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ABSTRACT  

This paper investigates the effects of brazing temperatures on the microstructure and compressive strength for brazing porous nickel 

(Ni) to copper and stainless steel 304 using VZ2250 as the brazing filler metal (BFM). A high vacuum furnace is used to braze the 

samples. Three (3) different brazing process parameters (680°C/5 min, 710°C/5 min, and 740°C/5 min) were set with a heating rate 

and cooling rate of 10°C/min, respectively. The characteristics of the joint interface have been investigated to evaluate the perfor-

mance of the brazed samples by use of scanning electron microscope (SEM), energy-dispersive X-Ray spectroscope (EDS), X-Ray 

diffractometer (XRD), and Instron Universal Testing machine (for compressive strength testing). The data obtained has been quanti-

tively analyzed to confirm the diffusion of the BFM during the brazing process. It has been found that the diffusion process resulted 

in an increase in the rigidity of the porous Ni. The compressive strength tests for the brazed Cu/Porous Ni/SS304 joint showed that 

the maximum compressive strength can be achieved for brazing at 680°C/5 min. The highest compressive strength value has been 

justified by quantitative analysis of the microstructural data. It has been proved that the VZ2250 BFM effectively diffused into the 

porous Ni at the brazing temperature of 680°C; brittle phases (Cu3P and Cu6Sn5) were detected at the brazed Interface 1, whereas 

MnNi3 phase was observed at the brazed Interface 2. 
 
Keywords:  Porous Nickel, Nickel Foam, Brazing, Copper, Stainless Steel, Compressive Strength 
 

 

INTRODUCTION 
 
The application of heat exchangers, in industrial processes (es-

pecially in oil and gas production), ensures high productivity. 

Oil and gas production are the largest-scale industrial processes 

requiring high heat transfer efficiency. There are various types 

of heat exchangers appropriate for various applications. Plate 

heat exchangers (PHEs) are the most commonly applied heat ex-

changers because it help to increase energy efficiency and miti-

gate fouling oil and gas production onshore and offshore [1, 2]. 

This is why utilizing porous metal is recommended to enhance 

heat transfer efficiency in PHEs. Additionally, designing new 

porous metal for heat exchangers has also attracted considerable 

interest in recent years [3]. Porous metal (nickel) (also called as 

nickel foam) can be used to create novel, more efficient, and 

compact heat exchangers. Nickel is a metal with excellent elec-

trical conductivity, thermal stability, and corrosion resistance [4-

6]. In other words, the properties of porous nickel (Ni) meet the 

fabrication requirement for heat exchangers.  

The fabrication of PHEs, utilizing porous metal, is a challenging 

job since it involves the joining of base metals with porous 

metal. This way of fabrication is essential to ensure high thermal 

conduction at the interfaces. Since base metals and porous met-

als are dissimilar materials, an appropriate method must be 

adopted to create a tight bond to reduce the resistance to heat 

transfer at their contact [7]. Several techniques have been used 

to join dissimilar metals [7-10]. For instance, laser welding 

could be one of the techniques; however, this technique can re-

sult in high energy input to the weld metal when the bond area 

needs to be narrowed through bonding between base metals and 

porous metals. Moreover, the heat-affected one (HAZ) of the po-

rous metal may encounter shrinkage and distortion due to the 

laser’s high heat input; laser welding can also cause root block-

age of open pores and, in time, restrains the mass flow via the 

porous metal [7, 11]. In addition, other techniques, such as metal 

inert gas (MIG) welding and tungsten inert gas (TIG) welding, 

are also challenging to achieve defect-free dissimilar-metals 

welding joints because their physical and mechanical properties 

differ significantly [12]. Meanwhile, the diffusion bonding of 

dissimilar materials can result in poor mechanical properties due 

to the presence of micro-voids and micro-cracks. This problem 

is encountered due to the mismatch of the linear expansion of 

the dissimilar materials [13].  
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In view of the limitations of welding techniques, as explained in 

the preceding paragraphs, brazing has been regarded as an effec-

tive technique for joining dissimilar materials because it neither 

distorts base metal nor porous metal [7], even at high tempera-

tures ranging from 427°C to 1093°C [14]. Furthermore, molten 

brazing filler metal (BFM) eliminates gas contamination at the 

interface thereby significantly reducing interfacial thermal con-

duction loss. Based on previous research [7], the intense bonding 

strength between porous Ni and stainless steel can be achieved 

when the brazing temperature is low. This phenomenon is due 

to the adequate reaction of BFM with the porous Ni at this low-

range temperature. However, the literature, reporting brazing of 

porous Ni to copper and stainless steel, is rare. 

The literature gap, as mentioned in the preceding paragraph, mo-

tivated the authors to conduct research on the brazing process of 

joining porous Ni to copper (Cu) and stainless steel 304 (SS304). 

This research utilized Cu-based BFM, namely VZ2250, for braz-

ing experiments conducted at various brazing temperatures of 

680°C, 710°C, and 740°C for 5 minutes. Besides targeting to 

achieve a successful brazing joint, this research also focuses on 

investigating the effect of brazing parameters in the microstruc-

ture at the bonding joint and the rigidity of porous Ni after braz-

ing. A lower brazing temperature is expected to have better 

joints than a higher brazing temperature.  

 

MATERIAL AND METHODS 
 
 

Material Preparation 

 

The research material consisted of a commercial-purity copper 

(Cu) piece and a stainless steel 304 (SS304) piece as the base 

metals, each with dimensions: 20 mm x 20 mm x 3 mm. A po-

rous nickel (Ni) plate having 15 PPI (pores per inch) (supplied 

from Japan) was cut into pieces with dimensions 10 mm x 10 

mm x 11.75 mm. An optical microscope (Dino-Lite Edge, 

Model: AM7115 Series Digital), equipped with Dino-Capture 

2.0 software, was used to determine the pore’s diameter by 

measuring the length of the observed pores. The Dino-Lite Edge 

captures the images with a magnification of X10. Prior to braz-

ing, both base metals were ground using silicon carbide (SiC) 

abrasive paper to remove the contaminated elements from the 

surface. VZ2250 (supplied by VACUUMSCHMELZE GmbH 

& Co. Kg. Hanau, Germany) was used as the copper-based BFM 

with a composition of 77.4Cu-7Ni-9.3Sn-6P (wt. %). The soli-

dus and liquidus temperatures of VZ2250 are 600°C and 630°C, 

respectively. The BFM was prepared to obtain the following di-

mensions: 18 mm x 18 mm x 30 µm. The BFM was applied on 

both sides of the base metals before brazing.  

 

Brazing Process 

 

The samples were prepared in a sandwich configuration for 

brazing, as illustrated in Fig. 1 (a). The brazing experiments 

were conducted in a high vacuum furnace (Mini-Vac-II, DCP 

30, Tokyo Vacuum Co., Ltd) at a low pressure of 1 x 10-5 Pa to 

avoid contamination during the brazing process. The brazing 

process was performed at three (3) different process parameters: 

680°C/ 5 min, 710°C/5 min, and 740°C/5 min. The heating and 

cooling rates were set to 10°C/min to ensure full melting of the 

BFM to provide effective bonding for joining Cu/Porous 

Ni/SS304 materials. The samples were allowed to cool in the 

furnace during cooling below 300°C. 

 

Microstructural analysis and Compression Test 

 

The surfaces of all brazed samples were ground using SiC abra-

sive papers (grit numbers: 500, 600, and 800) by standard metal-

lographic techniques. The ground samples were, then, using 

0.05-µm alumina powder (supplied by Extec Corp. Enfield, 

USA) to obtain a mirror-like polished surface. An optical micro-

scope (OM) (Olympus BX61, Japan) was used to identify the 

joint bonding in the brazed-polished samples. A scanning elec-

tron microscope (SEM) (Phenom ProX) was used to capture the 

images of the bonding joints. An energy-dispersive X-Ray spec-

troscope (EDS), equipped with elemental analysis software, was 

used to identify the contents of elements in the samples. Addi-

tionally, an Empyrean X-Ray diffractometer (XRD) (Model: 

PANalytical, Almelo, the Netherlands) was employed to deter-

mine the molecular structure for 2θ range of 20° - 80°. Fig. 1 (b) 

depicts a compression test done in accordance with ISO Stand-

ard 13314:2011 that was conducted by use of an Instron Univer-

sal Testing Machine 3369 equipped with Bluehill 2.0 software 

and fixed with a 50 kN load working in crosshead speed mode 

at 1 mm/min. Before the compression testing, the force and 

gauge length were reset to zero. The measuring device on the 

load automatically recorded and converted the data into assess-

able information. Compression testing for each brazing-process 

parameter was conducted with at least three (3) samples to guar-

antee the validity of the data.  

 

 
 
Fig. 1 (a) Samples arrangement (sandwich configuration) in a 

specific clamp; (b) compression test arrangement in accordance 

with ISO Standard 13314:2011 

 

RESULT AND DISCUSSION 
 

Characterization of As-received Porous Ni 

 

The structure of the 15-PPI porous Ni is illustrated in the optical 

micrographs, shown in Fig. 2; the images were captured for dif-

ferent areas for analysis. In order to determine the mass and per-

centage of porosity for the porous Ni based on the PPI unit, the 

geometrical and physical features of the porous Ni were charac-

terized. Bidulska and co-researchers’ reported various methods 

for evaluating the porosity [15, 16]. One of the methods, which 

are described in the formula can be used to compute the porosity 

[15]: 

  

% Porosity =  (1 −  
𝜌𝑔

𝜌𝑡
) x 100                              (1.) 

 

where 𝜌g is the green density (g/cm3) and 𝜌t is the theoretical 

density (g/cm3). The theoretical density (g/cm3); meanwhile, can 

be computed by using formula given by 𝜌t as follows [15]: 

 

𝜌t =                             (2.)

  

 

where wi is the weight percentages of elements and additives and 

𝜌i is the specific weight of elements and additives. However, al-

ternative method can be employed to obtain the porosity of po-

rous Ni. The mass of porous Ni was measured using an analyti-

cal balance by taking three (3) value (0.343 g, 0344 g, and 0.344 

g) and the average value was then calculated. Meanwhile, the 

pore diameter was calculated by taking four (4) measurements 

at three to five different areas (see Fig. 2 (c)). Then, the average 

value was computed as shows in Table 1. The percentage of po-

rosity was determined using the mass-to-volume direct calcula-

tion [17].  
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By knowing the values of mass and volume, the porosity of the 

porous Ni was computed by using the following formula [17]: 

                        

% Porosity = (1 −  
𝑀

𝑉.𝜌𝑆
) x 100                          (3.) 

 

where M is the mass of porous Ni (g), V is its volume (cm3), and 

𝜌s is its solid density (g/cm3). The density of solid Ni is 8.903 

g/cm3 [18]. Table 2 shows the % porosity of porous Ni, as ob-

tained by using Liu and Chen methods [17]. 

It is evident in Table 2 that a high value of 96.14% was obtained 

for the porosity of porous Ni, which can be related to the enor-

mous size of pores in the 15 PPI porous Ni, as depicted in Fig. 

2 (c). A porous metal with high porosity offers a good impact 

energy absorption as it corroborates a uniform stress throughout 

the deformation; a porous metal is also capable of recovering 

energy efficiently [19]. In addition, the 15 PPI porous Ni is 

lighter in weight (lower in density) due to its hollow structure 

and bigger diameter interconnected of struts with hexagonal do-

decahedron geometry node (see Fig. 2 (b)). A similar geometry 

and interconnected porous Ni struts have also been reported by 

Heo and co-researchers [7], which agrees with the 15 PPI open-

cell porous Ni used in the present research. Besides, the interfa-

cial bond between the base metals and porous Ni struts can be 

enhanced with a similar geometry, as reported (see Fig. 2 (a)) 

by Zhao and co-researchers [20].  
 

 
Fig. 2 Optical micrographs (from Dino-Lite microscope) show-

ing different areas of 15-PPI porous Ni; (a) Mid part of the po-

rous area showing hexagonal dodecahedron geometry and inter-

connected struts, (b) A hollow condition of the struts exposed to 

the cutting area, and (c) The measurement of pore diameter (in 

mm) 

 

Table 1 The measurement of pore diameter (mm) as marked in 

Fig. 2 (c) 
Pore diameter (mm) Average pore 

diameter (mm) Value 1 Value 2 Value 3 Value 4 

2.021 1.653 1.093 2.170 1.734 

 

Table 2 Determination of % porosity of Porous Ni 
Pore diameter 

(mm) 

Average 

mass (g) 

Volume 

(cm3) 
% Porosity 

1.734 0.344 1.000 96.138 

 

Microstructural Analysis of Brazed Cu/Porous Ni/SS304 

 

A successful brazed joint was achieved by applying the process 

parameters, as stated in the experimental work (Sect. 2). The po-

rous Ni maintains its structure; it is slightly rigid, and changes 

colour from grey to white as perceived by the naked eyes after 

brazing. This change in colour might be caused by the diffusion 

of BFM during brazing. The elements and possible phase trans-

formations involved were investigated using SEM-EDS analy-

sis. SEM micrographs for all samples are shown in Fig. 3 and 

presented as two interfaces: Cu (Interface 1) and SS304 (Inter-

face 2). 

At the brazing temperature of 680°C, it can be seen the molten 

VZ2250 BFM effectively diffused into the porous Ni as well as 

into both base materials (Cu and SS304). It can be noticed in 

Fig. 3 that the joining was robust, and the molten VZ2250 BFM 

seems to coat the joint structures. For all samples, the VZ2250 

BFM diffused into the porous Ni and up to a certain depth of the 

base metal surfaces. A different pattern of dark grey colour can 

be observed in the SEM micrographs in Fig. 3, which signify the 

diffusion of the BFM on completion of the brazing process. Fur-

thermore, the porous Ni is observed to be firmly bonded with the 

base metals. 

The BFM is seen to have diffused more effectively towards the 

porous Ni as compared to base metals. It can be noticed from 

Fig. 3 (a) that the diffusion of the BFM into the porous Ni is 

likely to coat the porous Ni, as explained in Section 3.1; the hol-

low structure of the struts supports this observation. However, it 

can be seen in Fig. 3 ((b) and (c)) that diffusion occurred more 

effectively in the porous Ni, which resulted in the voids and den-

drites growth, and all these behaviours can be clearly observed 

at the Cu/Porous Ni interface (Interface 1) (see Fig. 3 (a-c)). In 

other words, when the brazing temperature increases, micro-

structure flaws like voids and cracks start to show up and the 

diffusion zone increases, thus inquiring about the joint’s relia-

bility at higher brazing temperatures. The brazing temperature 

of 680°C was found to be sufficient to result in an even diffusion 

of the molten VZ2250 BFM on both interfaces (Interface 1 and 

Interface 2) as compared to the brazing temperatures of 710°C 

and 740°C.  

Further analysis was done using SEM-EDS to analyses the ele-

mental composition at both interfaces. It is interesting to focus 

on the sample brazed at 680°C/5 min because this sample corre-

sponds to the least void areas. Table 3 shows the elemental com-

position at different points for both interfaces, which is in ac-

cordance with Fig. 3 (a, d).  

It is evident in Table 3 that nickel (Ni) was capable of diffusing 

at all points, except at points 1, 2, and 11; similarly, phosphorus 

(P) was able to diffuse at all points, except at points 5, 9, and 12. 

In general, nickel and phosphorus were capable of diffusing at 

most of the points. For both interfaces, nickel and phosphorus 

exhibit the highest elemental compositions (at. %) along the po-

rous Ni area (see Table 3). These results show that the VZ2250 

BFM tends to coat the porous Ni. The high nickel and phospho-

rus contents indicate that nickel and phosphorus (dark grey 

mixed white colour) originate on the coated area (points 3, 6, 7, 

and 8) to form a diffusion layer during brazing. Besides, phos-

phorus dissolves well in porous Ni, which causes them to diffuse 

[21]. Therefore, it is believed that the brazing temperature of 

680°C exhibits the BFM migration through the porous Ni struts 

(Fig. 2 (a)) thereby coating certain areas of the porous Ni struc-

ture. Meanwhile, the light grey colour at the diffusion zone area 

indicated the enrichment with copper and tin (Sn) by spotting at 

points 2 and 11, and Sn was found near the end side of porous 

Ni, which can be seen in points 6 and 8. Tin was believed to have 

readily diffused from the VZ2250 BFM into porous Ni because 

Sn is a low melting-temperature metal and it is an active ele-

ment, as well [22]. Tin and copper form a possible solid-solution 

phase of Cu-Sn. It is, therefore, quite logical to conclude that the 

Cu-P and Cu-Sn phases tend to form a strong joint.  
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Fig. 3 SEM micrographs for various brazing process parameters: (a) & (d) 680°C/5 min, (b) & (e) 710°C/5 min, and (c) & (f) 740°C/5 

min. Images (a) – (c) are for Interface 1, and (d) – (f) for Interface 2. SS = stainless steel 304 

 

Table 3 Compositions at different points for 680°C/5 min as marked in Fig. 3 (a) for Interface 1 and Fig. 3 (d) for Interface 2 

Interface Point 
Elemental composition (at. %) 

Possible Phase/Area 
Cu Ni Sn P Fe Mn Cr 

1 

1 99.10 0.43 0.20 0.27 - - - Cu – base metal 

2 89.21 4.19 4.27 1.67 0.27 0.33 0.05 Cu-Ni-Sn / Cu-Sn 

3 64.96 25.94 2.99 6.03 - - 0.08 Cu-Ni / Cu-P 

4 7.14 91.86 0.06 0.13 0.75 - 0.06 Ni – porous Ni 

5 - 99.52 0.01 - - 0.25 0.22 Ni – porous Ni 

6 3.79 70.68 6.52 18.45 - 0.56 - P-Sn / Ni-P 

2 

7 - 73.86 0.52 25.33 0.11 - 0.17 Ni-P 

8 6.59 68.78 6.31 18.02 0.14 0.16 - Ni-P 

9 0.53 99.47 - - - - - Ni – porous Ni 

10 20.61 54.63 - 24.11 0.30 - 0.34 Cu-Ni / Ni-P 

11 92.91 0.54 4.93 0.77 0.86 - - Cu-Sn 

12 0.24 9.05 0.14 - 69.57 1.93 19.08 SS304 – base metal 

 

Interface Analysis of Cu/Porous Ni/SS304 

 

It has been established in Sect. 3.2 that the VZ2250 BFM effec-

tively diffused on both sides of Cu/Porous Ni and Porous 

Ni/SS304 interfaces during brazing at various temperatures. The 

interfacial reaction resulted in the formation of intermetallic 

compounds. It was observed that there is no apparent phase 

change occurred at either brazed Interface 1 or 2 for all samples. 

Therefore, a selected sample was further analyzed by using 

XRD. The presence of inter-metallic compounds in the brazed 

joint was investigated for the sample brazed at 680°C/5 min. Fig. 

4 shows the XRD analysis at both interfaces. The same phases 

(Cu6Sn5 and Cu3P) have been discovered in Interface 1 (Cu/Po-

rous Ni) in a similar study using BFM (77.6Cu-5.7Ni-9.7Sn-7P) 

brazed with Cu/Porous Cu [20]. However, studies on Interface 2 

(Porous Ni/SS304) are rarely found for comparison.  

It can be seen in Fig. 4 (a) that the elements Cu, Sn, and P dom-

inated the peak with the highest intensity. It was also noticed that 

the following solid-solution phases influenced the phase trans-

formation at Interface 1: Cu-Ni-Sn, Cu-Sn, Cu-P, Ni-Sn, and P-

S. In particular, the inter-metallic compound Cu6Sn5 at 2θ of 

43.01°, 50.30°, 52.28°, 74.15°, and 76.70° and P3Sn at 2θ of 

44.92°, 50.30°, 52.28°, 74.15°, and 52.28° has become a domi-

nant peak as all Cu6Sn5 and P3Sn peaks overlapped arose. Mean-

while, the Cu3P arose at 2θ of 43.01°, 44.92°, and 52.28°, which 

are the same as those in the XRD peak pattern. 

In the meantime, Cu, Ni, Sn, P, Fe, and Mn dominated the peak 

with the highest intensity in Fig. 4 (b). It was also discovered 

that Cu-Sn, Fe-Mn-Ni, Fe-Ni-P, Fe-Ni, Mn-Ni, and Ni-Sn con-

taining phases influenced the phase transformation at Interface 

2. Most of these peaks arose at 2θ of 42.79°, 44.71°, 52.08°, 

74.72°, and 76.51°, which is the same in the XRD peak pattern 
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list of Cu20Sn6 and Fe1.2Ni0.9P, has becomes to be dominating 

peaks. The SS304 base metal and VZ2250 BFM contribute to 

the presence of these phases. Besides, the Cu20Sn6 phase is 

formed when Sn diffuses into Cu, and it tends to increase the 

tensile strength of the material [23]. Additionally, Fe0.5Mn0.2Ni0.3 

peak then arose at 2θ of 43.61°, 50.78°, and 74.42°, and the brit-

tle phase MnNi3 [24] arose at 2θ of 43.61°, 5078°, and 74.72°. 

To summarize, it is validated by EDS point analysis that the el-

ements, that could diffuse into the base metals (Cu and SS304) 

and porous Ni, tend to form inter-metallic compounds during 

brazing with the VZ2250 BFM. The EDS observations agreed 

with the XRD results. The completely molten VZ2250 BFM had 

a homogeneous chemical composition and infiltrated the pore 

spaces in between the struts of porous Ni (Fig. 3 (a)) via capil-

lary action [21]. Besides this, nickel and phosphorus in the 

VZ2250 BFM diffused into the base metals (Cu and SS304) and 

porous Ni due to the concentration gradient to form the diffusion 

layer [25]. Furthermore, some of the phosphorus will evaporate 

due to its high vapour properties [26] and emerge in enriching 

copper and tin mostly in the porous Ni area, which resulted in 

the formation of brittle phases: Cu3P and Cu6Sn5 [22, 26]. The 

Cu3P and Cu6Sn5 in the BFM have melted and coalesced with 

the porous Ni and base metal to form a strong and comparatively 

brittle joint.  

 

 
Fig. 4 XRD peaks pattern of (a) Interface 1 (Cu/Porous Ni) and 

(b) Interface 2 (Porous Ni/SS304) 

 

Compressive Strength Analysis of Brazing Cu/Porous 

Ni/SS304 

 

Compression tests were conducted to investigate the effects of 

brazing process parameters on the rigidity of porous Ni. The 

compressive strength can be related to the extent of diffusion of 

BFM into the porous Ni during brazing; it can also be related to 

the post-welding microstructural evolution in the porous Ni. Fig. 

5 presents the column chart showing the compressive strengths 

of the brazed Cu/Porous Ni/SS304 and non-brazed Cu/Porous 

Ni/SS304 samples at various brazing temperatures. The non-

brazed Cu/Porous Ni/SS304 condition refers to porous Ni only. 

The compression-test results show that the compressive strength 

declines linearly with the increase in the brazing temperature 

from 680°C to 740°C; it is encouraging to note in Fig. 5 that the 

maximum compressive strength of 15.75 MPa is achieved at the 

brazing condition of 680°C/5 min. Besides this, the post-brazed 

porous Ni structure shows a higher compressive strength than 

the non-brazed condition. Since the highest maximum compres-

sive of around 16 MPa is achieved by brazing at 680°C/5 min, it 

can be concluded that the molten VZ2250 BFM has effectively 

and evenly diffused into the struts at the specified brazing con-

dition. The lower compressive strengths of brazed Cu/Porous 

Ni/SS304 at higher brazing temperatures can be justified in view 

of the microstructures observed in Fig. 3 (b, c, e, and f). It is 

evident in Fig. 5 that the compressive strengths of brazed Cu/Po-

rous Ni/SS304 samples are much higher as compared to the 

compressive strength of the non-brazed sample. Brazing of 

Cu/Porous Ni/SS304 using VZ2250 BFM enhances the former’s 

compressive strength, which is justifiable due to the BFM coat-

ing on the porous Ni struts (see Fig. 3 (a, d)). In order to observe 

the condition of both interfaces after the compression strength 

test, the compressed porous Ni regions were manually removed 

from the tested sample. The images in Fig. 5 show the conditions 

of the samples at both interfaces. The left-over porous Ni region 

that covered the Cu interface at the brazing temperature of 

680°C can be observed in Fig. 5 (a); here most of the porous Ni 

is seen to be in contact with the Cu, based on the remaining BFM 

residue. It was difficult the removal of the compressed porous 

regions, as the structure was sturdy. This difficulty in the re-

moval of the compressed porous regions indicates that the join-

ing between the porous Ni and Cu interface at the brazing tem-

perature of 680°C is relatively strong. However, brittle fractures 

of some porous Ni regions occurred during the removal process, 

which is indicated as missing regions in Fig. 5 (b – c). The ob-

servations of images 5 (d, e, f) depict that the left-over porous 

Ni region has covered the SS304 interface. For brazing temper-

atures of 680°C and 710°C, the microstructural features of po-

rous Ni contact and the SS304 are closely comparable (see Fig. 

5 (d, e)), but they differ so for brazing temperatures of 740°C. 

The SS304 (Interface 2) braze-joint breaking process is likely 

similar to the Cu (Interface 1); as the brazing temperature in-

creases, the joint becomes more brittle. 

These findings lead us to conclude that the data in Fig. 5 con-

forms to the analysis in Fig. 3 and 4. After brazing, the BFM 

elements react with the base metal and porous Ni to form a 

coated layer that is then adhered to the porous Ni struts (see Fig. 

3 (a, d)). This layer has Cu-P and Cu-Sn phases at Interface 1 

and Mn-Ni phase at Interface 2. These phases are believed to 

contribute to the porous Ni structure being more rigid and sub-

sequently increase the value of compressive strength. However, 

as the brazing temperature increases, the roughness of the Cu-P, 

Cu-Sn, and Mn-Ni phases causes voids and cracks to form along 

the porous Ni junction between the brazed at Interface 1 (see 

Fig. 3 (b) and (c)) and the diffusion zone of the brazed at Inter-

face 2 (Fig. 3 (e) and (f)), hence decreasing the value of the com-

pressive strength.  

The compressive stress-strain curves for the brazed and non-

brazed samples of Cu/Porous Ni/SS304 are shown in Fig. 6 (a). 

The initial deformation behaviour, at smaller loads during the 

compression test, is illustrated in Fig. 6 (b), which indicated 

elastic deformation behaviours in both brazed and non-brazed 
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Cu/Porous Ni/SS304 samples; however, the deformation be-

comes plastic when excessive stresses are applied during the me-

chanical test. Mohd Zahri and co-researchers (2019) have re-

ported that there occurs a pores-size reduction in the porous Ni 

(for both brazed and non-brazed conditions) when the compres-

sive stresses surpass the yield strength of the cell wall [22].  

 

 
 

Fig. 5 Compressive strength of brazed and non-brazed Cu/Po-

rous Ni/SS304 condition with images of (a) – (c) the condition 

of residue porous Ni at the Cu interface and (d) – (f) the condi-

tion of residue porous Ni at the SS304 interface after brazing. 

 

The stress-strain curves in Fig. 6 indicate that the deformation 

behaviour in brazed and non-brazed Cu/Porous Ni/SS304 sam-

ples are almost similar. The ductility of the brazed Cu/Porous 

Ni/SS304 condition is reflected in the extended plateau region 

(from point A to point B). The elastic curve of the brazed Cu/Po-

rous Ni/SS304 in Fig. 6 (b) shows a broader strain (ɛcr) range. 

This deformation behaviour was probably caused by the 

VZ2250 BFM elements’ atoms that effectively diffused into the 

porous Ni thereby contributing to the strengthening of the po-

rous Ni structure, especially at a brazing temperature of 680°C, 

which is reflected in the greater area under the curve in the elas-

tic region, as compared to the samples brazed at 710°C and 

740°C, and in non-brazed Cu/Porous Ni/SS304 condition. 

The dramatic rise in the curve at point B (Fig. 6 (a)) indicated 

that there occurred a collapse of the porous Ni struts, which may 

be attributed to the continual deformation beyond the plateau 

stress (σpl) point; this deformation behaviour is in agreement 

with the literature [21]. This stage is known as densification; 

here the density of the porous Ni increases to its maximum level 

because the cell wall eventually collapses as the porous Ni fully 

compacts. Now, the smooth and long plateau region, in the 

stress-strain curve, is considered; this region for the non-brazed 

Cu/Porous Ni/SS304 sample exhibits ductile behaviour under 

stress that is essentially constant. This research findings can be 

scientifically justified as follows. The non-brazed Cu/Porous 

Ni/SS304 sample can continued to absorb the energy during 

loading even though it was in a state of compressive defor-

mation. In addition, the compressive stress-strain curve also 

demonstrates the ability of 15 PPI porous Ni to absorb the excess 

energy due to its high-stress amplitude.  

 
Fig. 6 (a) Compressive stress-strain curves for brazed and non-

brazed Cu/Porous Ni/SS304, and (b) inset compressive stress-

strain curves at 0 – 0.1 σ. 

 

CONCLUSIONS 

This research presented the characterisation of brazing porous 

Ni to Cu and SS304 using VZ2250 BFM. The characteristics of 

the joint interfaces were analysed, and the compressive strength 

and fracture surface around the joint interfaces were evaluated. 

The EDS analysis showed high nickel and phosphorus contents 

(at. %) in the porous Ni area for both interfaces: Cu (Interface 1) 

and SS304 (Interface 2). It was discovered that the brittle phases 

of Cu3P and Cu6Sn5 were formed at Interface 1 and MnNi3 for 

Interface 2, respectively. The diffusion of phosphorus into po-

rous Ni has contributed significantly by their fluidity, structure 

of porous Ni (interconnected struts), capillary action, and con-

centration gradient. The maximum compressive strength of 

15.75 MPa for Cu/Porous Ni/SS304 was recorded for brazing at 

680°C/5 min. On the hand, a low compressive strength (6.11 

MPa) was observed for non-brazed sample. The high compres-

sive strength is attributed to the diffusion of the BFM into the 

porous Ni during brazing. Brittle phases were detected at porous 

areas near the brazed interfaces. However, the increasing braz-

ing temperature compromised test and manually removing the 

compressed porous Ni, it was observed that more left-over po-

rous Ni remained at the base metals. This condition proves the 

good bonding of the brazed joints. For future works, it is planned 

to further test the bonding strength at both interfaces so the value 

of bonding strength can be obtained for better identification of 

suitable applications.  
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