
     
                                       (a)                                                                       (b) 

    
                                         (c)                                                                   (d) 

Figure 5. Optical micrographs of the longitudinal section of the sample. (a) Overview of the 
bonding area; (b) Magnified view of zone 2 in (a); (c) Magnified view of zone 3 in (a); (d) 

Magnified view of the as-deposited copper in the top region (zone 4) 
 

      
                                         (a)                                                                      (b) 
Figure 6. SEM micrographs of the longitudinal section of the sample. (a) Micrograph of material 

in the bonding area; (b) Micrograph of as-deposited material near the fusion line (zone 1) 
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EDS analysis 
 

Figure 7 shows the EDS quantitative analysis result of materials near the interface of the 
substrate and the deposits. The EDS analysis was conducted on three locations: (1) spherical 
objects noted as spectrum 1; (2) background material depicted as spectrum 2; (3) large area marked 
as spectrum 3. The spectrums and elemental composition in these three locations were obtained as 
shown in Figures 7b-7d. Figure 7b reveals the powder-shaped material is mostly SS304L and has 
less amount of copper. Figure 7c shows the background material is mostly copper and very little 
amount of SS304L. Figure 7d shows the overview area has approximately 66% copper and 44% 
materials from SS304L substrate. 

 
The result reveals the spherical material near the interface is actually SS304L material 

rather than unmelted copper particles. This phenomenon could be explained as follows. When 
additively manufacturing the first layer of deposits, laser melted the material on the top surface of 
the substrate, forming a melt pool. Copper particles were delivered into the melt pool and mixed 
with the substrate material. Because copper cannot be dissolved much in iron and chromium (major 
elements of SS304L) in room temperature, the substrate material precipitated and powder-shaped 
objects occurred. Such particles distributed in copper material due to gravity since the copper 
element is heavier than iron and chromium. 

 
Figure 8 reveals the EDS mapping data of as-deposited material near the bonding line. It 

confirms the founding from quantitative analysis in Figure 7. Particles in Figure 8 are dominated 
by iron and chromium while the background material is copper. Because copper cannot dissolve 
much in iron and chromium, the iron/chromium and copper system will, therefore, have alternating 
layers of copper-rich and iron/chromium-rich materials. It also shows nickel element was evenly 
distributed in the inspected area. This is because copper could form a solid solution with nickel 
based on the phase diagram. Nickel in the SS304L substrate is mixed with copper and formed a 
solid solution once solidified. Because of the solid solution, nickel played a role of glue and 
contributed to the formation of copper/SS304L functionally graded materials.   

 
EDS mapping is also performed on the materials across the bonding line and elemental 

composition and distribution are presented in Figure 8b. The result shows iron and nickel were 
diluted into copper deposits. Nickel is evenly distributed across the area since it can dissolve with 
SS304L as well as copper. Since major elements such as iron and chromium in the SS304L 
substrate don’t readily make an alloy with copper, the as-deposited copper is mechanically but not 
metallurgically bonded with SS304L. In addition, because of the dilution, the as-deposited material 
near the interface is not pure copper, but a mixture of copper and SS304L. In order to fabricate 
pure copper on SS304L, the dilution distance should be analyzed, which is presented in section 4. 

 
EDS line scan was performed on the sample from SS304L substrate to copper deposits. 

The result shows major elements including iron, chromium, and copper changed rapidly at the 
interface. However, the curves were not stable on both sides of the interface, showing rapid 
increasing and decreasing feature. This is because copper was not able to mix well with iron and 
chromium because they are not dissolvable. Therefore, alternating materials of copper and SS304L 
were obtained near the interface, causing the fluctuation of elemental composition.  
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Figure 7. EDS quantitative analysis of as-deposited materials near the fusion line 
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(b) 

Figure 8. (a) EDS mapping of as-deposited material near the bonding line; (b) EDS mapping of 
as-deposited material and substrate near the bonding line 

 

 
Figure 9. EDS line scan result from SS304L substrate to copper deposits 

 
Dilution analysis 

 
Dilution of major elements including iron, copper, chromium, nickel, and manganese was 

analyzed using EDS technology. EDS spectrum was taken in five locations as illustrated in Figure 
10a: spectrum 1 which is below the interface, spectrum 2 which is 100 microns above the interface, 
spectrum 3, spectrum 4 and spectrum 5 which are 500 microns, 1000 microns, and 1500 microns 
above the interface, respectively. Elemental composition was quantified in these five areas and 
summarized in Table 3. The trend of elemental composition along the building direction is also 
shown in Figure 10b.  
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The result reveals that at spectrum 1 which is below the interface, the material is SS304L 
and copper didn’t dilute to the area. At the spectrum 2 areas, the material is mostly made of copper 
and has some elements from the substrate, with the iron content of 18.67%. With the increase of 
the distance from the interface, copper content increased and elements from substrate decreased. 
Finally, at spectrum 5, the material is made of pure copper. The dilution analysis indicates that 
iron from the SS304L is penetrating into the as-deposited material up to 1.0 – 1.5 mm. Therefore, 
in order to fabricate copper on SS304L using the processing parameters described in this paper, 
the dimensions of deposits need to be higher than 1.5 mm to obtain pure copper deposits. This 
provides the information that when designing copper-SS304L FGM components to take advantage 
of the properties of pure copper, the thickness of deposits much meet a minimum value. 

 
Table 3. Elemental composition of major elements in spectrums 1-5 

Element Elemental Composition, wt. % 
Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 Spectrum 5 

Fe 71.63 18.67 7.70 1.68 0.00 
Cu 0.00 73.31 88.91 98.32 100.00 
Cr 19.23 5.45 2.11 0.00 0.00 
Ni 7.99 2.57 1.28 0.00 0.00 
Mn 1.15 0.00 0.00 0.00 0.00 

 

 
(a) 

 
(b) 

Figure 10. (a) EDS spectrums taken at five locations of the fabricated sample; (b) Relationship 
between the elemental composition of major elements and distance from the interface 
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Tensile properties 
 
The tensile stress-strain curves of copper/SS304L and pure copper samples are plotted in 

Figure 11. The 0.2% offset YS, UTS, and stain at fracture are summarized in Table 4. As for 
copper/SS304L samples, the plots show ductile fracture mechanism since elastic deformation 
occurred before yielding and plastic deformation began after yielding to the maximum stress. The 
average YS and UTS of copper/SS304L samples were 123 MPa and 250 MPa, respectively. The 
strain at fracture was found to be 0.25. Tensile stress-strain curves of pure copper show the average 
YS and UTS of as-deposited copper is 95.02 MPa and 186.66 MPa, respectively, with the average 
strain at fracture of 0.58. The result shows both the YS and UTS of copper/SS304L specimens are 
higher than those of as-deposited pure copper. The strain curves of copper/SS304L samples show 
relatively inconsistent UTS and strain as plotted in Figure 11a. This might be caused by the 
mechanical bonding at the copper/SS304L interface. Because of the mechanical rather than 
metallurgical bonding, the material composition at different locations is uneven, resulting in the 
non-uniform stress and strain. Another reason is micro defects such as gas voids may be introduced 
in the printed samples, causing inconsistency of mechanical properties.   
 

 
(a) 

 
(b) 

Figure 11. Tensile strain-stress curves of (a) copper+ SS304L samples and (b) copper samples 
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Tensile fractured specimens of copper/SS304L in longitudinal section and transverse 
section were analyzed using SEM and are shown in Figures 12a-b and 12c-d, respectively. The 
longitudinal section shows a necking was occurred in tensile testing because of the ductility of the 
directly joined samples. In order to understand the region where fracture happened, EDS maps 
were obtained. The result shows the material near the fractured region is mostly made of copper 
and a very small amount of chromium and nickel. Because the EDS testing comes with errors, the 
very little chromium and nickel content may not accurate. Therefore, tensile fracture surface in the 
transverse section was analyzed using EDS and depicted in Figure 12e. Quantitative analysis 
reveals the fracture surface is made of pure copper. This reveals the information that the 
copper/SS304L samples fractured at the pure copper region. This is expected because the UTS of 
copper is much lower than the UTS of SS304L. Therefore, during tensile testing, deformation is 
mostly occurred in the copper region causing the bi-materials failed at the copper section. The 
micrographs of fracture surface in the transverse direction (Figures 12c-d) reveal a great number 
of dimples which is the typical evidence of ductile fracture mechanism. Since the samples broke 
at the copper region, the as-deposited copper is ductile. 

 
It was previously reported that the DMD process could form strong metallurgical bonding 

that can survive tensile testing, as long as the two distinct materials can be successfully joined 
together. In the current research, the result also shows the samples didn’t fracture at the copper-
SS304L interface. It shows in the microstructure analysis that copper was not metallurgically 
bonded with SS304L. However, the mechanical interface is still strong enough to survive the 
tensile testing. This could be explained that the strength of copper is lower than the interface, 
causing the fracture to initiate at the copper region.  

 

 
                                          (a)                                                               (b)  

 
                                          (c)                                                               (d) 
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(e) 

Figure 12. Tensile fracture surface morphology. (a) Overview of fracture surface in longitudinal 
direction; (b) EDS map of fracture surface in longitudinal direction; (c) Overview of fracture 

surface in transverse direction; (d) Magnified view of fracture surface in transverse direction; (e) 
EDS analysis of material at the fracture surface in transverse direction  

 
Conclusion 

 
In the present research, the feasibility of direct joining of pure copper on stainless steel 

304L using direct metal deposition process was investigated. Through microstructure 
characterization, EDS analysis, and tensile testing, the following conclusions can be summarized. 
 

(1) The microstructure of the cross-section of the fabricated samples shows four zones. The 
microstructure of Cu in zone 2 and zone 3 exhibits mostly columnar structure growing towards the 
top of deposits and is parallel to the heat flow direction. The columnar grains were severely 
elongated because of the rapid solidification rate. The grain size in zone 3 (50 μm) is much finer 
than that in zone 2 (150 μm) because of the dropped solidification rate. SEM micrographs of 
materials in zone 1 show powder-shaped objects distributed on background material.  
 

(2) EDS analysis reveals the powder-shaped material is mostly SS304L and has less 
amount of Cu, and the background material is mostly Cu and very little amount of SS304L. Cu 
cannot be dissolved much in Fe and Cr and therefore the bonding shows alternating layers of Cu-
rich and Fe/Cr-rich materials. Ni was evenly distributed in the bonding area since Cu could form 
a solid solution with Ni. Because of the solid solution, Ni plays the role of glue and contributes to 
the formation of Cu/SS304L joints. EDS line scan performed from SS304L substrate to Cu 
deposits shows Fe, Cr and Cu changed rapidly at the interface while the curves were not stable 
because Cu was not able to mix well with Fe and Cr. 

 
(3) Dilution analysis reveals that with the increase of the distance from the interface, Cu 

content increases and elements from substrate decrease. The dilution analysis indicates that Fe 
from the SS304L was penetrating into the as-deposited Cu up to 1.0 – 1.5 mm, and above that, 
pure Cu was obtained. 

 
(4) Tensile testing of combined Cu/SS304L samples shows the average YS and UTS were 

123 MPa and 250 MPa, respectively. The strain at fracture was 0.25. Tensile testing of as-deposited 
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pure copper shows the average YS and UTS is 95.02 MPa and 186.66 MPa, respectively, with the 
average strain at fracture of 0.58. The result shows both the YS and UTS of Cu/SS304L specimens 
are higher than those of as-deposited pure Cu. Study of tensile fracture surface confirms 
Cu/SS304L samples failed at Cu region. The micrographs of fracture surface in transverse 
direction reveal a great number of dimples showing the ductile fracture mechanism of Cu. The 
result also shows the samples didn’t fracture at the Cu-SS304L interface, revealing the solid 
interfacial bonding. 
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