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Abstract 

Aerospace flight panels must provide high strength with low mass. For aluminum panels, it is common practice to begin with a wrought plate 
and remove the majority of the material to attain the desired structure, comprising a thinner plate with the desired pattern of reinforcement ribs. 
As an alternative, this study implements hybrid manufacturing, where aluminum is first deposited on a baseplate only at the rib locations using 
additive friction stir deposition (AFSD). Structured light scanning is then used to measure the printed geometry. This geometry is finally used as 
the stock model for computer numerical control (CNC) machining. This paper details the hybrid manufacturing process that consists of: AFSD 
to print the preform, structured light scanning to generate the stock model and tool path, three-axis CNC machining, and post-process 
measurements for part geometry and microstructure. 
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1. Introduction 

Metal additive manufacturing (AM) includes beam-based 
technologies, such as powder bed fusion and directed energy 
deposition, as well as wire arc AM. For these processes, the 
metal powder or wire is melted using a high intensity heat 
source and deposited in a layer-by-layer fashion. The gross part 
geometry is dictated by the computer model fed to the printer, 
while the microstructure is established during the subsequent 
solidification and cooling, ultimately dictated by the local 
temperature gradient and cooling rate [1]. An alternative non-
beam-based, solid-state additive process is provided by additive 
friction stir deposition (AFSD) [2-5]. In this case, no melting 
occurs, and the geometry and microstructure are defined by the 
kinetic energy introduced by the AFSD process. In this sense, 
AFSD microstructure depends on thermomechanical, rather 
than solidification, mechanisms. Research efforts have included 

the study of microstructure and its relationship to mechanical 
properties and operation parameters [6-15]. Deposition 
materials have included aluminum, magnesium, copper, and 
steel alloys [16-20], for example. Repair and cladding [21-24], 
effect of alloy temper [25], fatigue behavior [26], process 
modeling [27], and force/temperature control [28] have also 
been examined in the literature. 

The AFSD process is described in Fig. 1. The feedstock is a 
square metal rod (e.g., wrought material). It is forced through 
the rotating spindle against the baseplate to generate frictional 
heat, which softens the feedstock sufficiently to cause plastic 
flow and, ideally, a metallurgical bond with the existing 
material. The printed material is constrained axially by the gap 
between the rotating tool and baseplate (approximately 2.5 
mm). In the lateral direction, there is only friction between the 
plastically flowing material and the tool (on the top) and 
baseplate (on the bottom). For this reason, flash can occur at 
the outer portions of the layer. The tool is translated parallel to 
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the base plate with a selected feed rate to print the layer. For 
subsequent layers, material is deposited on the previous layer 
so the microstructure for the previous layer is affected by the 
plastic deposition from the new layer. 

The intent of this paper is to combine AFSD with metrology 
to identify a work coordinate system and computer numerically 
controlled (CNC) machining to produce the final geometry and 
surface finish. The ability to meet the designer’s intent for 
geometry and finish is essential when applying AM processes 
to produce preforms. A persistent challenge is transferring the 
coordinate system from the AM to machining processes to 
ensure that the design is captured within the preform and the 
machining tool paths are selected to reveal this geometry. This 
paper provides a case study that demonstrates each step. 
 

Fig. 1. AFSD description. 

2. Hybrid manufacturing steps 

To approximate an aerospace flight panel, a ribbed structure 
with a center hole and boss was designed; see Fig. 2 (left panel), 
where the ribs are 12.7 mm wide and 10.2 mm tall. The preform 
was fabricated using a MELD Manufacturing L3 machine to 
deposit 6061-T6 aluminum square rod with a side length of 9.5 
mm onto a 6061-T6 aluminum baseplate. To enable deposition, 
the AFSD tool paths were generated. These included four 
overlapping C-shaped paths and a central cylinder that were 
printed in five layers. The total thickness of the five-layer 
deposition was 12.7 mm. The preform is displayed in Fig. 2 
(the top panel shows the dimension) and the operating 
parameters are provided in Table 1. In this table, start and final 
spindle speeds are identified for each layer. These indicate the 
spindle speeds at the beginning and end of each path. Because 
heat is generated by both friction and plastic deformation, the 
temperature increases throughout the path which, 
subsequently, decreases the yield strength of the wrought stock 
being deposited. To maintain an approximately constant 
spindle torque throughout each path, the spindle speed was 
decreased manually to reduce the heat input. 

Table 1. AFSD operating parameters. 

Layer Start 
spindle 

Final 
spindle 

Tool feed rate 
(mm/min) 

Material feed 
rate (mm/min) 

speed 
(rpm) 

speed 
(rpm) 

1 300 275 102 152 

2 300 275 102 152 

3 275 275 152 168 

4 275 250 142 183 

5 275 225 142 198 

 

Fig. 2. (a) CAD model of panel. (b) 6061 aluminum preform. (c) Scanned 
preform model. 

 
The printed preform was measured using a GOM ATOS Q 

structured light scanner. The scan model was imported into 
computer aided manufacturing (CAM) software, where it was 
used as the stock model for toolpath generation. The scan 
model was aligned with the computer aided design (CAD) 
model of the ribbed aerospace panel and the coordinate system 
was assigned using the corner of the baseplate; see Fig. 2 (c). 
This approach enabled the tool paths to be generated using the 
preform and to ensure that the CAD model was contained 
within this volume. When the part was transitioned to the CNC 
machining center, the coordinate system was conveniently 
identified using the touch probe (located in the machine 
spindle) and standard probing cycles. Once the origin and axes 
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were identified, a coordinate rotation was completed in the 
CNC part program to align the machining axes to the part axes 
established in the CAM program. This also eliminated a 
lengthy stock alignment procedure on the machine table. It was 
simply placed in approximately the correct orientation (i.e., the 
preform x axis was nominally aligned with the machine x axis) 
and then the probing cycle was performed to complete the final 
alignment through the coordinate rotation. 

To select optimal machining parameters, the frequency 
response functions (FRFs) of each cutting tool were measured 
using impact testing. Here, a modal hammer (PCB model 
086C04) was used to excite the tool tip and the response was 
measured by a low-mass accelerometer (PCB model 352C23). 
The FRFs were used to generate stability maps, which enabled 
the selection of optimal, stable machining parameters [29-30]. 

Once the machining parameters and toolpaths were selected, 
the preform was clamped to the table of a Haas VF-4 three-axis 
CNC milling machine. As noted, the part was then probed with 
the machine’s touch trigger probe to locate the part and align 
the machine coordinate system with the CAM coordinate 
system using a coordinate rotation [31-33]. Facing, contour 
milling, and boring operations were all implemented to create 
the ribbed structure with a hole and boss in the center. The 
machining operations are summarized in Table 2 and the CAM 
toolpaths are displayed in Fig. 3. 

Table 2. CNC milling operations and parameters. 

Operation Tool Spindle speed 
(rpm) 

Feed (mm/min) 

1. Face the top 
surface 

76.2 mm 
diameter, 8 
insert 
facemill 

5000 2032 

2. Rough contour 
inner pocket 

19.05 mm 
diameter, 3 
flute endmill 

7000 1600.2 

3. Finish contour 
inner pocket 

6.35 mm 
diameter, 3 
flute endmill 

7700 320.0 

4. Miller center 
hole 

19.05 mm 
diameter, 3 
flute endmill 

7000 1600.2 

5. Rough contour 
outer profile 

19.05 mm 
diameter, 3 
flute endmill 

7000 1600.2 

6. Finish contour 
outer profile 

19.05 mm 
diameter, 3 
flute endmill 

7700 320.0 

 

Fig. 3. CNC milling operations from Table 2. 
 

Fig. 4. Comparison of (a) scan model and (b) CAD model using (c) best fit 
model to determine part errors. 

3. Results and discussion 

Each step in the hybrid manufacturing process was 
completed with the expected results. The AFSD toolpaths 
deposited material in the desired locations on the baseplate. 
The structured light scan provided a stock model for the CAM 
software that was used to set a coordinate system and define 
the toolpaths required to remove the excess material. Stable 
machining conditions were observed using the optimized 
parameters obtained from tap testing. In summary, the 
structured light scanning strategy to provide a CAM stock 
model and local coordinate system was successfully 
implemented. 

One advantage of the hybrid manufacturing approach is 
reduced material use and removal (by machining). If the part 
had been machined from wrought plate stock, the required 
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starting volume would have been 3539 cm3. In comparison, the 
preform volume (i.e., the baseplate and printed material) was 
3163 cm3. This represents a material savings of 376 cm3, or 
10.6%, by the hybrid approach. Note that the baseplate 
comprised 2360 cm3 of this total volume. Neglecting the 
baseplate, the “top” wrought volume that contained the ribs and 
boss was 1180 cm3 and the printed volume was 804 cm3. The 
376 cm3 volume savings is now 31.9% of the “top” wrought 
volume. If machining from the full wrought plate, the amount 
of material to be removed would have been 1090 cm3 to obtain 
the final geometry. Machining the printed preform, on the other 
hand, required 714 cm3 to be removed. The difference is again 
376 cm3 for a reduction in material removal volume of 34.5%. 

To quantify the geometric fidelity of the machined part, 
measurements were completed using the structured light 
scanner [34]. The scan results were compared to the CAD 
model by creating a best fit alignment and observing the 
differences; see Fig. 4. The alignment showed a maximum 
deviation of 0.25 mm from the CAD model; see Fig. 5, where 
red indicates extra material and blue less material than desired. 
Higher accuracy is generally expected for machining 
components, so future work is necessary. One potential cause 
of these deviations is the release of internal stresses during the 
machining process. In follow-on testing, measurements will be 
performed before deposition, after deposition, and after 
machining to record any part distortion. 
 

Fig. 5. Difference map between CAD and scan models. 

 
Finally, sections were cut from the machined part by water 

jet to characterize the as-deposited microstructure obtained 
from the AFSD process. Two sections were studied. These 
included the overlap region of two C-shaped paths (labeled 
tracks 1 and 2 in Fig. 6) and a standalone region from the 
middle of track 1. In Fig. 6, track 1 (red arrows) was deposited 
first and track 2 (white arrows) was deposited second; the 
circular arrows indicate the tool rotation direction for each 
track. The overlap sample (white box) extended across the full 
width of the overlap region between the two tracks and was 
oriented normal to the overlap interface. The standalone sample 
(red box) extended across the width of the track 1 and was 
oriented normal to the tool feed direction. Both samples were 
polished and then etched with Weck’s reagent for optical 
microscopy. 

The etched cross section of the overlap region is displayed 
in Fig. 7, where the upper boundary within the image identifies 
the cross-sectional geometry of the machined rib and the 

baseplate location is seen as the horizontal intersection. The 
baseplate region (at the bottom), track 1, and track 2 are 
individually labeled. In addition, the build direction (i.e., 
bottom to top layers) and the advancing side (AS) and 
retreating side (RS) of the deposition are labeled. The 
advancing side occurs where the peripheral velocity of the 
rotating tool adds to the tool feed rate, while the retreating side 
occurs where the peripheral velocity is opposite the tool’s feed 
direction. In Fig. 7, three zones (A, B, and C) are highlighted 
for higher magnification images and the boundary between 
tracks 1 and 2 is shown as a dashed line as a guide to the eye. 
 

Fig. 6. Standalone (track 1) and overlap (tracks 1 and 2) regions for 
microstructure evaluation. The dots on the part are targets for structured light 

scanning. 
 

Fig. 7. Overlap region (tracks 1 and 2) microstructure. 

 
Optical micrographs for zones A, B, and C, as well as the 

wrought baseplate are shown in Figs. 8-11 for the overlap 
region between tracks 1 and 2. In each figure, the top image 
shows a lower magnification and the bottom image shows a 
higher magnification of the microstructure for each zone. It is 
observed that the baseplate microstructure (Fig. 8) exhibits 
elongated features in the horizontal direction due to the rolling 
operation used to form the plate. The interface between the 
deposition and baseplate is seen at location A, where the 
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baseplate microstructure has clearly been modified by the 
deposition process. At location B, a wedge-shaped feature is 
seen due to the interaction of track 2 and baseplate. Location C 
shows a uniform, fine grain microstructure in the deposited 
material due to the severe plastic deformation for the AFSD 
process. 
 

Fig. 8. Individual images for zones in overlap region (tracks 1 and 2): 
baseplate. 

 

Fig. 9. Individual images for zones in overlap region (tracks 1 and 2): location 
A, track 2 interface from Fig. 7. 

 
The etched cross section of the standalone (track 1) region is 

shown in Fig. 12. In this figure, the baseplate region, deposit 
region, and advancing and retreating sides are labeled; the tool 
feed direction proceeded out of the image plane during 
deposition. Optical micrographs for zones A, B, and C, as well 
as the wrought baseplate are shown in Figs. 13-16. The 
interface between the deposition and baseplate is shown for 
location A, where the baseplate microstructure is distinctly 
different before and after deposition. At location B, a wedge-
shaped feature is again seen at the baseplate-deposit interface. 
Location C shows a uniform, fine grain microstructure for the 
deposited material. Further characterization of the 
microstructural changes in the base plate, interface features 

observed in both regions, and hardness properties will be 
conducted to understand the effect on behavior of the final part. 

 

Fig. 10. Individual images for zones in overlap region (tracks 1 and 2): 
location B, track 2 interface from Fig. 7. 

 

Fig. 11. Individual images for zones in overlap region (tracks 1 and 2): 
location C, track 1 deposit from Fig. 7. 

 

Fig. 12. Standalone region (track 1) microstructure. 
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Fig. 13. Individual images for zones in standalone region (track 1): baseplate. 

 

Fig. 14. Individual images for zones in standalone region (track 1): location 
A, interface from Fig. 12. 

4. Conclusions 

This paper described the combination of AFSD, structured 
light scanning, and CNC machining in a hybrid manufacturing 
scenario. The demonstration part was an aluminum aerospace 
flight panel, although the material and application are not 
limited to this domain. The AFSD material demonstrated 
machinability similar to wrought aluminum.  The structured 
light scanning procedure provided an accurate stock model for 
the CAM software, while also ensuring the desired part 
geometry was contained within the printed preform. Tool tip 
FRF measurements enabled the selection of optimal machining 
parameters. Post-process measurements were used to compare 
the final part with the intended CAD design and evaluate the 
microstructure of the baseplate and deposited material. 
Ultimately, this work demonstrated a hybrid manufacturing 
approach that leverages AFSD, metrology, and machining to 
provide a new option for the production of aerospace flight 
panels, as well as other metallic components traditionally 
obtained from wrought plate, castings, or forgings. 

Future work will focus on predictive modeling to describe 
deposition outcomes (microstructure and mechanical 
properties) as a function of AFSD operating parameters, 
deposition material (i.e., the wrought stock), and post-
deposition heat treating. Given this modeling approach, a 
digital twin for hybrid manufacturing by AFSD, structured 
light scanning, and CNC machining will advance capabilities 
for both defense and commercial applications. 

 

Fig. 15. Individual images for zones in standalone region (track 1): location 
B, interface from Fig. 12. 

 

Fig. 16. Individual images for zones in standalone region (track 1): location 
C, deposit from Fig. 12. 
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