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Build Direction Effects
on Microchannel Tolerance
and Surface Roughness
With the advance of additive manufacturing (AM) processes, complex designs can be cre-
ated with engineering metals. One specific advantage of this greater design space is the
ability to create small internal channels and passageways for cooling high heat flux or
temperature applications such as electronics and gas turbine airfoils. These applications
can have complex shapes, which when coupled with the required small channel sizes,
make traditional finishing processes a challenge for additively manufactured parts.
Therefore, it is desirable for designers to be able to use AM parts with small internal
channels that are as-built. To achieve this goal, however, designers must know how the
AM process affects internal channel tolerances and roughness levels, since both impact
the amount of cooling that can be achieved in actual applications. In this study, the direct
metal laser sintering (DMLS) process, more generically referred to as selective laser
melting (SLM), was used to additively manufacture test coupons. The AM build direction
was varied to study its effect on small microsized, circular channels. Specifically, X-ray
computed tomography (CT-scan) was used to nondestructively inspect the interior of the
test coupons. Using the data from the CT-scans, internal surface roughness, geometric toler-
ances, and deviations from the computer-aided design (CAD) model were calculated. In com-
paring the data, significant differences were seen between the three different build directions.
[DOI: 10.1115/1.4031071]

Introduction

As the capabilities of AM continue to expand, the applicability
of AM to production parts increases. Specifically, the advance-
ment of powder metal AM processes, such as DMLS, has allowed
metal components to be manufactured with geometries too com-
plicated for subtractive manufacturing. This capability to manu-
facture complex parts has been commonly demonstrated using
topology optimization and bio-inspired designs. There are also
significant advantages that AM brings to internal features such as
the ability to manufacture complicated flow paths and internal fea-
tures which can enhance heat transfer and satisfy geometric con-
straints. The advantages of AM can lead to a paradigm shift in
cooling designs for the electronics and aerospace industries, where
components often have significant heat loads and complicated
geometry. A specific application of AM in the aerospace industry
is the gas turbine engine. Gas turbine engines have intricate cool-
ing designs to remove heat from critical parts, such as turbine air-
foils, through the use of relatively cooler compressor air that
bypasses the combustor. Removing this heat is essential to the
longevity of the engine: an increase in metal temperature of 4 �C
can decrease the component’s life by one half [1].

The small scale of components in the aerospace and electronics
industries complicates the task of removing heat. Decreasing the
size and number of the cooling channels generally improves
the cooling efficiency for a variety of reasons. However, reducing
the feature size of cooling channels complicates the task of

subtractive manufacturing. AM is well suited to producing intri-
cate microchannel designs. In these intricate microchannels
operating under a given pressure ratio, accurate dimensions with
small tolerances are essential to ensure predictable flowrates. The
complex shapes desired for cooling efficiency, coupled with the
small channel sizes, make utilizing traditional finishing processes
to control part tolerances and surface roughness a challenge. To
reduce costs and time, it is desirable to use these complex small
channels as manufactured rather than treating them with elaborate
postmanufacturing methods.

While there are many process variables to study, build direction
has a strong effect on all additively manufactured parts. Different
build directions for a particular part can affect manufacturing time
and cost. The goal of this study, therefore, was to evaluate the
effect of build direction on the quality of microchannels.

This paper begins by reviewing relevant AM works in the liter-
ature. Next, descriptions of the methods are given for manufactur-
ing and analysis. Finally, results are presented for channel
tolerances and surface roughness, followed by conclusions.

Literature Review

In recent years, there has been much work reported in public lit-
erature related to AM. With the advance of metal based AM, a
majority of research has been focused on material qualification
related to microstructure and mechanical properties. While this
research has been essential to developing the processes, the cur-
rent research goal is to examine how the process affects the final
quality of AM parts. In this area, researchers have characterized
surface roughness and dimensional errors on the exterior of parts
larger than the coupons examined in this study.
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One area of focus has been the build direction effect on external
surface roughness. Strano et al. [2] studied various angled surfaces
of 316 L steel parts made with SLM. They found that the rough-
ness was around 15 lm for all angles between horizontal and
45 deg, and decreased as the angle approached the vertical. Ven-
tola et al. [3], Simonelli et al. [4], and Delgado et al. [5] also
found that build direction strongly affects surface roughness, with
values dramatically increasing at angled build directions. Cooper
et al. [6] looked at angle effects by ordering different surfaces of a
single part by roughness values. Horizontal upward-facing surfa-
ces had the lowest surface roughness, followed by sloped upward-
facing surfaces, while sloped downward-facing surfaces had the
highest surface roughness.

Delgado et al. [5], along with other researchers [7–9], investi-
gated the effects of DMLS process parameters, such as layer
thickness, laser scan speed, laser power, and hatching distance on
the surface roughness of DMLS parts. While these parameters
were found to have some effect on the roughness, the build
direction still had the strongest effect. Overall, common roughness
values found in the literature range between about 5<Ra< 50 lm
and are strong functions of machine parameters and build
direction [2–11].

In addition to surface roughness, the dimensional tolerance of
additively manufactured parts has been studied. Early studies
looked at optimizing the build direction to minimize dimensional
errors. Masood et al. [12,13] developed a generic model based on
minimizing volumetric error due to the stair stepping effect of
AM. Arni and Gupta [14] also worked on a method to minimize
the stair stepping effect where flatness tolerance was used as the
metric to evaluate the build orientations. Paul and Anand [15] per-
formed a similar study where cylindricity error was characterized
as a function of build direction. These studies, however, were all
analytical and based purely on geometric calculations.

Work has also been done to try to predict dimensional errors
for a given part. Paul and Anand [16] modeled the shrinkage of
powder based AM processes. Using a simple analysis of material
density changes, the model was used to predict form errors such
as cylindricity and flatness. This model was refined in a later study
by Paul et al. [17] to include a finite element analysis to correctly
capture thermal distortion effects along with volumetric shrink-
age. Again, these studies were purely analytical and did not
include any experimental validation. Furthermore, these studies
did not take into account the complex interactions of process
parameters in metal AM processes.

To understand some of these complex interactions, experimen-
tal studies have been performed evaluating dimensional tolerances
and shrinkage effects of DMLS samples [6,11,18]. Of high rele-
vance to the current study was the finding by Ning et al. [18] that
smaller geometries were more susceptible to absolute dimensional
error due to shrinkage.

One of the few studies to experimentally examine the build
direction effects on part tolerance was done by Delgado et al. [5].
They studied the effect of build direction on surface roughness
and dimensional tolerance for stainless steel DMLS parts. While
this study only investigated two build directions, the authors
found that the build direction had a much larger effect on surface
roughness and dimensional tolerance than any other process
parameter. Tensile test specimens were manufactured and com-
pared to the design intent, with deviations as high as 23.5% for
certain dimensions. Other studies [4,19] have investigated the
effect of build direction on mechanical properties of SLM and
DMLS parts. However, no build direction studies have examined
the effects on internal channel tolerances.

Despite the number of studies in the literature focused on opti-
mal part orientation, few have experimentally studied the build
direction effects on final part quality for metal processes. The few
that have studied build direction effects, worked to characterize
material quality and tolerance of large external features. Cur-
rently, there is no work in the literature focused on small micro-
scale channels. This study seeks to provide critical information to

designers on how different builds directions affect the quality of
small internal channels.

Coupon Design and Manufacturing

To examine the build direction effects on the internal channel
quality, a number of test coupons were designed and manufac-
tured in-house using state-of-the-art DMLS equipment. As shown
in Fig. 1, the overall dimensions of the coupon were 25.4 mm
long, 25.4 mm wide, and 3.05 mm high. Fifteen circular micro-
channels with a 0.508 mm diameter were designed to run through
the center of the coupon spaced 2.5 diameters apart. Flanges on
the ends of the coupon interfaced with a test facility for separate
experimental studies [20,21]. The powdered metal used to manu-
facture the coupons was Inconel 718.

The coupon geometry was manufactured in three different build
directions shown in Figs. 2(a)–2(c): vertical, horizontal, and diag-
onal. All of the coupons were manufactured in a single build ses-
sion. The position of the channel axes relative to the build plate
defined each build direction. The channel axes were perpendicular
to the build plate in the vertical build direction, parallel to the
build plate in the horizontal build direction, and at a 45 deg angle
to the build plate in the diagonal build direction. These directions
were chosen to evaluate the extremes of the layer-by-layer nature
of the additive process. In the vertical orientation, channel surfa-
ces were formed by the edges of each layer. In the horizontal ori-
entation, channel surfaces were made up of: edges of layers, tops
of layers, and bottoms of layers. Finally, surfaces in the 45 deg
orientation were made up of layer edges in the form of “stair
steps,” caused by the addition of subsequent layers.

Support structures were necessary to successfully manufacture
the coupons. Most AM methods require structures to support over-
hanging features so they do not collapse, and to anchor the part to
the build plate to minimize warping. Specific to the DMLS pro-
cess with Inconel 718, the minimum recommended unsupported
angle is 40 deg. Any surface of the test coupons, which was less
than 40 deg to horizontal, required supports. Using these criteria,
the upper surface of the horizontal cylindrical channels should

Fig. 1 Designed dimensions, shape, and channel spacing of
the test coupons

Fig. 2 Coupon orientation and support structures (shown in
red/darker gray) for the (a) vertical, (b) horizontal, and (c) diago-
nal build directions
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have had supports; however, it would be difficult to remove these
supports after the build was completed. The horizontal surfaces of
the channels were intentionally unsupported to replicate situa-
tions, where internal features require supports but cannot be
accessed for support removal.

The support structures used to build the coupons are shown in
Fig. 2. In addition to using supports for surfaces angled at 40 deg
or less, supports were placed on other features, such as the coupon
flanges, to prevent distortion by anchoring the part to the build
plate. For this study, the support structures were generated using a
commercial stereolithography (STL) file editing and build prepa-
ration software.

A state of the art DMLS machine was used to manufacture the
test coupons using the machine parameters given in Table 1. Prior
to building the coupons, a qualification block was built out of
Inconel 718 to calculate the material scaling parameters and beam
offset. These calculations were carried out per the manufacturer’s
specifications [22]; no advanced process parameter development
was used for this study. Since the goal of this work was to investi-
gate build direction, the process parameters were kept constant
across all coupons. The total time for the build was 53 hrs, which
included a total of 76 coupons. Note that not all coupons built are
presented in this study.

Once the coupons were completed, residual stresses generated
during the manufacturing process were removed with a heat
treatment process. Removing the residual stresses was essential to
prevent distortion. After the heat treatment, wire electrical dis-
charge machining (EDM) was used to cut the coupons from the
build plate. Manual machining and hand tools were then used to
remove any remaining support material.

Measurement Methodology

Since the goal of this particular study was to investigate the
quality of the microchannels in the test coupons, advanced inspec-
tion techniques were developed using CT scans. An industrial CT
scanner was used to scan each test coupon, while a companion
software package generated a 3D reconstruction of the coupon
from the raw scan data. This 3D reconstruction had a resolution
(i.e., voxel size) of 35 lm. To perform quantitative analyses on
the data, the surface location for each coupon was determined by
examining the gradient of grayscale values in the CT scan images.
By using a commercial imaging software, which made a local
comparison of these gray values, accuracies in the surface deter-
mination of 1/10th of the voxel size can be achieved [23]. Thus,
the surface determined with the CT scan was accurate to within
3.5 lm.

To compare the interior surfaces of the microchannels directly
to the CAD model from which it was manufactured, an STL
model of the test coupon was loaded into the commercial imaging
software [24]. The STL model was matched to the CT scan
surface using a best fit algorithm. With the STL model registered
correctly, the difference between the CAD model and manufac-
tured part was calculated.

The determined surface of the part was also exported as a three-
dimensional point cloud for further analysis. The number of points
defining each channel was monitored to ensure that the spatial

resolution of the point cloud matched the expected spatial resolu-
tion of the surface determination. In most cases, the point cloud
was nominally 500 K points per channel. An in-house code was
used to analyze the point clouds defining each channel separately.

Tolerance Analysis Method. The point clouds for each
channel were used to calculate four different tolerance measures:
maximum inscribed diameter, effective diameter, total runout,
concentricity, and circularity. Maximum inscribed diameter and
effective diameter are two ways to measure the size of the micro-
channels, while total runout, concentricity, and circularity are
common geometric dimensioning and tolerancing measures to
control the shapes of cylindrical features. To calculate these varia-
bles, the point cloud was divided into 500 equal slices in the axial
direction of the 25.4 mm long microchannels. All the points within
each slice were then considered to lie in the same plane.

The maximum inscribed diameter represents the largest pin
gauge that could fit through any given cross section of the chan-
nel. This diameter was calculated by inscribing a circle to each
planar dataset. The reported value for each channel is the smallest
of the inscribed circles of all of the 500 slices.

Effective diameter is a way to represent a diameter for a noncir-
cular channel using its cross-sectional area, Ac, and perimeter, P.
To determine Ac and P, each of the 500 slices was split into upper
and lower halves. A polynomial curve was then fit to the data on
each half, allowing the freeform shape of the channel to be repre-
sented by two mathematical functions: one for the upper and one
for the lower halves. These functions were then used to determine
the total perimeter and area of each slice. An average was taken
over all 500 slices, and the result was used in Eq. (1) to calculate
the effective diameter

Deff ¼ 4
�Ac

�P
(1)

Concentricity was determined by fitting a circle to the planar
data in each of the 500 slices. Next, the centers of all of these
circles were compared to one another. The concentricity tolerance
reported is the largest distance between the center points of any
two slices. Concentricity is defined visually in Fig. 3(a).

Circularity, a measure of the roundness of any given cross sec-
tion was measured by circumscribing the data for each planar
dataset. The radius of the circle inscribing the data was then sub-
tracted from the radius of the circumscribed circle. This gave the
size of the annular region containing all the data points for each
slice. The circularity reported is the largest of these annular
regions for each channel. Circularity is defined visually in
Fig. 3(b).

Calculating the total runout required establishing an axis to
“rotate” the channel about. The direction of this axis was deter-
mined by performing a principle component analysis on the data
for the entire channel. This vector defining the axis direction was
then centered on the mean of the data to create the channel axis.
With the channel axis determined, the total runout was then deter-
mined by calculating the difference between the maximum and
minimum radial distances of the data points from the channel

Table 1 Build parameters used to manufacture all test
coupons

Parameter Value

Material setting IN718 040 performance
Material scaling X 0.045%
Material scaling Y 0.16%
Beam offset 0.11 mm
Layer thickness 0.04 mm
Nominal powder size 0.03 mm

Fig. 3 Geometric tolerance definitions for (a) concentricity, (b)
circularity, and (c) total runout
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axis. The value reported is the average of the largest differences
for each channel. Total runout is defined visually in Fig. 3(c).

Roughness Analysis Method. In addition to calculating geo-
metric tolerances, the point clouds from the CT scans were used
to nondestructively measure the internal surface roughness of the
channels. To measure surface roughness, a reference was needed
to determine the heights of the roughness features. Since these
channel surfaces were not regular, a 3D surface was fit to the data
to be used as the reference. The R-square values of these surface
fits were low, between 0.53 and 0.64, since the surface fit was
used to represent a mean surface. Figure 4 shows an example of
this method from the vertically built coupon. Taking a slice along
the channel axis shows how the 3D surface fits to one plane of the
roughness data. This surface fit removed the waviness and irregu-
lar curvature from the data, leaving only roughness features. An
arithmetic mean roughness, Ra, was then calculated by averaging
the distance between the reference surface and all the individual
data points, shown in the below equation

Ra ¼
1

n

Xn

i¼1

zsurf � zmeasj j (2)

Due to the resolution of the CT scanner, some roughness fea-
tures were not captured in the CT scan. Specifically, features that
were smaller than the voxel size were washed out in the scan. To
examine the effect of the limited CT scan resolution on the rough-
ness measurement, a comparison was made to measurements from
a state-of-the-art optical profilometer. Measurements with a scan
length of 2.6 mm were taken from the interior and exterior of the
coupon to generate a large sample size. To make interior optical
profilometer measurements, a sacrificial test coupon was cut open
to expose the channel surfaces. Shown in Fig. 5 are contour plots
of the same DMLS surface as measured by a CT scan and by an

optical profilometer. The CT scan captured large roughness fea-
tures but failed to resolve the entire surface morphology captured
by the optical profilometer. Quantitatively, the CT scan roughness
measurements were statistically different from the optical profil-
ometry measurements of identical surfaces. Moreover, the CT
scan consistently underpredicted the result from the optical profi-
lometer. Despite this difference, the CT scan measurements are
preferable since they can be completed nondestructively. The
roughness results presented in the paper, therefore, serve as esti-
mates to the actual surface roughness but still allow comparisons
among the different build directions.

Channel Tolerances

To understand the tolerance of each coupon as a whole, the CT
scan was first compared to the CAD model. This comparison was
made by calculating the difference between the CT scan surface
and the CAD model surface, relative to the normal at the CAD
surface. Therefore, a positive deviation indicates that the CT scan
surface lies outside the CAD surface, in the direction of the nor-
mal. As presented in Fig. 6, each build direction has a different
deviation distribution for the coupon’s interior surfaces. However,
each of the three peaks is similarly centered on a negative devia-
tion value. This offset of the peaks indicates that for all three build
directions, the channels were built slightly larger than specified by
the CAD model. Overcompensating for material shrinkage is most
likely responsible for the slightly larger channels.

Material shrinkage is a result of two factors: the lower bulk
density of the powder compared to the solid material and the con-
traction of the material as the part cools. These effects are inherent
to metal AM and are addressed in the DMLS manufacturer’s
instructions for operating the machine [22]. These instructions
define a method to determine the material scaling parameter, using
a qualification block built with the same machine and material.

Fig. 4 A slice taken along the channel axis showing the rough-
ness features and surface fit for one plane of the vertically built
channel surface

Fig. 5 Comparison of surface roughness contours from (a) an optical profilometer
and (b) a CT scanner showing features missing in CT scan data

Fig. 6 Distribution of the difference between the coupon sur-
face points and the CAD model for the three different build
directions
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Because the part used to determine the scaling parameter was not
the coupon from this study, the scaling was not tuned to the spe-
cific shrinkage behavior of this geometry. Modeling to predict the
shrinkage and generate these material scaling parameters is an
area of much needed ongoing research [25,26].

Also shown in Fig. 6 are the differences in surface deviation
between the three different build directions. The vertical build
direction had the narrowest distribution, indicating the surface
deviated from the CAD model more uniformly than the diagonal
and horizontal build directions. To understand this difference, the
2D geometry of the layers used to construct the channels was
examined. The geometry of each layer in the vertical build direc-
tion was identical, while the geometry of the layers in the diagonal
and horizontal build directions was dependent on the z location of
the layer relative to the build plate. Because the layers were iden-
tical in the vertical build direction, the same dimensional errors
were repeated, generating the narrower deviation distribution
shown in Fig. 6.

Additional insight into these dimensional errors can be gained
by examining the diameters of the channels. As described above,
two different measures of diameter were used: maximum
inscribed and effective. The averages of these measures across all
channels are presented in Table 2. Looking at the maximum

inscribed diameter, the vertical build direction resulted in a chan-
nel diameter only 3% smaller than the design intent. The horizon-
tal and diagonal build directions, on the other hand, had
maximum inscribed diameters that were 18% and 16% smaller
than the design intent, respectively. These deviations from the
design intent are similar to those seen in DMLS samples studied
by Delgado et al. [5]. When looking at the effective diameter,
however, the opposite trend is seen. All of the build directions
resulted in an effective diameter larger than the design intent, with
the horizontal and diagonal directions coming closer to the design
intent than the vertical direction. The lack of agreement between
trends can be understood by examining the shape of the channels.

Shown in Fig. 7 are 3D surfaces representing one channel from
each build direction. In the horizontal and diagonal build direc-
tions, the top surface of the channel is deformed. The irregular
shape of the channel limits the size of the perfect circle that could
fit inside of each cross-sectional slice, decreasing the inscribed
diameter. Alternatively, the overall cross-sectional area and
perimeter of the channel were not affected as much by the defor-
mation. Therefore, the effective diameter is slightly larger than
the design intent because of the nonoptimized material shrinkage
parameter discussed previously.

To further analyze the deformations in channel shape, measures
of geometric tolerance were also calculated from the CT scan
data. Referring to Table 2, the vertical build direction had the
smallest circularity tolerance. In other words, the vertical build
direction produced the channel shape closest to a circle. The other
build directions generated noncircular channel shapes, and there-
fore, larger circularity tolerances. These circularity tolerances
explain the differences in inscribed diameter discussed previously.

The vertical build direction had the smallest average concen-
tricity tolerance, indicating that this build direction yielded chan-
nels with the best aligned cross sections. The alignment of the
cross sections can be confirmed visually in Fig. 8. Axial slices
were made in five locations along a channel from each build direc-
tion. Slices from the vertically built channel lie nearly perfectly
on top of each other, while slices from the other two channels
show variability along their length. The small concentricity toler-
ance of the vertical build direction can be attributed to the consist-
ent shape of the build layers. Since each slice had the same
geometry during the build, the solidification and cooling of each
layer was similar. This consistency helped to produce channels
where each cross section was correctly aligned with the preceding
layer.

Examining the total runout tolerance was another way to evalu-
ate the deformation of the channels. Similar to the other tolerance
measures, the vertical channel had the lowest runout. Interest-
ingly, the horizontal and diagonal build directions had comparable
runout tolerances. Lack of support material explains this poor tol-
erance in the horizontal coupon. However, this does not explain
the deformation in the diagonal coupon, since the upper surface
should have been self-supporting. The large deformations, and
thus high runout tolerance, of the diagonally built channels are

Table 2 Geometric tolerance data calculated from channel CT
scans

Vertical Horizontal Diagonal

Ave r Ave r Ave r

Inscribed D (mm) 0.499 0.005 0.440 0.010 0.438 0.007
Effective D (mm) 0.554 0.012 0.532 0.005 0.532 0.005
Total runout (mm) 0.134 0.015 0.221 0.022 0.225 0.032
Concentricity (mm) 0.026 0.007 0.113 0.014 0.114 0.013
Circularity (mm) 0.092 0.012 0.193 0.075 0.219 0.084
Surface roughness Ra (lm) 8.4 16.1 16.3

Fig. 7 Three-dimensional surfaces representing the internal
channel topology of a single channel for the (a) vertical, (b) hor-
izontal, and (c) diagonal build directions

Fig. 8 Axial slices at various streamwise locations of (a) vertically, (b) horizon-
tally, and (c) diagonally built channels
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instead explained by the size of the laser melt pool. Although its
size is dependent on the laser power and scan speed, a typical
melt pool penetrates further into the part than the current layer
[27,28]. When building the upper surface of the channel in the
diagonal build direction, the heat from the laser penetrated deeper
than the current layer, melting some of the powder inside the
channel. This overmelting generated the globular features shown
in Fig. 7. In addition, these defects compounded the distortion
seen in the upper channel surface by hindering the creation of
subsequent layers [29].

Conduction differences during the build could have exacerbated
the deformations and inconsistencies seen with the different build
directions. Given the support structures shown in Fig. 2, the heat
from the melt pool must conduct to the build plate through differ-
ent paths in each build direction. In the diagonal build direction,
there are no supports on the downward facing exterior surface.
Therefore, all of the heat must conduct to the plate through the
small amount of support structure at the bottom of the flange. This
small connection to the build plate could have slowed the rate of
solidification each layer, and thus impeded the ability to hold a
tight tolerance on the overhanging upper surface of the channel.

Channel Roughness

Surface roughness on the interior of the channels was also
examined for the three different build directions. Referring to
Table 2, the vertically built channels had the lowest internal sur-
face roughness of all the test coupons. This low Ra value can be
attributed to the lack of downward facing surfaces in the channel.
As reported in the literature [6,20], downward facing surfaces are
rougher than upward facing surfaces, with vertical surfaces lying
somewhere in between. This difference has to do with the layer-
by-layer nature of AM. Upward-facing surfaces are the smoothest
since the laser beam melts that surface directly. Downward-facing
surfaces are rough due to the unsintered powder that the surfaces
are built upon. Powder can fuse to the layer created above it,
resulting in small ball-like features on the surface. These features
can be seen in the optical profilometry image in Fig. 5(a). Finally,
vertical surfaces have medium roughness values in between
upward-facing and downward-facing since they are composed of
the edges of all of the layers. These layer edges can be seen in the
vertically built channel surfaces shown in Fig. 7(a). As seen by
Strano et al. [2], the horizontally and diagonally built channels
have similar roughness values. Both channels have an upward fac-
ing surface and a downward facing surface, which explains the
similarity in roughness.

Roughness levels found for all three coupons were similar to
those reported for the DMLS process with various materials
[2–11]. These roughness levels are more than double those typi-
cally seen with a machining, EDM, or investment casting process
[30]. Therefore, using DMLS to create small channels resulted in
internal surfaces rougher than traditional methods, regardless of
the DMLS build direction. At the small scale of these channels,
these high roughness levels are significant.

Conclusions

Coupons for evaluating dimensional tolerance and surface
roughness of microscale channels were fabricated out of Inconel
718 using three different build directions. These coupons were CT
scanned to generate data for further analysis. Codes developed
in-house were then used to calculate the internal dimensions, geo-
metric tolerances, and surface roughness of the channels. Despite
the CT scanner’s lack of resolution for surface roughness meas-
urements, the data allowed comparisons between the build direc-
tions and visualization of the large internal roughness features
without destroying the coupon.

In general, the vertical build direction produced the highest
quality channels. Tolerance values of total runout, concentricity,
and circularity were lowest for the vertically built channels, while

the maximum inscribed diameter was closest to the design intent.
In addition, the vertical build direction resulted in the lowest inter-
nal surface roughness of all of the coupons tested.

Despite a difference of 45 deg between the horizontal and diag-
onal build directions, these directions produced channels with
similar diameters, tolerances, and surface roughness. Therefore,
designers must be cautious if a design requires a channel to be
built 45 deg or lower relative to the build plate. At the microchan-
nel scale, the impact of roughness features and geometric devia-
tions can be severe. With few finishing processes well suited to
this small scale, the high roughness and geometric deviations
must be accounted for from the beginning of the design process.
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Nomenclature

Ac ¼ cross-sectional area of a channel
L ¼ length of the channel
n ¼ number of points in the 3D point cloud for a given

channel
P ¼ perimeter of a channel

Ra ¼ arithmetic mean roughness
x ¼ x-coordinate of the build envelope
X ¼ axial position along the channel
y ¼ y-coordinate of the build envelope
z ¼ z-coordinate of the build envelope

Zmeas ¼ height of the measured CT scan surface in the roughness
reference frame

Zsurf ¼ height of the polynomial surface fit in the roughness
reference frame
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