








This was done so that the orientation of the torch would provide the maximum support to the weld 
pool and guide it down the vertical sections. Two interesting observations were made during this 
build: first, while the vertical sections showed great improvement in the top surface topology, the 
horizontal sections were no longer perpendicular to the base plate. It can be seen in Figure 7 that 
the top and bottom sections are tilted downward due to the gravitation effect on the weld pool.  

Secondly, the top surface of the horizontal sections of this part exhibit the wavy behavior 
seen in the vertical sections seen previously. To determine why the new torch angle caused this 
behavior in the horizontal sections of the test part, an experiment was developed to isolate just a 
single bead welded in the horizontal section. In this experiment, several beads were welded across 

Figure 6: Result of the torch angle sweep test. The angles below show the torch angle relative to 
the base plate at each vertical line drawn on the plate. 

Figure 7: Images of the weld pool during the torch sweep test. The green line represents the 
starting position of the wire electrode while the red line shows the current position of the wire in 
each frame. 
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a base plate set at 45º and the torch angle was varied across the entire bead from being aligned 
with the vertical orientation at the weld start, to being perpendicular to the base plate at the 
midpoint, and finally ending with the torch almost parallel to the base plate (see Figure 8). 

Using the filtered CCD camera pointed at the weld pool, it was seen that the wire electrode 
moved with the weld pool downhill at the start and end of each weld bead (see Figure 9). Each 
weld pass of this experiment was programmed along the line directly above the weld bead that was 
produced. This shows that at all torch angles, some amount of shift in the weld bead was present, 
with the least amount of shift occurring when the torch was perpendicular to the base plate. 

This result, coupled with the result of the vertical sections when the torch was at 50º from 
perpendicular, led to a final, more complex part seen in Figure 10. In this part, a gravity aligned 
base was first built so as to reach a thermal steady state in the part. Then a transition zone was built 
using a stair step method to create the surface for the non-gravity aligned section of the part. 
Finally, in the non-gravity aligned section, the torch angle was set to be perpendicular to the base 
plate in the horizontal sections, and 50º from perpendicular in the vertical sections. Through the 
corners, a linear torch angle sweep was used to transition between the two torch angles. 

Figure 8: Complex part printed in open-loop based on previous results using different torch 
angles for the vertical and horizontal sections. 

Figure 9: Overhangs printed in the horizontal welding direction with overhang angles of (a) 45° , 
(b) 55° , (c) 65° , (d) 75° , (e) 85° , (f) 95° , and (g) 105°  measured from vertical 
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In further testing the limits of NGA printing, further tests in an isolated horizontal welding 
direction were performed. In each of these tests, a 4-inch vertical wall was built with a 4-inch 
section of overhang stemming from the top of the vertical wall. Each part was built using the 
knowledge gained from the previous experiments, particularly that for the horizontal welding 
direction, it is ideal to keep the welding torch perpendicular to the overhang angle. 

The results of this series of tests can be seen in Figure 11. This clearly shows the 
capabilities of NGA printing in building large in the horizontal direction. It was seen that as the 
overhang angle increased, the surface waviness of the underside of the overhang section did 
increase (see Figure 12). It is believed that this occurred due to some minor drooping of the weld 
pool. As these parts were built in open loop control, it is believed that by closing the loop on 
controlling the shape and drooping of the weld pool in the NGA orientation, that this surface 
waviness may be minimized. 

Conclusions 

Throughout these builds, several key issues have been identified as elements of the WAAM 
process that need to be controlled to produce good quality, near-net shape parts. The first is the 
layer height throughout the part. It has been observed that there are two distinct stages of the build 
between which, if not controlled, the height of the weld bead changes. These two stages are an 
initial transient stage which lasts for approximately the first 10-15 layers of the part (depending on 
its size) and a steady state stage, as shown in Figure 5. In the initial transient stage, the layer height 
is typically higher than that of the steady state stage due to a lower overall temperature of the total 
part. When the part reaches steady state, the temperature of the previous layer remains higher than 
during the initial transient stage, which causes the weld pool to flow more than in the initial 
transient stage which results in a slightly flatter, wider bead. 

The issue of layer height also indicates another important issue that should be controlled 
during the WAAM process, the overall thermal evolution of the part. By monitoring and 
controlling the overall thermal evolution of the part, the efficiency of the WAAM process increases 
as, rather than relying on a experimentally determined amount of time to elapse before starting the 
next layer, the surface temperature of the part can be used to trigger the start of the next layer. This 
allows for more consistency in the height of the layers and will prevent part meltdown. 

Figure 10: Undersides of the overhang sections for the (a) 45° , (b) 75° , and (c) 105°  
overhang parts 
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 Finally, the geometric state of the weld pool must be controlled to ensure the creation of a 
near-net shape part for parts that include a large overhang. As seen in the test parts built at 45º, 
different welding directions require different torch angles to effectively create the desired 
geometry. The horizontal overhang parts further demonstrate the capabilities of NGA printing as 
well as the need for closed loop control to mitigate the surface waviness seen on the underside of 
the overhanging surfaces. 
 

 Through the experimentation already performed, some initial heuristic rules have been 
developed to assist in the part planning process. But these rules are not fully sufficient as the open-
loop parts produces above are close to near-net shape, but not fully acceptable. By closing the loop 
on these three issues, these parts can be produced with higher geometric tolerance and increasing 
the level of part complexity possible with WAAM technology. 
 

References 
 

1. Frazier, W.E., Metal Additive Manufacturing: A Review. Journal of Materials 
Engineering and Performance, 2014. 23(6): p. 1917-1928. 

2. Nycz, A., et al. Large Scale Metal Additive Techniques Review. in Solid Freeform 
Fabrication. 2016. Austin, Tx. 

3. Williams, S.W., et al., Wire + Arc Additive Manufacturing. Materials Science and 
Technology, 2016. 32(7): p. 641-647. 

4. Nycz, A., et al. Challenges in Making Complex Metal Large-Scale Parts for Additive 
Manufacturing: A Case Study Based on the Additive Manufacturing Excavator. in Solid 
Freeform Fabrication. 2017. Austin, TX. 

5. Xiong, J., et al., Fabrication of inclined thin-walled parts in multi-layer single-pass 
GMAW-based additive manufacturing with flat position deposition. Journal of Materials 
Processing Technology, 2017. 240: p. 397-403. 

6. Kazanas, P., et al., Fabrication of geometrical features using wire and arc additive 
manufacture. Proceedings of the Institution of Mechanical Engineers, Part B: Journal of 
Engineering Manufacture, 2012. 226(6): p. 1042-1051. 

7. Engineers, A.S.o.M., Boiler and Pressure Vessel Code, in SECTION IX 
QUALIFICATION STANDARD FOR WELDING, BRAZING, AND FUZING 
PROCEDURES; WELDERS; BRAZERS; AND WELDING, BRAZING, AND FUSING 
OPERATORS - WELDING, BRAZING AND FUSING QUALIFICATIONS. 2019, 
American Society of Mechanical Engineers: New York, NY. 

 

 1811




