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Abstract: 

The dissimilar joining of QAl9-4 aluminium-bronze alloy to Q345B low carbon 

low alloy steel was performed by fusion welding using different techniques. The results 

indicated a certain amount of transverse cracks and voids in the QAl9-4/Q345B joints 

welded by the SMAW process, while defect-free joints were obtained using the GTAW 

process. The microstructure of samples produced by the SMAW process exhibited 

transverse cracks with typical partially-oxidized intergranular cracking characteristics. 

Banded films rich in Cu at the grain boundaries were observed, which were 

demonstrated to be related to premature failure of the samples under tensile and impact 

load, indicating that the transverse cracks are hot cracks caused by the penetration of 

Cu element. Good strength and good toughness of QAl9-4/Q345B welded joints were 

obtained by the GTAW process. 
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1. Introduction 

Aluminium-bronze often contains a certain amount of iron and manganese, which 

are partially related to the high strength and heat resistance in bronze alloys. 

Aluminium-bronze mechanical properties are stable for temperatures up to 400℃. 

Besides, these alloys also present other properties of interest, such as the good anti-

friction quality and the corrosion stability in atmosphere, fresh water and seawater. 

Combined, these properties justify the use of aluminum-bronze alloys, often QAl9-4, 

as materials-of-choice as support for tubing applications in offshore platforms, which 

are usually made of low carbon low alloy seamless steel, such as Q345B. 

The copper-steel combinations are used due to their high electrical conductivity 

and high stiffness. The tubing support structure needs to be strongly welded to the 

tubing, which requires a dissimilar weld between copper and steel. The different 

physical and chemical properties of these materials hinder the formation of effective-

and-strong joints [1]. There are several methods to weld steel to copper alloys, such as 

diffusion bonding [2], hot isostatic pressing [3], explosive welding [4], friction welding 

[5, 6], laser welding [7], electromagnetic impact welding [1] and fusion welding. There 

are also some new technologies to weld dissimilar materials. Solchenbach[8] reported 

that laser beam braze-welding technology has been applied to join dissimilar aluminum-

copper interconnects for Li-ion battery assembly. Zhou[9] reported that the defect-free 

Al/steel welds can be obtained without stirring steel by friction stir lap welding. 

Xiong[10] found that the Al/steel dissimilar joints can be obtained by cold metal 

transition welding. Such works can also give some guidance and reference to welding 

aluminum and copper. Fusion welding is one of the most convenient joining method in 

comparison to other welding processes. However, welding hot cracks, grain boundary 

segregation and penetrating cracks are the main causes associated to failures of 

copper/steel welded joints [11]. Therefore, it is necessary to study the fusion welding 



of these two materials. 

The solubility of copper in iron is very limited, especially at low temperatures [12], 

leading to the formation of several intermetallics during the solidification. The major 

problem in welding copper to steel is the presence of hot cracking in the heat affected 

zone of steel due to the melting of copper alloy and its penetration between grain 

boundaries of the solid steel. The copper contamination penetrated into the cracks is 

formed in temperatures above the melting point of embrittling Cu-contamination layer. 

Also, morphology of the cracks is intergranular and perpendicular to the principal stress 

direction [13]. 

The high thermal conductivity of copper tends to rapidly dissipate heat away from 

the weld, leading to difficulties in reaching the melting temperature [1]. The thermal 

expansion behavior of copper and steel greatly differs: the linear expansion coefficient 

of QAl9-4 is 15% higher in comparison to Q345B’s, while the shrinking percentage of 

QAl9-4 is one time higher than that of Q345B [5]. The low melting temperature of Cu 

systems - such as 270°C for (Cu+Bi), 326°C for (Cu+Pb), 1064°C for (Cu+Cu2O) and 

1067°C for (Cu+Cu2S) - may easily result in eutectic structures after welding. In the 

case of (Cu+Pb) systems, the eutectic microstructure associated to low melting 

temperature is distributed around the grain boundary of copper. For that reason, such 

low melting eutectics are preferred spots for crack nucleation under tensile stress and, 

therefore, to form hot crack due to welding or grain boundary segregation [14].  

The presence of oxygen is also an important factor for hot cracking in the welding 

of steel-copper, resulting in high-temperature compounds such as CuO, Cu2O and FeO. 

(Cu+Cu2O) precipitates are formed at the grain boundaries from the liquid copper, and 

is associated to an increasing of brittle temperature range at high temperature conditions 

[15]. Additionally, the rust-and-oxidized layer formed as a consequence of the welding 

thermal cycle is also a potential source of hot crack nucleation. Therefore, the low 

melting eutectics are key factors influencing the bond between copper and the steel. 

In this paper, the aluminium-bronze QAl9-4 and the low carbon low alloy steel 

Q345B were joined by SMAW and GTAW methods. X-ray detections were used to find 

defects and their location. Furthermore, optical microscopy (OM) and scanning electron 



microscopy (SEM) equipped with energy dispersive spectrometer (EDS) were used to 

observe the microstructures and elements distribution of the welded joints. Tensile and 

impact tests were performed, and the resultant fractographies were observed in order to 

determine the failure mode. Finally, the optimized welding process was put forward 

aiming to maximize mechanical properties such as strength and toughness of the welds. 

2. Experimental materials and methods 

QAl9-4 and Q345B plates with 12mm in thickness were used in this experiment. 

Each plate was produced with a 30° groove at one side and a blunt edge of 2mm. The 

welding parameters for the SMAW and GTAW process are listed in Table 1. The 

welding consumables for the SMAW and GTAW methods were T307 and ERCuAl-A2, 

respectively. For the SMAW process, the preheating temperature used was 150℃, while 

the welding current and voltage were set in the range of 130-150A and 24-28V 

respectively, and the welding speed was between 25-30mm/min. The preheating 

temperature for the GTAW process was about 200℃, the welding current between 250 

and 260A, and the welding voltage is in the range of 18-20V. The joints underwent slow 

cooling after the welding process. 

Table 1. Welding parameters for the SMAW and GTAW process 

Welding 
Method 

Welding 
Consumables 

Preheating 
Temperatures 

Welding 
Current 

Welding 
Voltage 

Welding 
Speed 

SMAW T307 150℃ 130~150A 24~28V 25-30mm/min 
GTAW ERCuAl-A2 200℃ 250~260A 18~20V -- 

The chemical compositions of QAl9-4 base material and welded joint (wt.%) were 

measured by the ICP direct reading spectrometer, as shown in Table 2. The chemical 

composition of lead present in the base material is 0.126wt.%, which is 13 times higher 

than the standard requirements. Also, the lead in the weld metal is 0.152wt.%, which is 

also much higher than the standard specification. Relevant studies show that when the 

lead content is higher than 0.03wt.%, the formation of the low melting eutectics is 

facilitated and therefore, also the nucleation of welding hot cracks. 

Table 2. Chemical compositions for QAl9-4 and welded joint/ wt.% 
 Cu Al Fe Ni Zn Mn Si Pb Sn S P 



QAl9-4 Bal. 9.7 3.40 0.037 0.30 0.025 0.003 0.13 0.059 0.0057 0.0064 
Weld Bal. 0.028 7.00 31.8 0.01 0.97 0.70 0.15 0.028 0.011 0.030 

The samples were polished until the surface was smooth and scratch-free. Then, 

the microstructures of Q345B were etched with 4% nitric acid alcohol prior to imaging. 

The microstructures of QAl9-4 and weld metal were etched with Keller’s reagent prior 

to imaging. The microstructures were analyzed by an OM (Leica DM2700). A SEM 

(Quanta 450) was used to observe the fracture surface of shear specimens. The Charpy 

V impact tests and tensile tests were carried out using a SANS-ZBC2452-C impact 

testing machine and AG-X 250 KN tensile testing machine, respectively. For the data 

discretization, five tensile specimens and five impact specimens were fabricated from 

each weld metal for mechanical properties measurement. Tensile tests were performed 

at a strain rate of 3×10-4s-1 during the whole test. The percentage of elongation and area 

reduction were measured according to the total elongation at fracture and area reduction 

at fracture, while not using a strain gauge owing to the plate tensile test samples. 

3 Results and Discussion 

3.1 Nondestructive Inspection 

The first welding plate was fabricated by the SMAW process using the T307 

welding consumable. Fig.1 shows the X-ray film for the QAl9-4/Q345B SMAW joint, 

where the upper part specimen is identified as Q345B and the lower part is QAl9-4. 

Many transverse cracks can be observed along the whole welded joint (Fig.1(a)), with 

average length per unit area measured as about 1.21mm. Furthermore, it is noted that 

the cracks initiate at the fusion zone and extend to the center of weld metal, and are 

distributed in dead-branch shapes along the material. The cracks show a light gray color 

and a filamentous aspect. The presence of a certain amount of voids in the heat affected 

zones on the QAl9-4 side can be observed in Fig.1(b).  



 
Fig.1 X-ray film for the QAl9-4/Q345B welded joint by SMAW: (a) whole welded joint; (b) 

partial enlargement 

Fig.2 shows the OM images for the QAl9-4/Q345B welded joint by the SMAW 

process. Almost no distortion can be visualized after welding and the weld metal also 

exhibits a good appearance, as observed in Fig.2(a). Columnar crystal morphology 

growing in competition with each other is observed in Fig.2(b). The OM images of 

Q345B (Fig.2(c)) indicate the presence of ferrite and pearlite microstructure, while the 

analysis of QAl9-4 images (Fig.2(d)) shows microstructure formed by α+β+ε phases, 

with α phase identified as the lightest-colored structure, β in dark gray and ε phase 

recognized as the light gray fraction. 



 
Fig.2. OM images of QAl9-4/Q345B welded joint by the SMAW process: (a) macrostructure of 

welded joint; and microstructures of (b) weld metal; (c) Q345B and (d) QAl9-4 

Two different types of defects in the QAl9-4/Q345B welded joint can be mainly 

observed: hole defect (Fig.3) and crack defect (Fig.4). The holes (Fig.3(b)) have 

irregular morphology features and are located at specific points of the eutectic structure 

in the weld metal, and their inner parts are observed to be clean and without any 

impurities (Fig.3(a)). Fig.4 shows the cracks propagation paths for QAl9-4/Q345B 

welded joint by the SMAW process. It is noted that the cracks paths propagate sinuously 

and local areas exhibit the typical intergranular cracking mode. Also, the microstructure 

around the cracks show a bluish aspect, which indicates the oxidization of this region. 

Therefore, the cracks are formed in the high temperature and the crack is the welding 

hot crack. 



 
Fig.3. Morphologies of defects in QAl9-4/Q345B welded joint by the SMAW process 

 
Fig.4. Crack propagation paths for QAl9-4/Q345B welded joint by the SMAW process 

In order to analyze the distribution of the elements around the cracks, the element 

mapping diagrams were developed, as shown in Fig.5. It is noted that the cracks, which 

show typical intergranular cracking characteristics, are rich in Cu and Ni, while poor in 

Fe. The rapid diffusion rate of Cu at the grain boundary for the base metal is a key cause 

for the penetrating crack since the wetting of copper alloy and the tensile stress lead to 

the formation and propagation of penetrating cracks. Fig.6 shows the morphologies and 

spectrum of cracks. It is possible to note the presence of a strip film at the crack, 

observed in dark grey on the SEM mode images (Fig.6(a)), and the existence of this 

strip film is even more obvious when analyzing images from the BSE mode (Fig.6(b)). 

Furthermore, the EDS spectrum at the strip film (Fig.6(c)) shows that the compositions 

for the elements Mn, Fe, Ni and Cu are 0.97, 7.00, 31.08 and 53.25wt.%, respectively, 

while 4.06, 13.93, 46.24 and 35.77wt.% in a region adjacent to strip film, i.e., there is 

a considerable difference in Cu contents between the strip films, where there is a high 

concentration of copper, and in their surroundings. Therefore, it is concluded that the 



presence of strip films around the grain boundary are evidence of the penetration of Cu 

element that led to welding hot cracks. 

 

Fig.5. Elements mapping diagrams around the cracks 

 

Fig.6. Morphologies and EDS spectrum of cracks: (a) SEM mode; (b) BSE mode; (c) EDS 
spectrum and (d) BSE mode with low magnification 

The second welding plate was fabricated and optimized by the GTAW process 

using ERCuAl-A2 consumables. Although the lead contents for the base metal are the 

same, the defect-free welding plate was obtained after the optimization of the welding 

procedure, as shown on the X-ray film presented in Fig.7, where the upper part of the 

welding joint is the Q345B material while the lower part is QAl9-4. A much better 

quality of GTAW process in comparison with SMAW can be noted. Besides the process, 



the preheating conditions were modified and the temperature was increased from 150℃ 

to 200℃, which produced slower cooling rates and, therefore, led to a reduction of 

crack sensitivity. 

 

Fig.7 X-ray film for the QAl9-4/Q345B welded joint by the GTAW process 

3.3 Mechanical properties 

Fig.8 shows the tensile curves for QAl9-4/Q345B welded joint and their base 

metal. The corresponding mechanical properties are listed in Table 3. The tensile 

strength for the joints produced by the SMAW process is 337.4MPa, while the 

percentages of elongation and area reduction are 2.1% and 0.6%, respectively, which 

are much lower than those of both base metals, as listed in Table 3. It is noted that the 

tensile strength, especially for the percentage of elongation and area reduction increase 

remarkably after optimizing the welding method. Furthermore, the tensile strength, 

percentage of elongation and area reduction for QAl9-4/Q345B welded joint by the 

GTAW process are 436.5MPa, 18.2% and 59.0%, respectively. Therefore, it is observed 

that the tensile strength of QAl9-4/Q345B welded joint by the GTAW process is much 

higher than that by the SMAW process, and also achieves a slightly better matching 

with the base metal in comparison to GTAW. 



 

Fig.8 Tensile curves for QAl9-4/Q345B welded joint and their base metals 

Table 3. Tensile properties for QAl9-4/Q345B welded joint and their base metals 

 
Tensile Strength 

 (Rm)/ MPa 
Elongtation 

 (A)/ % 
Reduction in Area 

 (Z)/ % 

SMAW +7.6
7.4337.4−  +1.9

1.62.1−  +0.4
0.10.6−  

GTAW +10.0
9.0436.5−  +1.3

1.218.2−  +1.5
2.059.0−  

QAl9-4 +3.4
4.6582.6−  +1.6

0.932.4−  +4.4
3.631.6−  

Q345B +6.0
6.0563.0−  +1.7

1.829.3−  +2.4
1.671.6−  

Fig.9 shows fractographies of tensile specimens for QAl9-4/Q345B welded joint 

by the SMAW process. The tensile specimens exhibit almost no necking phenomenon 

after test, as shown in Fig.9(a). Fig.9(b) exhibits the partial enlarged lateral view for the 

tensile specimens, where is possible to visualize the points of cracks initiation and 

propagation at the weld metal. Fig.9(c) shows fractographies for the tensile specimen 

which exhibits the typical brittle fracture with intergranular cracking in some areas, as 

shown in Fig.9(d). By observing the fracture surface in detail, the stripped thin films 

can be visualized in the fracture surface, as indicated with yellow arrows in Fig.9(e) 

and (f). These stripped thin films are also rich in Cu accordingly to EDS analysis, which 

is in consistent with the results of Fig.6. Therefore, the penetrating cracks are the main 

reason for the low plasticity associated with the welding joints produced by the SMAW 

process. 



 
Fig.9. Fractographies of tensile specimens for QAl9-4/Q345B welded joint by the SMAW process: 

(a) vertical view; (b) lateral view; (c) ×30; (d) ×500; (e) ×500 and (f) ×2000 

Similarly, Fig.10 shows fractographies of tensile specimens for QAl9-4/Q345B 

welded joint by the GTAW process. In this case, an apparent necking phenomenon due 

to the mechanical testing can be observed. Besides, it is observed that the fracture 

occurred at one position of the sample located at the heat affected zone on the Q345B 

side, as shown in Fig.10(a). Furthermore, a typical dimple aggregation is observed in 

Fig.10(b) and it can be associated to an improvement of the ductility, i.e., ductile 

fracture mode. The dimples are not uniform in size. 

 
Fig.10. Fractographies of tensile specimens for QAl9-4/Q345B welded joint by the GTAW 

process: (a) vertical view; (b) ×100; (c) ×500; (d) ×2000 and (e) ×5000 

Fig.11 shows the impact energies for the QAl9-4/Q345B welded joint and the base 



metal. The impact toughness for the QAl9-4 and Q345B base metal are 48J and 198J, 

respectively. The impact toughness for the weld metal of QAl9-4/Q345B welded joint 

by the SMAW process is 57J and by the GTAW 218J, which represents a significant 

improvement after optimizing the welding procedure.  

 
Fig.11. Impact energies for QAl9-4/Q345B welded joint and base metal 

Fig.12 presents fractographies of impact-tested specimens for the welded joint and 

QAl9-4 base metal. The analysis of QAl9-4/Q345B SMAW joint fracture shows 

obvious aspects of cleavage with typical intergranular cracking features (Fig.12(b)) and 

banded film among the grain boundaries (Fig.12(c)), which are consistent with the 

conclusions observed from Fig.5 and Fig.6. Therefore, the penetrating cracks are found 

to be the main reason for the low impact toughness of QAl9-4/Q345B welded joint by 

the SMAW process. 



 

Fig.12. Fractographies of impact-tested specimens for QAl9-4/Q345B welded joint and base 
metal: (a)~(c) welded joint by the SMAW process; (d)~(f) welded joint by the GTAW process; 

(g)~(i) QAl9-4 base metal 

The welding process optimization is associated with a remarkable increasing of 

the impact toughness of the QAl9-4/Q345B welded joint, as previously listed in Table 

3, and also for the only-partially-fractured samples (Fig.12(d)) with the presence of a 

certain amount of not uniform in size and relatively shallow dimples (Fig.9(e) and (f)). 

Thus, the optimization of the welding process is showed to be related to the fracture 

morphology evolution from cleavage to quasi-cleavage. Besides, the evidence points 

that the GTAW process is also responsible for restraining the formation of penetrating 

cracks for the QAl9-4/Q345B welded joint. 

The fracture of QAl9-4 base metal shows large cleavage facets with steps and 

river-like patterns, i.e., typical quasi-cleavage fracture characteristics. White chain-like 

ligaments at specific regions of the image (Fig.12(h)) and obvious cleavage fracture 

(Fig.12(i)) can also be observed, indicating that the toughness reserve associated to 

QAl9-4 base metal is insufficient and leads to relatively poor mechanical properties of 



welded joints.  

4. Conclusion 

In this research, the QAl9-4 aluminium-bronze and the Q345B low carbon low 

alloy steel were welded together by the SMAW and the GTAW process. The main 

conclusions are listed as follows: 

1. Many defects such as transverse cracks and voids were observed in the QAl9-

4/Q345B welded joint by the SMAW process, while defect-free joints were 

obtained by using the GTAW process. 

2. The transverse cracks exhibit the typical intergranular cracking features 

surrounded by partially oxidized microstructure, which indicates that the 

transverse cracks correspond to the welding hot cracks. 

3. Rich-in-Cu banded films were found between the grain boundaries, which 

were associated to the premature fracture of the sample. Therefore, the welding 

hot cracks were caused by the penetration of Cu element. 

4. The GTAW process can lead to the production of QAl9-4/Q345B welded joints 

with satisfactory mechanical properties such as good strength and good 

toughness. 
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