from the average peeling force (P) and the width of the base metal (b) and the peeling angle (θ):


    G   t   =   P   b   ( 1 − c o s θ )  



(2)







In the T-type peel test, θ = 180°. The total energy Gt is:


    G   t   =   2 P   b    



(3)







The total energy Gt consists of the critical cohesive energy Gc and the dissipative energy Gd of the plastic bending deformation in the peeling process. The critical cohesive energy is the intrinsic parameter of the joint, which is independent of the thickness of the specimen (h) and the loading angle. When there is no plastic deformation in the peeling process, the total energy Gt is equal to the critical cohesive energy Gc. However, in most cases, the specimen will have a complex bending deformation process in the process of cracking. So, the total energy Gt includes the energy dissipated due to the plastic deformation of the specimen Gd.



It is very difficult to calculate the plastic dissipation energy because of the complex bending process of the specimen. At present, there is no standard method to obtain the plastic dissipation energy. Some scholars have tried to calculate the plastic dissipation energy with mathematical methods. Georgion and Kawashita [32,33,34] et al. obtained that the critical cohesive energy Gc can be estimated via Equation (4) under the assumption that the base metal is elastic–plastic material.


    G   c   =     ∆   h       2     G   t     2       σ   y   h   +       σ   y     2   h   2 E    



(4)




where σy is the yield stress of the base metal, E the elastic modulus of the base metal, and Δ the length of the interface layer torn before the formation of a new crack (Figure 6).



The value of     ∆   h     is related to the structural size of the joint and the elastic modulus of the welding material, which can be calculated as (5):


        ∆   h       4   =   1   6      1 +    2   h   c     h     E     E   a        



(5)




Ea is the elastic modulus of the welding material. When the thickness of the interface layer (hc) is negligible compared with the thickness of the base metal (h), Equation (5) can be simplified as:


        ∆   h       4   =   1   6    



(6)







Substituting Equation (6) into Equation (4), the equation to calculate the critical cohesive energy Gc can be simplified as:


    G   c   =     1   6     4     2     G   t     2       σ   y   h   +       σ   y     2   h   2 E   =     1   6     4     8   P   2       σ   y   h   b   2     +       σ   y     2   h   2 E    



(7)








4. Simplified Calculation Model of Peeling Energy


As shown in Figure 7, the peeling process can be divided into three stages. τ0–τ1 is the crack initiation stage (CIS), which is relatively short. The peeling force increases rapidly with displacement until the maximum peeling force is reached, and the joint starts to crack. τ1–τ2 is the crack growth stage (CGS), during which the peeling force gradually decreases with displacement. In this stage, the crack expands rapidly, and the joint produces large deformation at the corner. After τ2 is the stable peeling stage (SPS), in which the peeling force tends to be stable and no longer changes with displacement, and the crack extends stably.



4.1. Deformation of Each Part during the Peel Test


The joint before peeling is shown in Figure 8a. The length of the peeling arm is L0, and the vertical length at the corner is r0. The total displacement D = 0.



The joint at time τ1 is shown in Figure 8b. At this time, the peeling force reaches the maximum peeling force Pmax, and the vertical displacement is divided into L1, Dr1, and D1. The vertical displacement of the peeling arm is L1 = Pmax L/EA, which is the elastic deformation of the peeling arm at this time. The vertical displacement at the corner is Dr1, which is generated through the deformation of the corner itself, and D1 is the displacement generated by the joint crack lifting. The total displacement D = L1 + Dr1 + D1.



The joint at the τ2 moment is shown in Figure 8c. At this time, the joint reaches the stable peeling stage, and the average peeling force is P. The vertical displacement includes three parts. The displacement generated by the peeling arm is L2. The vertical displacement at the corner is Dr2. The displacement generated by the joint crack lifting is D2. The total displacement D = L2 + Dr2 + D2. At this time, L2 = PL/EA, which is the elastic deformation of the peeling arm. Dr2 can be approximately 1/4 arc length minus the corner radius. D2 can be approximated to the radius R0 of the root radius at this moment, and R0 can be obtained by measuring the specimen. So, the total displacement D is:


  D =   P L   E A   +     1   2   π   r   0   −   r   0     +   R   0    



(8)








4.2. Root Radius R0


In addition to measuring the specimen, the root radius R0 can also be calculated using the following method.



Select the micro-region of the peeling tip for analysis. Simplify the model to a beam structure, as shown in Figure 9. According to beam theory, R0 can be calculated using the formula:


      M   0     E I   =   1     R   0      



(9)




where M0 is the bending moment on the crack tip, and I is the moment of inertia of the peeling arm.



Ideally, as shown in Figure 10a, the bending moment M0 = P   ×   a, where a is the distance from the load to the crack tip. Ideally, a = R0. M0 = P   ×   R0. However, the actual situation is shown in Figure 10b. It can be seen that the distance a is less than R0. Assuming a = k   ×   R0 and substituting it into Equation (9), it can be obtained:


    R   0   2   =   E I   k P   =   E b   h   3     12 k P    



(10)




where k is a coefficient related to the size of the specimen.




4.3. Energy Analysis during the Peel Process


In the process from τ0 to τ2, the external force is only the peeling force, and its direction is fixed vertically upwards. The displacement in the vertical direction can be obtained in the curve. Therefore, the work performed by the external force in the whole process is the area enclosed by the curve and the coordinate axis.



The total energy G in the peeling process is divided into the following parts. The energy consumed via the elastic deformation of the peeling arm (G1), which is far lower than the total energy, so it is ignored. G2 is the energy consumed via the plastic deformation of 1/4 arc at the corner. When at the stable peeling stage, the deformation of the corner tends to be stable, and no energy is consumed. G3 is the energy required for the deformation of the base metal during the peeling process, which always exists in three stages. G4 is the energy required for crack growth during the peeling process (the total cohesive energy Gc), which always exists in three stages. The energy of each part is shown in Figure 11.



According to the value of G2, the degree of difficulty in the crack initiation stage of the joint can be judged. The larger G2 is, the more energy the joint needs in the crack initiation stage, and the more difficult the joint is to crack. The values of G3 and G4 can allow us to judge the difficulty of joint crack propagation. The larger the G3 and G4, the more energy the crack needs in the propagation stage, and the more difficult the joint failure is. G3 is the energy required for the deformation of part of the base metal after peeling and is mainly affected by the size of the specimen. G4 is the total cohesive energy and is mainly affected by the performance and size of the joint material. The larger the energy required during the process, the better the performance of the joints.



G2 is the energy consumed via the plastic deformation of 1/4 arc at the corner. From τ0 to τ2, the deformation of the corner can be approximately regarded as straightening a quarter arc (Dr2, mentioned above). So, G2 can be regarded as the work performed by the plastic limit in the vertical direction:


   G 2    ≈     1   2   F ×     1   2   π   r   0   −   r   0     =   1   2   ×   σ   y   × b h ×     1   2   π   r   0    -      r   0      



(11)







The energy G3 can be regarded as the work carried out by the peeling force in the vertical direction:


   G 3  ≈  PR 0  = P ×    E b   h   3     12 k P     



(12)






   G 4  =    G c    × D = (     1   6     4     8   P   2       σ   y   h   b   2     +       σ   y     2   h   2 E   ) × D  



(13)







Meanwhile, G2 and G3 + G4 can be obtained by directly integrating the curve. The results of the theoretical calculation and curve integration are shown in Table 2.



The calculated energy in different stages is consistent with the energy calculated by integrating the peel force and displacement curve; that is to say, the energy in each stage of the peeling process, G2, G3, and G4, can be easily calculated using the above Equations (11)–(13).





5. Verification and Discussion


To verify the energy calculation method mentioned above, the other groups of experimental data were processed in the same way, and the results are shown in Table 3.



From Table 3, it can be seen that the relative error of the calculation results is within 10%. This implies that the method proposed in this study is feasible and accurate.



The energy of specimens with different base metal thicknesses at different stages was further compared, as shown in Figure 12. It can be seen that the energy increases linearly with the thickness when the thickness of the base material is less than 1.2 mm. When the thickness is greater than 1.2 mm, the energy increases faster. This indicates that increasing the thickness of the base material can effectively improve the peeling performance of the joints.



The proportion of each part with different base metal thicknesses is shown in Figure 13. It can be seen that the proportion of G2 increases linearly with the increase in base metal thickness when the thickness of the base material is less than 1.2 mm, while the proportion of G3 decreases linearly with the increase in thickness. When the thickness is greater than 1.2 mm, the proportions of G2 and G3 reach a constant of 62% and 36%, respectively, while G4 only accounts for a small portion of the total energy, and the proportion decreases with the increase in base metal thickness. When the thickness is greater than 1.2 mm, the proportion of G4 drops to 2% and remains constant. This indicates that with the increase in base metal thickness, the influence of the energy consumed by the plastic deformation of the corner will become increasingly significant. So, during structural design, the thickness of the base material should be increased as much as possible while considering the influence of energy consumed via the plastic deformation of the corner.




6. Conclusions


Through the analysis of the peeling force and displacement curve, the following conclusions can be drawn from the study.



	
The whole peeling process can be divided into three stages, including the crack initiation stage (CIS), the crack growth stage (CGS), and the stable peeling stage (SPS).



	
The energy of each stage can be experimentally calculated using the area surrounded by the peeling force and displacement curve. The larger the energy required during the process, the better the performance of the joints.



	
Based on the cohesive zone model, a calculation model for peeling energy is developed for T-type joints and is verified to be accurate using experimental data. Furthermore, increasing the thickness of the base material can effectively improve the energy of each stage, which can directly improve the peeling performance of the joints.







           G   2   =   1   2   F ×     1   2   π   r   0   −   r   0     =   1   2   ×   σ   y   × b h ×     1   2   π   r   0   −   r   0             G   3   = P   R   0   = P ×    E b   h   3     12 k P            G   4   =     G   c   × D =       1   6     4     8   P   2       σ   y   h   b   2     +       σ   y     2   h   2 E     × D         









	4.

	
The influence of the energy consumed through the plastic deformation of the corner will become increasingly significant with the increase in base metal thickness. When the thickness is greater than critical value of 1.2 mm, the proportions of G2, G3, and G4 will reach a constant of 62%, 36%, and 2%, respectively.
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Nomenclature




	A
	cross-sectional area/mm2
	b
	width of the base metal/mm



	Dr1
	vertical displacement at the corner at τ1/mm
	Dr2
	vertical displacement at the corner at τ2/mm



	E
	elastic modulus of the base metal/GPa
	Ea
	elastic modulus of the welding material/GPa



	G1
	energy consumed via the elastic deformation of the peeling arm/mJ
	G2
	energy consumed through the plastic deformation of the corner/mJ



	G3
	energy required for the deformation of the base metal/mJ
	G4
	energy required for crack growth/mJ



	Gc
	critical cohesive energy/mJ
	Gd
	dissipative energy of the plastic-bending deformation/mJ



	Gt
	total energy consumed by crack propagation/mJ
	h
	thickness of the base metal/mm



	hc
	thickness of the interface layer/mm
	k
	a coefficient related to the size of the specimen.



	L0
	length of the peeling arm/mm
	L1
	vertical displacement of the peeling arm at τ1/mm



	L2
	vertical displacement of the peeling arm at τ2/mm
	n
	thickness of the filler metal/layer



	P
	average peeling force/N
	Pmax
	maximum peeling force/N



	r0
	radius of the corner/mm
	R0
	radius of the root/mm



	D
	total displacement/mm
	D1
	displacement generated by the joint crack lifting at τ1/mm



	D2
	displacement generated by the joint crack lifting at τ2/mm
	τ0
	time at the beginning of the test



	τ1
	time the force reaches its peak
	τ2
	time the force tends to be fixed



	v
	loading rate/mm/min
	θ
	the peeling angle/°



	σy
	yield stress of the base metal/MPa
	Δ
	length of the interface layer torn before the formation of new crack/mm
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Figure 1. Prefabricated T-type peeling specimen. (a) L-shape base metal; (b) fixture; (c) vacuum brazing furnace; (d) brazing process; (e) the brazing parts; (f) T-type peeling specimen. Adapted with permission from ref. [16]. 2019 Elsevier Ltd. 
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Figure 2. Tensile testing machine. 
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Figure 3. The result of the test. 
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Figure 4. Peeling force and displacement curve (for Specimen 2, h = 1 mm). 
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Figure 5. Bilinear cohesive zone model. 
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Figure 6. The length of the interface layer torn before the formation of a new crack (Δ). Adapted with permission from ref. [16]. 2019 Elsevier Ltd. 
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Figure 7. The three stages of the curve (for Specimen 2, h = 1 mm). 
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Figure 8. Deformation of each part. (a) The initial state; (b) the maximum peeling force state; (c) the stable peeling state. 
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Figure 9. The schematic diagram of elastic deformation at the peel front. 
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Figure 10. Peeling test diagrams. (a) Ideal peeling test; (b) actual peeling test. 
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Figure 11. The energy of each part (for Specimen 2, h = 1 mm. Green area for G2, orange area for G3 and blue area for G4). 
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Figure 12. The energy of each part with different base metal thicknesses. 
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Figure 13. Proportion of each part with different base metal thicknesses. 
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Table 1. Specimen geometry parameters and test conditions.
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Specimen Number

	
1

	
2

	
3

	
4






	
Base metal thickness (h/mm)

	
0.5

	
1

	
1.2

	
1.5




	
Filler metal thickness (n/layer)

	
2




	
Test temperature (T/°C)

	
Room temperature




	
Loading rate (v/mm/min)

	
1.0











 





Table 2. The energy of each part.
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Energy

	
G2

	
G3

	
G4

	
G3 + G4






	
Theoretical calculation/mJ

	
1188.45

	
2695.68

	
89.35

	
2785.03




	
Curve integrating/mJ

	
1108.86

	
-

	
-

	
3053.70




	
Relative error/%

	
7.2

	
-

	
8.8











 





Table 3. The energy of each part of the different specimens.






Table 3. The energy of each part of the different specimens.





	
Base Metal Thickness

	
Energy of Each Part

	
Theoretical

Calculation

	
Curve

Integrating

	
Relative Error/%






	
h = 0.5 mm

	
G2

	
297.11 mJ

	
275.37 mJ

	
7.9




	
G3

	
1541.70 mJ

	

	




	
G4

	
78.10 mJ

	

	




	
G3 + G4

	
1619.80 mJ

	
1755.01 mJ

	
7.7




	
h = 1.2 mm

	
G2

	
1711.37 mJ

	
1577.54 mJ

	
8.5




	
G3

	
3153.50 mJ

	

	




	
G4

	
92.26 mJ

	

	




	
G3 + G4

	
3245.77 mJ

	
3561.60 mJ

	
8.9




	
h = 1.5 mm

	
G2

	
2674.01 mJ

	
2516.89 mJ

	
6.2




	
G3

	
4693.50 mJ

	

	




	
G4

	
131.92 mJ

	

	




	
G3 + G4

	
4825.42 mJ

	
5274.60 mJ

	
8.5
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