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Abstract 
Wire Arc Additive Manufacturing (WAAM) is an innovative 3D printing pro-
cess that deposits metal material layer-by-layer using an electric arc to melt 
and fuse metal wire onto the substrate of previous layers. Like any metal addi-
tive manufacturing method, thermal cycling causes dynamic changes in the 
substrate and previously deposited layers, causing issues. In addition, WAAM 
deposition heating and cooling rates affect phase development in the depos-
ited material, which affects mechanical properties. The temperature-mechan-
ical properties relationship of the WAAM process is crucial, but there is lim-
ited published data on it, notably for Aluminum Alloy 4043 (ER4043). This 
research aims to measure the heating and cooling cycle during ER4043 depo-
sition on Aluminum Alloy 6061. The temperature measurement determined 
the effect of microhardness fluctuation of the ER4043-deposited structure. A 
gas metal arc welding (GMAW) WAAM structure of 180 mm length and 15 
mm height was constructed to address this temperature and microhardness 
behaviour. The thermocouples were placed at predetermined locations for 
temperature measurement. The deposited structure was cut and prepared for 
microhardness testing. Results showed that the new layer reached 263˚C. After 
42 layers, the temperature of the beneath layers did not exceed 200˚C. The 
silicon (Si) phase generated at the heat-affected zone (HAZ) and interdendritic 
area altered the microhardness values. Porosity is also affecting the microhard-
ness significantly. The most important finding of this study is that dynamic 
temperature fluctuations during the WAAM process alter the phase transfor-
mation of the ER4043 deposited material, which affects microhardness varia-
tions. This research improves process optimization and control by revealing 
the significant impact of heat accumulation on WAAM deposition. 
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1. Introduction 

Wire arc additive manufacturing (WAAM) is an innovative 3D printing technol-
ogy for producing metal components, including those made from aluminum al-
loys. This process involves the deposition of material layer-by-layer, utilizing an 
electric arc to melt and fuse metal wire onto a substrate or previous layers. WAAM 
has gained popularity in recent years due to its ability to fabricate large-scale, com-
plex, and high-performance parts with relatively lower costs compared to tradi-
tional manufacturing methods [1]. In addition, due to the high deposition rate 
and reduced manufacturing cost, WAAM is gaining popularity worldwide [2]. 
The various heat sources used for the WAAM process are plasma arc welding (PAW) 
[3], gas tungsten arc welding (GTAW) [4] and gas metal arc welding (GMAW) 
[5]. 

There has been significant interest in the production of aluminum alloys through 
the WAAM process [6]. Consequently, WAAM of aluminum alloys, including alu-
minum-copper (Al-Cu) [7], aluminum-magnesium (Al-Mg) [8], aluminum-silicon 
(Al-Si) [1], and aluminum-magnesium-silicon (Al-Mg-Si) [9] has been the subject 
of extensive research. Nevertheless, a major obstacle in the commercialization of 
WAAM for fabricating aluminum alloy components is the presence of substantial 
porosity [7]. Porosity is a significant problem in the WAAM process because it 
can cause a decrease in the strength of the deposited structure [10]. Another sig-
nificant problem related to the WAAM process of aluminum alloys is heat accu-
mulation due to layer-by-layer deposition. Excessive heat accumulation is signif-
icant since an increased inter-pass temperature causes delayed melt pool solidifi-
cation, reducing deposit height and increasing width [11]. This bead dimension 
effect is an undesirable property in an additive manufacturing process, which re-
quires the geometry of the deposition to be as close to the net shape as possible. 
Derekar et al. [12] have argued that a higher inter-pass temperature is even desired 
when producing aluminum alloy components, leading to reduced porosity. Hence, 
understanding the temperature distribution during the WAAM deposition pro-
cess is crucial. 

In addition, thermal cycling causes dynamic changes in the substrate and pre-
viously deposited layers [13]. The WAAM deposition heating and cooling rates 
affect phase development in the deposited material, which affects mechanical 
properties [12]. Miao et al. [14] stated that the Si segregation in the samples affects 
the microhardness of aluminum alloy 4043 (ER4043). The temperature-mechan-
ical properties relationship of the WAAM process is crucial, but there is limited 
published data on it, notably for ER4043. Therefore, the objectives of this study 
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are to measure the heating and cooling cycle during ER4043 deposition on Alu-
minum Alloy 6061 using GMAW for the WAAM process and relate the tempera-
ture distribution to the microhardness variations of the ER4043 deposited struc-
ture. 

2. Methodology 

The experimental investigation was carried out with a robot-supported setup, as 
shown in Figure 1. The essential components for the WAAM process were an 
EWM 352 alpha Q GMAW heat source attached to a six-degree-freedom KUKA 
KR 5 robotic system. They were set to cold arc, an energy-reduced arc mode. The 
wire feeding system was an EWM M drive 4 Rob 2, and the shielding gas was pure 
argon. The 1.2 mm diameter ER4043 wire and 150 × 50 × 20 mm (L × W × H) 
ER6061 plate were used as feeding material and substrate, respectively. The sub-
strate was fixed on a jig attached to a welding table for the additive buildup pro-
cess. The nominal composition of ER4043 and ER6061 in wt.% is outlined in Ta-
ble 1. 
 

 

Figure 1. An EWM 352 alpha Q GMAW heat source at-
tached to KUKA KR 5 with EWM M drive 4 Rob 2 wire 
feeding system. 

 
Table 1. The nominal composition of ER4043 and ER6061 (wt.%) [14]. 

Element Si Fe Cu Mn Mg Zn Cr Ti Al 

ER4043 4.5 0.8 0.3 0.05 0.05 0.1 - 0.2 Bal. 

ER6061 0.4 - 0.8 0.7 0.15 - 0.4 0.15 0.8 - 1.2 0.25 0.35 0.15 Bal. 

 

The WAAM deposition parameters were based on an optimised set reported by 
Hussein et al. [5]. The welding current, arc voltage and travel speed were set to 
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140 A, 18.5 V and 300 mm/min, respectively. The dwell time between layers was 
15 seconds, and deposition alternated between the start and stop points. Type-K 
thermocouples with a data logger were placed at designated locations, as in Fig-
ure 2. The thermocouples were placed at 10 mm, 50 mm, and 105 mm from the 
substrate to capture the temperature distribution throughout the height of the 
ER4043-deposited wall during the WAAM process. The placement depths were 
carefully chosen to monitor thermal behavior at different stages of the build: near 
the substrate (10 mm) to observe initial heat input and early thermal cycles, mid-
height (50 mm) to assess heat accumulation and transition in heat flow, and near 
the top (105 mm) to capture peak temperatures and reduced heat dissipation as 
the structure grew taller. Holes were drilled to fit in the thermocouples after the 
location was reached. To ensure accurate temperature readings and minimise 
air-gap errors, holes were drilled at the designated locations to securely insert 
the thermocouples. These holes were designed to be within the wall rather than 
through-holes, which helped reduce atmospheric air circulation around the 
probes and improved thermal contact. To confirm the accuracy of the recorded 
temperature profiles during the WAAM process, a validation step was conducted 
using a calibrated optical pyrometer. The pyrometer was used to perform spot 
measurements at the surface of the deposited layers at selected stages of the build, 
particularly during stages when peak temperatures were expected. The deposition 
was performed to obtain a final thin wall measuring 180 mm in length and 120 
mm in height. The average width of the thin wall was obtained at an average of 12 
mm. 
 

 

Figure 2. Thermocouple locations for temperature measurement points of the built structure from the substrate. 
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Metallography procedures were employed on the samples, which were cut to 25 
mm each, cold-mounted in resin, polished, and etched with Keller’s reagent. The 
microhardness test was performed along the deposited structure using a Shi-
madzu HMV-G Vickers microhardness testing machine. The indentations were 
performed with a 500-gram (i.e., 5N) load for 15 seconds. The indentations were 
spaced 150 µm apart. This is the standard practice for Vickers microhardness test-
ing to ensure accurate and unbiased results. 

The microstructural observation and analysis were performed using a Scanning 
Electron Microscope (SEM) Zeiss Evo 50 and an Energy-Dispersive X-Ray (EDX) 
spectrometer. 

3. Results and Discussion 
3.1. Temperature Distribution 

The WAAM process results in complex temperature-time profiles during depo-
sition. When a new layer is deposited on top, the previously deposited layer is 
partially melted and undergoes repeated heating and cooling cycles. Figure 3 
shows the temperature-time profiles at 10 mm (thermocouple 1) and 50 mm 
(thermocouple 2). A peak temperature indicates the time a new layer is depos-
ited. In Figure 3, the peak temperature was significantly higher at thermocouple 
2 than at thermocouple 1. These temperature profiles suggest that the heat flow 
behaviour has changed substantially as the wall structure has been built higher 
above the substrate, with a decreased rate of heat loss. This variation is due to a 
change from three-dimensional (3D) to two-dimensional (2D) heat flow, and 
the result is consistent with that modelled by Sampaio et al. [15]. The peak tem-
perature at 50 mm reached 238˚C. However, this result does not support the 
findings of Gierth et al. [16], who observed a peak temperature above 300˚C 
after the subsequent 5 layers. A peak temperature of 500˚C was recorded after 
the 1st layer was deposited. This result could be due to the stable position of the 
thermocouple within the drilled hole. Any gap between the hole and the ther-
mocouple might allow the temperature to drop due to atmospheric air circula-
tion. The hole depth should be within the wall, not a through hole. Heating and 
cooling rates were measured from the slope of the graph. At thermocouple 2, 
the heating rate was 12.11˚C/sec, and the cooling rate was 2.76˚C/sec. An im-
portant point to take note of is that, despite the measured temperature being 
lower than the actual temperature, the material did undergo melting. It reached 
the critical temperature for phase transformation. 

Figure 4 shows the temperature-time profiles at 10 mm (thermocouple 1), 50 
mm (thermocouple 2) and 105 mm (thermocouple 3). The peak temperature 
was significantly higher at thermocouple 3 when compared to the peak temper-
ature at thermocouples 1 and 2. The temperature at positions 10 mm and 50 mm 
showed only subtle changes. The peak temperature at 105 mm reached 263˚C. At 
thermocouple 3, the heating rate was 10.11˚C/sec, and the cooling rate was 
1.91˚C/sec. Although the observed falls below the documented melting  
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Figure 3. Temperature-time profiles at 10 mm (thermocouple 1) and 50 mm (thermocou-
ple 2). 
 

point range of ER4043, which is stated to be between 574˚C - 632˚C [17], the 
obtained results exhibit a reasonable pattern. The peak temperature at 105 mm 
was significantly higher by 25˚C than at 50 mm in Figure 3, indicating that the 
heat accumulation as the deposited structure was constructed higher. The heat-
ing rate decreases by 2˚C/sec, and the cooling rate decreases by 0.85˚C/sec be-
cause heat accumulation reduces heat conduction. Similar findings were ob-
served by Gierth et al. [16]. 

3.2. Microhardness Variations 

The microhardness was measured from the top 10 layers of the deposited wall. 
The indentations were made across the ten layers, each 25 mm in height. This 
height is above the position of thermocouple 3 (105 mm). The microhardness test-
ing focused on the top 10 layers of the WAAM-deposited wall, as these layers rep-
resent the region most affected by cumulative heat input and reduced heat dissi-
pation as the build height increases. Table 2 lists the recorded Vickers microhard-
ness values. The highest and lowest values were 54.7 HV and 42.9 HV, respec-
tively. The average value was 50.2 ± 4.05 HV, with an 8.1% variation coefficient. 
An 8% standard deviation in scientific experiments is considered small [18]. There-
fore, the microhardness values at the top layers of the deposited structure have 
shown subtle variations. 

Figure 5 shows microhardness values from the heat-affected zone (HAZ) to 
layer 9 of the deposited wall. The data show that the microhardness values de-
crease in the HAZ towards the fusion zone, with the deposited layers ranging from 
121.2 HV to 52.2 HV. The microhardness of the deposited layers ranges from 50.1 
to 58.6 HV. These ranges of values show similar subtle microhardness variations 
of the top 10 layers of the deposited structure (refer to Table 2). At indentation 
point 20, the microhardness value dropped significantly to 32.8 HV. Microstruc-
tural observations were conducted in the HAZ and deposited layers to identify 
factors influencing microhardness. 
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Figure 4. Temperature-time profiles at 10 mm (thermocouple 1) and 50 mm (thermocou-
ple 2) and 105 mm (thermocouple 3). 
 

Table 2. The Vickers microhardness values along the 10 top layers of the deposited wall. 

No. X-axis Y-axis Horizontal length Vertical length Average length Hardness (HV) 

1 23.1 17.9 41.8 40.5 41.2 54.7 

2 23.1 18.7 42.0 41.8 41.9 52.7 

3 23.1 19.2 45.3 45.5 45.4 44.9 

4 23.1 23.9 43.2 43.6 43.4 49.2 

5 23.1 25.3 46.7 46.3 46.5 42.9 

6 23.1 26.9 41.1 42.8 41.9 52.7 

7 23.1 30.4 44.4 44.1 44.3 47.3 

8 23.1 32.5 43.8 42.4 43.1 49.9 

9 23.1 34.7 41.6 41.1 41.4 54.2 

10 23.1 37.8 41.1 42.6 41.8 53.0 

 

Figure 6 shows the microstructure of the deposited ER4043 and HAZ at the 
ER4043/ER6061 interface. The dendritic structures grow from the fusion line. 
HAZ shows the absence of dendritic structures. Precipitations were observed at 
HAZ and interdendritic regions (refer to Figure 7). EDX scanning was performed 
on the precipitations and has been identified to have a high weight % of Si. During 
the deposition process, the HAZ of the ER4043/ER6061 interface is subjected to 
critical temperatures for the alloy’s strengthening precipitates to partially or com-
pletely dissolve at these elevated temperatures. This dissolution of precipitates 
leads to a decrease in the microhardness in the HAZ compared to the unaffected 
substrate. The primary alloying elements of ER6061 are Mg and Si, whereas in 
ER4043, Si has the highest weight % (see Table 1). Si content can indeed affect 
microhardness. Si content can influence the microhardness of ER 6061 and ER 
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4043 by forming hard intermetallic compounds. In addition, when dissolved in 
the Al matrix, Si can contribute to solid-solution strengthening, thereby affecting 
microhardness. These results are consistent with Knapp et al.  

At the indentation point 20, the microhardness value was significantly reduced 
to 32.8 HV. The SEM micrographs in Figure 8 show that porosities were observed  
 

 

Figure 5. Vickers microhardness values from the heat-affected zone (HAZ) to layer 9 of the deposited wall. 
 

 
(a)                                                   (b) 

Figure 6. Microstructure (a) HAZ at the ER4043/ER6061 interface and dendritic growth at the fusion zone (b) dendritic structure 
at the fusion zone of the ER4043 deposited layers. 
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(a)                                                   (b) 

Figure 7. (a) SEM micrograph showing precipitations. EDX analysis indicates the precipitations have high Si content. 
 

at that point. Porosities are essentially voids within the material. These voids do 
not contribute to the load-bearing capacity of the alloy and can act as stress con-
centrators. As a result, areas containing porosities are weaker than the surround-
ing material, leading to reduced microhardness in the affected regions. This find-
ing agrees with Fu et al. [7], who observed reduced porosity at a high deposition 
rate for hot-WAAM of 2024 aluminium alloy. 

Image analysis of SEM micrographs revealed that porosity within the WAAM-
deposited ER4043 structure is characterised by an average pore size of approxi-
mately 4.9 µm and an estimated volume fraction of about 3.5%. These voids sig-
nificantly compromise the material’s integrity, as demonstrated by the microhard-
ness measurements: regions affected by porosity exhibited a hardness of only 32.8 
HV, compared to an average of 51.4 HV in unaffected areas. This substantial re-
duction confirms that porosity acts as a stress concentrator, reducing the alloy’s 
load-bearing capacity and resulting in weaker mechanical performance. The 
quantitative evidence strongly supports the claim that porosity is a critical factor  
 

 

Figure 8. SEM micrograph of porosities observed at indentation 
point 20 causes microhardness reduction. 
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influencing hardness and highlights the need to optimise processes to minimise 
void formation during WAAM deposition. 

The relationship between thermal conditions and microhardness in the WAAM-
deposited ER4043 structure was analysed. The analysis revealed that higher peak 
temperatures tend to increase the hardness, likely due to enhanced phase trans-
formation and the silicon precipitation effect [14]. Conversely, a faster cooling 
rate evidently reduces hardness, possibly by limiting the formation of strengthen-
ing phases and promoting porosity [7]. These findings confirm that thermal pro-
files significantly influence the mechanical properties of WAAM builds and high-
light the importance of controlling heat input and cooling behaviour to achieve 
consistent microhardness. 

4. Conclusions 

The heating rate, cooling rate, Si-rich intermetallic phase, and porosity are the 
dominant factors affecting the microhardness of the ER4043-deposited wall. This 
research shows the temperature-time profile of the new layer reached 263˚C. After 
42 layers, the temperature of the beneath layers did not exceed 200˚C. These tem-
perature profiles suggest that the heat flow behaviour has changed substantially as 
the wall structure has been built higher above the substrate, with a decreased rate 
of heat loss. However, the results were compromised by the thermocouple's insta-
bility within the drilled hole. The peak temperature at 105 mm was 25˚C higher 
than at 50 mm, indicating that heat accumulation increased as the deposited struc-
ture was constructed higher. The heating rate decreases by 2˚C/sec, and the cool-
ing rate decreases by 0.85˚C/sec due to heat accumulation, which reduces heat 
conduction. 

Despite the measured temperature being lower than the actual temperature, the 
material still melted. It reached the critical temperature for phase transformation. 
The critical temperature causes partial or complete dissolution of Si precipitation 
in the HAZ, leading to a decrease in microhardness from 121.2 HV to 52.2 HV. Si 
precipitations were observed at the interdendritic regions. Areas containing po-
rosity are weaker than the surrounding material, reducing the microhardness to 
32.8 HV. The most important finding of this study is that dynamic temperature 
fluctuations during the WAAM process alter the phase transformation of the 
ER4043-deposited material, thereby affecting microhardness variations. This re-
search improves process optimisation and control by revealing the significant im-
pact of heat accumulation on WAAM deposition. 
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