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Abstract: Thin-walled features can be difficult to produce with traditional machining methods which
often rely on excess stock material for stiffness. This challenge is increased in hybrid manufacturing
where the feature is already near net shape before machining. Significant workpiece deflection can
result in poor geometric and surface finish tolerances on the finished part. A potential solution to
this problem is to implement sacrificial support structures to the as-printed geometry. The supports
are then machined away during the finishing portion of the hybrid process. In the present work,
several different design parameters for these sacrificial supports were evaluated to determine their
impact on the quality of representative thin wall geometry samples. The angle, height, and spacing
of triangular support structures were varied for each sample and then machined and examined. The
addition of these supports relative to an unsupported configuration provided a deflection reduction
of around 0.2 mm. Surface roughness was improved by approximately 1.5 um. Increasing values of
support height were found to correspond to reduced wall deflection. Similarly, decreasing values of
support angle and support spacing improved geometric accuracy. Efficiency comparisons showed
that increases in print time corresponded to rapidly diminishing gains in geometric accuracy but
continued to improve surface roughness. Implications for hybrid finishing of additively manufactured
thin-walled structures is briefly discussed.

Keywords: hybrid manufacturing; thin wall machining; DED process; additive manufacturing;

machining deformation

1. Introduction

Hybrid manufacturing offers the potential to produce parts with increased complexity
and lower waste material while maintaining a high level of dimensional accuracy. The
machining of additively produced parts is often unchanged from methods used on cast or
forged components. Thin walls with a height to width aspect ratio greater than 10:1 are
often difficult to accurately machine due to large workpiece deflection from thrust and
cutting forces applied during machining. A variety of works have been completed to model
the magnitudes of this deflection, but typically ranges from 0.01 mm to 0.3 mm in size [1-3].
Additionally, the low stiffness of the wall itself readily results in chatter regardless of tool
stiffness [4,5]. Chatter leads to a poor surface finish on the machined wall and reduced
tool life.

The challenges that thin wall machining present have been noted and researched
for some time [6-8]. Traditionally, the solution is to maintain as much stock material as
possible during machining using a “step-down” approach [9]. Reduced shank tooling and
high-speed machining are also used to prevent rubbing on previous steps of the wall and
decrease forces [6,10]. However, for hybrid manufacturing this method is counterintuitive
to implement. The near-net shape features produced using additive manufacturing do
not provide the excess structural support to implement the step-down method. Printing
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the feature much thicker than the desired shape would solve this but would also negate
the material savings benefits offered by additive and would likely greatly increase the
deposition time required for a given component.

In order to prevent the deflection and chatter problems that arise when machining
thin walls, a variety of different solutions have been proposed to compensate for deflection
digitally. Wang et al. [11] used an algorithm to build on typical step-down machining by
optimizing the material removal steps in order to maximize stiffness throughout the process.
A block of the material to be removed is subdivided into sections by the algorithm to
determine the stiffest material removal order. The experimental results showed significant
reductions in deflection over the baseline step-down method. Koike et al. [12] used a
similar method, however the orientation of the tool was also considered in the algorithm.
Tool orientation was varied in order to direct the cutting force vector in the direction of
highest stiffness on the part. This method took significant time to calculate but saw a
roughly 10N reduction in cutting forces. However, these two methods rely on the use
of the existing stock to maintain stiffness, which is not present in near-net shape hybrid
components. Ratchev et al. [13] used finite element analysis to predict the deflection of
a workpiece with a theoretical force model. Later, Ratchev et al. [14] used this model to
implement modified tool paths to compensate for the geometric error produced due to wall
deflection. Cutting points were taken along the tool path and correlated with the predicted
finite element analysis (FEA) model deflection to generate modified cutting points to build
the compensated tool path. Using this method, the thickness error was reduced by roughly
0.3 mm on an aluminum wall with a 24:1 height to width ratio. Ge et al. [15] bypassed
the need for FEA modelling and used in-process probe measurements on thin webs after
performing a semi-finishing pass to obtain geometric error. The error was then filtered and
used to generate modified tool paths to correct for the error. These processes assist in the
reduction of geometric error on thin walls but do not help to compensate for chatter which
leaves the possibility of poor surface finishes. Budak et al. [16] used FEA to determine the
frequency response function of a part during machining to attempt to avoid chatter. The
frequency response function (FRF) was determined initially and then modified based on the
material removed from the part. The FRF was then used to create stability lobe diagrams
for parameter adjustment enabling small blades to be finished with relatively little chatter.
Tang and Liu [1] used a three-dimensional version of the stability lobe diagram to find that
a larger exit immersion angle correlated to an increased stable material removal rate (MRR)
for thin walls. The relatively constant bead width produced from additive manufacturing
makes it difficult to significantly alter the cutting depths in hybrid manufacturing without
printing excess material.

In addition to path planning compensation, there has also been significant work to look
at alternative ways to fixture thin wall parts to dampen chatter and minimize deflection.
Support fixtures have the benefit of not requiring complex computational models but
are often part specific and require additional steps in the manufacturing process. Smith
et al. [17] machined sacrificial structures during the roughing of thin walls to increase
the stiffness of the walls during finishing passes. Several different support schemes were
modelled using FEA to determine effectiveness. Two thin wall enclosures were then
machined using this technique. FEA results from this work showed that with a single-sided
buttress only roughly 50% of the material needed to be machined away. This work showed
the potential to use sacrificial structures to minimize geometric error and surface finish
but did not look at the specific details of the problem. Zeng et al. [18] developed a model
taking into account workpiece vibrations to determine where fixtures should be located on
a particular structure to dampen vibrations on thin walls. Each side of a square thin-walled
structure was split into 36 sections to establish which sections would require an external
fixture to minimize vibrations during machining. Kolluru et al. [19] used a similar approach
but used tuned masses and neoprene sheets attached at regular intervals to a thin-walled
cylinder to reduce milling vibrations. FEA and impact testing were used to determine
appropriate masses to attach to the thin wall. In the machining experiment, vibrations
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were reduced 4.2 times compared to the neoprene sheet alone. Kolluru and Axinte [20]
later found that the adhesive used for mounting the masses proved difficult to remove
after machining. In response, a torsion-based fixture was created to push against the thin
cylinder to improve stiffness. This was found to be easier to implement and improved
upon the vibration reduction found with the previous method. In addition to these works,
there are also existing methods for improving the rigidity of parts such as using wax for
fixturing the component [21]. Wax has a relatively low melting temperature and can be
poured over the thin wall and the thin wall can then be machined normally. However, this
requires a method of containing the wax around the thin wall and requires additional post
processing to remove the remaining wax after machining. Additive byproducts such as
spatter from wire-arc or unmelted powder from blown powder would likely contaminate
the wax and limit reusability as well. Taking this concept further, Jiang et al. [22] used
magnetorheological fluid in a magnetic field as a damping medium. The part was fixtured
in a container and the fluid was poured around the part and solidified. Post process
removal of the magnetorheological fluid would likely be easier than wax fixturing but
would remain a necessary additional step.

Instead of the potential solutions described previously, this work will propose the
use of sacrificial structures incorporated into the additive process to increase the stiffness
of thin-walled features which should enable these features to be machined with higher
geometric accuracy and lower surface roughness without greatly diminishing the waste
material reduction offered by hybrid manufacturing. This method would not require extra
steps during the machining process which would aid in minimizing the need for operators
to interact with the machine. The intent of this work is to experimentally determine if
implementing sacrificial support structures into the design of thin-walled features produced
using hybrid manufacturing results in thin walls that are closer to a desired geometry with
a lower surface roughness relative to thin walls without support structures.

2. Methodology

Three different support parameters were studied and their impact on the quality of
the resulting thin wall evaluated. These parameters relate to the sample geometry shown
in Figure 1. The condition sets to be evaluated are shown in Table 1. The first parameter
investigated was support angle (). It was assumed for these experiments that a triangular
support will be the most practical shape to apply as a support, however the angle of the
triangle must be investigated. The second parameter to be varied was support height (H).
A sufficiently short thin wall may have a low enough deflection such that supports are
unnecessary. Similarly, if the sacrificial supports limit deflection enough, that they would
not be needed for the full height of the wall. The third parameter was the spacing used
between each support (L). If only a single mode of deflection perpendicular to the thin
wall is considered, theoretically only a single set of supports would be required for a given
feature. However, the effect of torsion on a 3D wall requires a look at how the part will
deflect when the spacing between supports is varied. All of these parameters ultimately
corresponded to a variation in print time and the final quality of the finished thin wall due
to the resistance of machining forces.

Table 1. Experimental conditions tested for sacrificial support structures.

Condition Unsupported Sacrificial Supports
Angle («) (°) - 45 65 85 65 65 65 65
Spacing (S) (mm) 30 30 30 30 10 50 30 30
Height (H) (mm) - 30 30 30 30 30 10 20

Thickness (T) (mm) 0.5 0.5 0.5 05 05 05 05 05
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Figure 1. Illustration of three parameters to be tested in the experiment with H representing the
height of the support, S representing the distance between each support, T is the fixed thickness of
the wall, and « representing the angle of the support measured from the horizontal.

In order to test the impact of these three parameters on the quality of the machined
thin wall, 24 samples were produced. Three unsupported walls were printed and machined
to serve as the baseline for the experiment. These three samples were 30 mm in length and
30 mm in height. In the as-printed condition, the thin walls averaged at 1.46 mm thick
and were machined to a nominal thickness of 0.5 mm. This provided an aspect ratio of
60:1 which would readily produce typical problems expected with thin wall machining.
A thickness of 0.5 mm was chosen to ensure that a continuous surface was obtained after
machining. If less material was removed, samples with high geometric error would be
found where the as-printed surface would still be visible near the top of the wall. The
impact of support angle was tested by producing thin walls with triangular supports with
angles of 45°, 65°, and 85°. The angle was measured between the hypotenuse of the right
triangle and the build plate. Three samples were produced for each angle to account for
potential error. Each sample remained 30 mm in length and height. To test the effect of
support height, 65° triangular supports were implemented as before, but instead varied
between 10 mm, 20 mm, and 30 mm in height. The thin wall remained 30 mm in height and
length. Finally, the effect of support spacing was tested by producing samples with varying
distance between each support. Each of these sample used 65° supports that extended to
the 30 mm height of the wall and the wall length was varied at 10 mm, 30 mm, and 50 mm.

After machining each sample, excess build plate material was cut away from the thin
wall using a bandsaw. The surface roughness was collected using a contact profilometer and
the geometry was measured using a coordinate measuring machine. Data was primarily
collected near the top of the wall as the highest deflection was consistently found to
occur at the top of the wall and can be assumed to be the worst-case scenario location for
each sample.

The machine used for production of the hybrid thin walls and sacrificial support
structures was a Mazak VC-500AM. This machine is based on the Mazak VCU-500 5-axis
machine in combination with a 1 kW IPG Photonics fiber laser and Oerlikon powder
hopper units for blown powder DED processes. The material used for the sacrificial
support structure experiments was 316 L stainless steel. Specifically, Carpenter Additive
LPW-316-AAAW powder was used. The composition of this powder is shown in Table 2.
This powder has a size distribution of 44-106 um. This material was chosen primarily due
to its availability and prior use on the VC-500AM. The sensitivity of changing geometric
parameters of sacrificial support structures should readily transfer between materials while
the scale of geometric error should be expected to vary.
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Table 2. Additive powder chemical composition.

C Cr Cu Fe Mn Mo N Ni (@] P S Si
Min wt% 0 17.5 0 Bal 0 225 0 125 0 0 0 0
Max wt% 0.03 18.0 0.5 Bal 2 25 01 13.0 0.1 0.025 0.01 0.75

Each of the 24 samples were machined using the same toolpath to ensure a reasonable
comparison between changes in support structure variables. All samples were machined
using the same VC-500AM machine that was used to print the samples. Due to the relatively
small amount of material to be removed from the thin wall only a single rough/finish pass
was used for each step. Down milling was used for all machining paths. The support
structures were machined along a path parallel to the support itself with the tool slightly
offset from the support. Initial sample machining paths where the tool followed a path
colinear with the support structure failed due to the support structure bending over during
machining. This was likely due to the cutting forces applied directly perpendicular to the
support itself. Offsetting the toolpath to the side of the support allowed the cutting forces
to be applied in a direction of higher strength for the support and prevented support failure.
Figure 2 below shows the steps followed during the machining of two steps during the
machining process.

AAA

Figure 2. Machining process for thin walls: (a) sections of supports are removed. (b) section of wall

is machined. (c) sections of supports on opposing side of wall are removed. (d) section of wall is
machined on opposing side of wall.

Prior to machining the face of each thin wall, the support material for a given step was
machined away to attempt to minimize an increase in radial depth of cut while machining
the face of the thin wall. This process is shown in step a, ¢, e, and g of Figure 2. The
radial depth of cut (Rd) still increased by approximately 1 mm when milling the wall
face at locations coincident with the support structures and resulted in different surface
finishes and geometry at the edges of each sample. No measurements were taken from
the edges of any of the samples to account for this potential source of error. The ends and
top surface were not machined as these surfaces were not the focus of this experiment.
Several initial test samples were machined on the top face of the wall and this was found to
cause significant deflection for the unsupported case and resulted in plastic deformation
for unsupported thin walls, therefore it was not machined to avoid adding additional
confounding factors to the experiment.

Figure 3 shows the 50 mm wall length sample before, during, and after machining.
Figure 3a shows the as-printed thin wall with attached sacrificial support structures. Over-
building from the additive process can be seen at the top of each support structure. Several
deposition layers seen roughly halfway up the wall and near the top of the wall are also
thicker than other layers. This was done manually during the printing process to assist
in minimizing overbuilding during deposition. Figure 3b shows the same wall partially
machined. Chatter can be observed near the center of the wall, and is less prevalent near
the support structures on the wall. Figure 3c shows the fully machined thin wall. Surface
finish can be seen to improve significantly halfway down the wall. It can also be noted that
the surface finish at the top left of the wall changes between Figure 3b,c. This change is due
to tool rubbing after the initial machining pass at the top of the wall and will be addressed
in the results.
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Figure 3. Supported wall [« = 65°, H = 30 mm, S = 50 mm] showing: (a) as printed. (b) halfway
through machining. (c) after machining.

Tooling for machining each sample was chosen to attempt to minimize potential
extraneous effects that could alter the final results. To ensure that tool deflection was
negligible when measuring the final part geometry, the step-down distance was set at
Ad =2 mm to reduce cutting forces. A larger diameter straight end mill was also chosen to
further eliminate any possible tool deflection. The tool chosen was a 0.5” 5-flute end mill.
5 flutes were chosen to avoid potential hammering effects from a lower flute count and to
avoid high radial pressure from a high flute count which could increase the potential for
chatter. The end mill also has variable flute pitch to further help reduce chatter. The end
mill was mounted in a shrink fit tool holder to minimize any potential runout. The tool
stick-out was set at 40 mm to allow for 10 mm of additional space between the thin wall
and tool holder in the event of overbuilding during the additive process.

Table 3 shows the feed and speed used for machining the sacrificial support structures
and the thin wall itself. These parameters correspond to approximately 0.001 inches per
tooth. These parameters were chosen to attempt to minimize the effect of chatter on the
final results. In practice, a higher feed rate would likely be desirable but would potentially
require additional experimentation or stability lobe analysis to determine appropriate
parameters.

Table 3. Machining parameters for thin wall samples.

Tool Dia. Flute Speed (s) Feed (f) Axial Depth of  Radial Depth of
(mm) Count (RPM) (mm/min) Cut (A4) (mm) Cut (Rg) (mm)
12.7 5 1720 200 2 0.475

Geometric results for all samples were obtained using a Zeiss Micura coordinate mea-
suring machine (CMM). This machine provides accuracy to within 0.7 pm plus cosine error.
Preliminary measurements using a micrometer served to prove that this accuracy would be
sufficient for the expected changes in part geometry. The two probes used for measurement
were recalibrated directly prior to collecting data to ensure minimal measurement error.
Temperature compensation was also used based on a single temperature sensor mounted
to the vice used for sample holding with a coefficient of 17 x 107% m/(m °C).

The thickness of each sample was measured in 6 different locations as shown in
Figure 4. Each location was represented by a 2 mm by 3 mm patches on each side of the
wall with 12 total patches. All patches were 2 mm away from nearby edges to avoid effects
from the larger radial depth of cut (Rd) experiences when machining across sections of the
wall with leftover support material. The perimeter of each patch was scanned using the
CMM to fit a plane to each location. The plane was created using least square fitting to
minimize influence from chatter on geometric results. The distance between two patches
on opposite sides of the thin wall was then calculated from the center of each patch and
parallel to the line that most closely approximates the perpendicular between the two
planes. This method ensures that if the wall was not mounted perfectly perpendicular in
the vice the thickness measured would not be influenced. The flatness and perpendicularity
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of each side of the wall relative to a datum “B” was also measured using a scanning path
that encompasses the entire surface of the wall.

4.50mm 26.50mm-
EH< |
EilNeiE =]

[A] 3.50mm
| ey o &
A ‘ -

Figure 4. Drawing showing CMM patch scan locations 1 through 6 for measuring thickness, and
datum locations for part orientation.

When scanning a sample using the CMM, a fixed amount of force was applied on
the sample from the probe. Due to the low stiffness of the samples, this could represent a
significant deflection during scanning and result in measurement error for the samples. To
quantify this error, a dial indicator was used to observe the deflection of a 30 mm sample
during a probe scanning routine. A deflection of 0.0076 mm was observed at a height
of 23 mm. Based on a simple beam deflection this would correspond to a deflection of
0.39 um at the height thickness was collected from. Assuming this error compounds when
measuring both sides the measured thickness can be expected to be 0.78 um smaller than
the real thickness.

Surface roughness for each sample was measured using a Mitutoyo Surftest S]-410 con-
tact profilometer. The profilometer was set up to automatically eliminate any mounting
variation in surface angle. Roughness measurements were collected at a sample height of
approximately 26.5 mm to correspond with the thickness measurements collected using
the CMM. Measurements were collected on both sides of each sample.

For all samples with a wall length of at least 30 mm, the primary cut-off wavelength
As value was set as 8 um. This value was used as a maximum cut-off for determining the
general shape of the object being measured. The roughness cut-off Ac was set as 0.8 mm.
This value was used to determine the maximum cut-off for data points collected when
calculating surface roughness. It was also used as the travel distance for each roughness
sample. A sample size of 10 was used resulting in a measurement path that was 8 mm in
length. This path was manually set to have a midpoint at the center of each sample. A
Gaussian filter was used to process the collected data and results are reported in Ra for
comparability to external sources. For the samples with a wall length of 10 mm, the Ac
value was changed to 0.25 mm and 15 samples were taken resulting in a path length of
3.75 mm to avoid collecting data from areas where the supports were connected due to the
large radial depth of cut experienced there.

3. Results
3.1. Comparison to Unsupported Case

Comparisons between the unsupported and supported cases showed the largest
change in values during the experiment. For these comparisons, both the supported and
unsupported walls were 30 mm in length (S) and 30 mm in height (H). The supported walls
used & = 65° supports which was the midpoint of the selected angle parameter range and
wall length range. All samples were machined to a nominal thickness of T = 0.5 mm. Three
samples were produced for each case, and their range of values is represented as error
bars. All thicknesses are measured at a height of 26.5 mm. Across all samples the error
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and surface finished improved as height decreased, so this height was meant to serve as a
worst-case result based on the highest point that could be measured using the CMM. The
plotted value represents the average of the three samples for each parameter set. Figure 5
shows the comparison between these two sets of samples.

08 B Unsupported Wall

0.75 ®q: 65° S: 30mm, H: 30mm
0.7

g

Wall Thickness (mm)
= oy
N W

o
2 K L
B v W

0.55 I
1 2

3
Patch Number

Figure 5. Unsupported thin wall geometric comparison to o = 65° supported thin wall at CMM patch
locations 1, 2, and 3.

The unsupported samples were roughly 0.1-0.2 mm oversized after machining while
the supported samples were undersized by up to 0.05 mm. This geometric error is similar
in scale to other investigations of thin wall machining for walls of similar size [23,24]. For
a thin wall with an aspect ratio of 25:1, even higher levels of geometric error have been
observed [3]. Variation in geometry size was also more consistent on the supported walls
with the largest deviation from the average being 0.012 mm versus the largest deviation
in the unsupported case which was 0.026 mm. Trends can be noted about the geometry
across the length of the wall as well. In the unsupported case, each end of the wall was
measured to have approximately 0.1 mm higher error than the center of the wall. This
is due to the wall bending in multiple directions at the ends of the wall where there was
higher stiffness on one side of the point along the wall being machines than on the opposite
side. Meanwhile, at the center of the wall there was equal material on both sides of the
force being applied resulting in what is approximately 2D bending. In the supported case
there was asymmetry in the results where the thickness at Patch 1 was smaller than at Patch
2 and 3. This is likely due to asymmetry in the tool path used. During machining, the end
mill traveled in the direction from Patch 1 to Patch 3. As a result, the end mill first contacted
the remaining support material at the support nearest to Patch 1 and then eventually
encountered the thin wall itself. However, at Patch 3 the end mill was already in contact
with the thin wall when it comes into contact with the remaining support material. This
increased the radial depth of cut and the cutting forces applied which increases deflection
and geometric error at Patch 3. The Patch 2 point exhibited deflection as it was the least
supported point along the length of the wall. Asymmetry in the wall thickness across the
path being machined was also seen in the thin walls produced by Alexander et al. [23] and
is attributed to the decrease in wall thickness during machining.

Figure 6 compares the surface roughness of the unsupported and 65° supported
samples. Two comparisons are shown in the plot to represent the surface roughness on
each side of the wall. This is done to illustrate that there is a significant difference in surface
quality between the first and second thin wall machining pass for each machining step
down, and is represented as Side A and Side B. Columns labelled A represent the surface
finish for the side of the wall that was machined first for each Ad = 2 mm step down during
machining. Similar, columns labelled B show the surface roughness for the side that was
machined second for each step down.
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3 |®a: 65° S: 30mm, H: 30mm
25
E 2
=
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0.5 i
0
A B
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Figure 6. Unsupported thin wall roughness comparison to « = 65° support thin wall measured at a
height of 27 mm and centered along length of wall, separated by Side A and Side B of each sample.

With the machining path used, the first machining pass for each step down (Side A)
was performed while the support structure on the opposite side of the thin wall was still
intact. This means that the first machining pass has 2 mm of additional support that is
not present when machining Side B. As a result, the roughness measured on the side of
the wall that experienced the first machining path was much lower than the opposite side.
Variation between sides in the unsupported case was due to the decreased thickness in the
thin wall resulting in higher deflection. Overall, the supported wall surface roughness was
approximately 1.5 um lower than the unsupported samples on both sides. Larger error in
the unsupported case was much higher due to much larger influence from chatter on the
surface finish. The results for Side A were similar to those found in [25] for a wall of similar
thickness and height during machining. Although this experiment involved a curved wall
which should improve stiffness of the straight walls produced here. The surface roughness
measured on Side B for both samples was high compared to other results found for thicker
thin walls [26]. Although higher surface roughness measurements have also been noted for
high speed milling of aluminum thin walls [27].

3.2. Support Angle Effect on Final Geometry

Samples with supports angles of o = 45°, 65°, and 85° were compared to determine
the support angle effect on thin wall geometry and surface roughness. Based on the results
from the CMM measurement plan, the results were split into 3 different lines. Each line
represents the thickness measured for Patch location 1, 2, and 3. The trend for the impact of
different support angles is similar, but the overall size varies depending on position.

All samples used for support angle comparison showed similar trends across the
length of the wall to the baseline ot = 65° support wall used for the unsupported comparison.
The wall was thinner where the end mill first contacted the wall, and similar thickness
measurements were seen at the Patch 2 and Patch 3 points. All three of these points are
plotted below to show their differences and to serve as additional points for validation of
the influence of different support angles.

As seen in Figure 7, wall thickness increased between « = 65° and « = 85° as would
be expected as the support structure was less substantial, this allowing an increase in wall
deflection during machining. Between « = 45° and « = 65°, the thickness appeared to
decrease slightly. This change is close to placing within the error bars generated based on
the spread of 3 samples, however this discrepancy could also be due to the order in which
the samples were produced. The o = 65° supported wall samples were the first samples
to be produced with an unused tool. Meanwhile the & = 45° were produced near the end
of all the samples made. Tool wear may have been an influence on these results as the
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sharpness of the tool can greatly impact the cutting forces applied to the thin wall and
therefore increase wall deflection and thickness [28,29]. The use of a sharper tool on the
o = 65° samples may have resulted in lower wall thickness for those samples compared
to samples produced after the end mill had been used several times. Overall change in
wall thickness between « = 45° supports and o = 85° supports was roughly 0.02 mm. The
cost of this improvement in geometry is relatively high as significantly more printing and
machining time was required for the o = 45° support.

0.55 ——@— Patch 1
— & =—Patch2 1
= 0.53 Patch 3 1
g
g
2051 &
[
g
§ {- = - - T _
= 049 - T
§
0.47
LL
0.45
45 65 85
Support Angle (deg)

Figure 7. Influence of support angle (x) on wall thickness measured at CMM patch location 1, 2, and 3.

3.3. Support Angle Effect on Surface Roughness

The surface finish on supported walls changed at a much larger scale as the support
angle was varied. Figure 8 shows these results for each side of the wall listed as Side A
and Side B. Side A represents the machining pass where the supports on the opposite side
of the wall were still present when machining the thin wall, and on Side B the supports
on the opposite side of the wall have already been machined, and was therefore less stiff.
Error bars are represented by the range of values measured for the three samples at each
support angle.

1.8

—a— Side A

1.6 — & —Side B

1.4

1.2 } Te~ o

45 65

Support Angle (deg)

85

Figure 8. Effect of support angle () on surface roughness measured at a height of 27 mm and
centered along length of thin wall, separated by Side A and Side B of each sample.

The surface roughness measured for Side A see an exponential increase in surface
roughness as support angle was increased. By « = 85° the surface finish on Side A of the
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wall was similar to the surface finish seen on Side B of the wall. At o = 45° and o = 65°,
the surface roughness was extremely low and near the limit for surface finishes reasonably
obtainable through milling. Side B of the thin wall remained relatively unchanged as
support angles changed but was still significantly improved over the unsupported case.
This was again due to the removal of the supports on the opposing side of the thin wall,
resulting in a decrease in stiffness during the machining of Side B. However, the overall
surface roughness of Side B was still much higher than Side A for most support angles.
At o = 85° the surface roughness also varied much more widely, this was likely due to
increased chatter on the surface that could have influenced the results.

3.4. Support Spacing Effect on Final Geometry

To evaluate the impact of different support spacing schemes, three samples were
produced for each wall length of S = 10 mm, 30 mm, and 50 mm. The support angle was
fixed at o = 65°, and the support was printed to the full height of the thin wall. Due to
the length of the 10 mm sample, results are only shown for the center of each wall for the
S =10 mm sample as there was insufficient space along the length of the 10 mm sample to
collect thickness measurements at multiple points.

The results shown in Figure 9 are generally as expected for the S = 30 mm and
S = 50 mm support spacing samples. Deflection increased as the supports were spaced
further apart. The center and end of Side B had similar geometries as in the previous
samples. The end of the Side A wall had smaller thickness due to smaller machining forces
from lower radial depth of cut. The scale of the change between S = 30 mm and S = 50 mm
was approximately 0.04 mm which is double the change seen between the « = 45° and
o = 85° support angle changes.

— & —Patch 1
~—e— Patch 2

Patch 3

<o
n
=)

<
i
B

Wall Thickness (mm)
5

10 30 50
Support Spacing (mm)

Figure 9. Influence of support spacing (S) on wall thickness measured at CMM patch locations 1, 2,
and 3.

The S = 10 mm sample was thicker than the 30 mm support spacing and was roughly
similar to the 50 mm support spacing samples. This result was likely due to unintended
loss in stiffness from the decreased length of the wall rather than the change in support
spacing. Decreasing the support spacing between S = 30 mm and S = 10 mm would have
been expected to reduce the deflection experienced during machining. Therefore, this result
was likely more representative of the impact of length of the wall itself on deflection rather
than support spacing. If a standalone thin wall were to be machined the length of the thin
wall would influence the deflection experienced. A longer wall would deflect less and have
lower geometric error than a shorter wall.
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3.5. Support Spacing Effect on Surface Roughness

Despite the unintended deflection present in the S = 10 mm sample for geometric
comparison, the surface roughness measured on the samples appear to plot as expected.
Support spacing was the only parameter tested that appeared to influence the surface
roughness for Side B of supported walls. Figure 10 shows that both Side A and Side B of
the wall improved in surface roughness as support spacing was decreased. Increasing the
density of support structures was expected to improve the stiffness of the workpiece overall
which reduces the potential for chatter during machining. The improvement of surface
roughness on Side B suggests that surfaces in closer proximity to the support structure will
have a lower surface roughness on both sides of the wall. The stiffness provided by the
support structure may rapidly decay for Side B at surface locations further away from the
support structure. This is evident by the contact profilometer location for all other samples
being located further away from the support structures, and correspondingly all other
samples exhibiting higher surface roughness values.

2
—e— Side A

1.8 ]
— & =Sjde B
1.6 _ .

1.4 {, -
=12 = 7]

1 £ i

Ra (um
\

0.8 7’
0.6 s
’
9’
L
0.2

0
10 30 50

Support Spacing (mm)

Figure 10. Effect of support spacing (S) on surface roughness measured at a height of 27 mm and
centered along length of thin wall, separated by Side A and Side B of each sample.

For the Side A of the wall the surface roughness for support spacing corresponded
to values similar to changing support angle. At S = 10 mm support spacing the surface
finish was at the low end of what can be expected from milling, and at S = 50 mm the
surface showed some evidence of chatter and increased surface roughness. There was
only a small increase in surface roughness between S = 10 mm and S = 30 mm spacing,
although this would represent a major increase in material used and printing and machining
time required. For Side B of the wall however, there was a very large increase in surface
roughness between S = 10 mm and S = 30 mm. Surface roughness for the S = 10 mm sample
was the lowest Side B roughness measured for all parameters. However, this would appear
to be opposite what might be expected when compared to the geometric error that was
present on the S = 10 mm samples. This result may indicate that surface roughness and
geometric error are not necessarily coupled due to the influence of chatter. The S = 10 mm
sample may have had high deflection due to its short length, but the geometry avoided any
chatter and therefore enabled a low surface roughness.

3.6. Support Height Effect on Final Geometry

As with the other two parameters, height was evaluated at three different levels:
H =10 mm, 20 mm, and 30 mm. Three samples were evaluated for each height level. The
support angle for all of the samples was fixed at & = 65°. The height parameter displayed
the largest range of thicknesses of the three tested parameters. Results are again shown
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separated by position along the length of the wall. Although the samples with H = 10 mm
support heights had the highest deflection, they performed noticeably better than the
unsupported case for a relatively small print time and material addition.

The support height samples performed largely as expected when measured for geo-
metric error. An exponential change in wall thickness was expected with changing support
height when compared to a simple beam deflection equation. However, increasing sup-
port height resulted in an almost linear decrease in wall thickness as shown in Figure 11.
Overall difference between the H = 10 mm support height and 30 mm support height was
approximately 0.08 mm. The H = 10 mm support height samples showed an unexpected
change in geometry between the H = 20 mm and H = 10 mm support heights where the
geometry remained relatively consistent at the center of the thin wall but continued to
increase in thickness as support height decreased at the both ends of the wall. This result
was comparable to the geometry found on unsupported samples suggesting that at 10 mm
support heights the ends of the wall are no longer stiffer than the center of the wall. This
allows for the ends of the walls to deflect more than the center of the wall as was the case
in the unsupported samples. Conversely, supported samples tended to deflect more in the
center as the ends of the walls were stiffer.

059 ——o— Patch 1
— & = Patch 2
. 057 [ Patch 3
g 055
=1
% 053
o
S
2 0.51
F
= 049
=
0.47
0.45
10 20 30
Support Height (mm)

Figure 11. Influence of support height (H) on wall thickness measured at CMM patch locations 1, 2,
and 3.

3.7. Support Height Effect on Surface Roughness

The surface roughness for Side A of machining when varying support height also
decreased relatively linearly as support height increased. Figure 12 shows that despite
the effective reduction in deflection that the H = 20 mm supports provided, the surface
roughness for the H = 10 mm and H = 20 mm support heights were similar for both
machining passes. At a roughness of around 1.5 um this finish was on the high side of
measured values. It was not until the support reached to the full height of the wall that Side
A was measured to have a lower surface roughness than Side B. Side B surface roughness
remained relatively consistent regardless of the support height chosen. The support height
samples were also the only samples to produce potentially higher surface roughness on
Side A than Side B. Although the difference between the two sides was within the margin
of error for H = 10 mm. Since the location for measuring surface roughness was above the
H = 20 mm height point, both sides of the wall lacked support material on their respective
opposing sides which resulted in similar surface roughness results on both sides for the
H =10 mm and H = 20 mm samples.
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Figure 12. Effect of support height (H) on surface roughness measured at a height of 27 mm and
centered along length of thin wall, separated by Side A and Side B of each sample.

Although the surface roughness appeared to decrease slightly between support heights
of H = 10 mm and H = 20 mm, this was likely measurement error due to the influence
of chatter and a larger sample size would likely show relatively constant values between
these two support heights. Chatter was visually apparent on the surface of both of these
samples. Based on these results, and the results from the other parameters tested, the
surface roughness of Side B appears to be generally the same regardless of support shape
and only depends on the proximity of the support itself.

3.8. Influence of Tool Rubbing

As mentioned previously, the use of a tool with a flute length that was longer than
the axial depth of cut influenced the scale of the results presented. As machining forces
caused deflection and therefore geometric error in the machined thin wall this resulted
in geometry along the wall that would still remain within reach of the endmill along the
designed toolpath. Subsequent step downs would continue to re-machine previous steps
resulting in a final geometry that was thinner than would have resulted from a single
isolated machining path for each Ad = 2 mm step down path. To quantify this effect, an
experiment was performed on an unsupported this wall where a region at the top of the
wall was measured using a micrometer after each step down. The results of this experiment

are shown in Fi%ure 13.
These results show slightly under 0.2 mm of material removed between the first and

final pass for the thin wall. This effect was expected to be largest at the top of the thin wall
and then decrease to a flat line at the bottom of the wall where negligible deflection was
expected. As the results shown for the three changing parameters were all compared based
on specific points near the top of the wall, the trends of the results were expected to remain
the same with the final geometry scaling based on the number of passes used to machine the
wall. The rubbing of the endmill on previous step downs was also likely the cause for some
samples showing geometry that was smaller than the expected geometry. The deflection
experienced by the thin wall acts in some degree to cause the thin wall to both move
away from the endmill and move back towards the endmill which allows for additional
material to be removed beyond the dimensions expected from the 0.5 mm designed tool
path. Therefore, when producing thin walls, the effect of rubbing can considerably alter the
final geometry of the thin wall and should be accounted for if the flute length of the end
mill is longer than the axial depth of cut used for each step down.
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Figure 13. Change in wall thickness measured after each Ad = 2 mm step-down machining pass at a
single point located at the top of an unsupported thin wall.

3.9. Comparison of Support Parameter Efficiency

After observing the effect of different sacrificial support parameters on the final quality
of thin walls, comparisons are made to see the relationship between support angle, height,
and spacing relative to the print time required to produce each support scheme. To produce
these results, the toolpaths used to produce each sacrificial support sample were summed
and multiplied by the feed rate used during deposition to determine an approximate print
time. This method neglects rapid moves of the machine between each bead. However, this
was a negligible difference relative to the feed moves. As the same basic tool path was used
for each support samples with only the length of beads changing, the rapid moves would
also be similar for all tool paths with the exception of the unsupported case. Machining
time was also not included in these parameters. The machining tool paths used in the
parameter test experiments varied directly with the additive tool paths, and so did not
change the comparison of time required relative to quality of thin walls produced. To
compare the print time for samples with varying wall lengths compensations were applied
to the S = 10 mm and S = 50 mm support spacing print times to make these support schemes
comparable to the S = 30 mm wall samples. The S = 10 mm support spacing print time
was increased to represent a S = 30 mm wall with 4 supports along each side of its length.
The S = 50 mm sample was multiplied by 0.6 to represent that this support scheme would
only require 60% of the sacrificial supports compared to a wall that had S = 30 mm support
spacing. Figure 14 presents all the tested samples relative to their respective print times
and the finished wall thickness. The plotted values are an average across the length of the
wall as well as across the three samples produced for each support parameter.

This figure illustrates that there was relatively little improvement in final wall geometry
after around 11 min, corresponding to the « = 85° sacrificial supports. The & = 65° and
o = 45° supports both achieved a lower wall thickness but took 2-3 times longer to print.
The S = 10 mm support spacing geometry results are represented the same as they were
earlier, which means that the unintended influence of the short wall length causing an
increasing in deflection was still present. In a scenario where the S = 10 mm support spacing
was implemented on a thin wall with a longer length the wall deflection would be lower,
and the value of the additional print time required would be better represented.
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Figure 14. Comparison of average final geometry relative to print time for all parameters [«, S, H]
representing support angle, support spacing, and support height, respectively.

Next, Figure 15 show the comparison between print time required to produce a sample
and the corresponding Ra value achieved after machining. Results are presented with the
same print time compensations for the S = 10 mm and S = 50 mm support spacing samples.
Values presented are an average of the three samples produced for each support parameter.
For Side A surface roughness, support schemes that required longer print times generally
enabled a lower surface roughness. Although the S = 10 mm support spacing and « = 45°
support angle do not appear to provide a significant improvement of the « = 65° support
angle for Side A machining. The H = 10 mm support height samples required the least time
to produce but showed little improvement in surface roughness. The « = 45° support angle
samples required the longest print time and showed the largest decrease in geometric error,
but still did not improve the surface roughness on Side B. The S = 10 mm support spacing
was the only sample that appears to improve surface finish in an appreciable amount. The
o = 85° support angle and H = 20 mm support height samples appeared to provide a small
decrease in surface roughness, but it is likely that this was due to the sample size and a
larger sample size would show results similar to most other support schemes.
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Figure 15. Comparison of average surface roughness on Side A and B relative to print time for all
parameters [«, S, H] representing support angle, support spacing, and support height, respectively.
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4. Discussion

This work presented a novel method of improving the geometric accuracy and surface
finish of high aspect ratio thin walls produced using a hybrid manufacturing combination
of blown powder direct energy deposition and CNC machining. Adding simple sacrificial
support structures onto a thin wall feature at regular intervals can enable an effective
reduction in the deflection experienced during finish machining. The work shown in this
paper illustrates how the angle, spacing, and height of this support can be varied to meet
the tolerance needs of a specific feature. The addition of any type of sacrificial support
structure can quickly allow for a tighter tolerance thin wall, further increasing the stiffness
of the support appears to have rapidly diminishing effects but can nonetheless be used to
allow for even higher thin wall quality.

Adding the least substantial supports at each end of a thin wall with an angle of
o = 85° enabled an average reduction in geometric error of 0.16 mm. Increasing the support
angle to « = 45° increases this to 0.18 mm. However, the « = 45° supports required nearly
3 times the print time compared to the unsupported case. For surface finish the sacrificial
supports provided between a reduction in surface roughness between 0.89 um and 1.71 pm
for & = 85° and « = 45° supports, respectively for Side A of these samples. For Side B of
the wall the machined the surface roughness was reduced by around 1.47 um but did not
significantly vary between different support angles. Changing the distance between each
support enabled a deflection reduction between 0.16 pm and 0.19 pum for S = 50 mm and
S = 30 mm support spacing. Unintended influences on the experiment leave the S = 10 mm
support spacing inconclusive. Changing support spacing was the only parameter tested
that appeared to influence the surface roughness measured for Side B. At S = 10 mm, Side
B surface roughness was reduced by 1.76 um. Side A of the wall saw similar roughness
reductions. The support height parameter saw roughly linear reductions in geometric
error as the height increased. Geometric error was reduced between 0.13 mm and 0.19 mm.
Surface roughness was reduced by a maximum of 1.626 pm with full support height for
Side A, but again saw an average reduction in surface roughness of 1.52 pm on Side B with
no major variation for changing support height. While these are small changes in surface
roughness value, they do represent a significant improvement [30-32]. Comparisons of
geometric error and surface roughness to print time were also presented. For deflection,
only marginal gains were seen for support schemes that took longer than roughly 11 min
to print which corresponded to the o = 85° sacrificial supports. Surface roughness on Side
A of the samples did see significant reductions as print time increased up to the & = 65°
supports which required 18.3 min to print. For Side B, there was no major differences
between support schemes except for the 10 mm support spacing samples which had the
second longest print time at 27.1 min.

5. Conclusions

Based on the results discussed above, taking advantage of hybrid manufacturing to
add sacrificial support structures to thin-walled features does allow for improved geometric
accuracy and surface roughness. Hybrid manufacturing allows for these support structures
to easily be implemented and mostly maintain the material savings benefits of additive
manufacturing. After designing the supports in, no extra steps are required for the machine
operator to produce the thin wall. The ideal support structure parameters will vary
depending on the exact geometry of a part and the tolerances that need to be met, but
significant improvements in geometric accuracy can be realized with only minor increases
in print time. The surface roughness results showed improvement but were asymmetric
which would likely be undesirable on a production part. This work did not focus on
machining parameters and additional work in this area might improve surface roughness
results. Use of tooling that would avoid rubbing on subsequent layers might allow for
clearer results as well. Further work is needed to determine scalability of these supports in
larger and more complex shapes, but is expected to provide similar conclusions.
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