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ABSTRACT

Additive manufacturing (AM) techniques such as laser powder bed fusion (L-PBF) are
increasingly being used in various industries due to their numerous advantages. However, the
use of AM is limited by the defects introduced by the process, such as surface roughness.
Surface roughness negatively affects the pressure loss and heat transfer of internal cooling
channels in gas turbine engine components. There are several post-processing methods
discussed in the literature to reduce the surface roughness of AM components. However, these
methods are usually applied to external surfaces and are ineffective for internal channels.
In this study, L-PBF Inconel 718 samples and an L-PBF test coupon with internal cooling
channels of material similar to Inconel 939 were post-processed using various heat treatment
and/or hipping parameters to examine the impact on surface finish. While the Inconel 718
samples experienced no measurable surface roughness reduction, the heat treatment and hipping
processes significantly improved the surface finish of the Inconel 939 test coupon channels.
Additionally, the surface roughness reduction of the coupon channels resulted in a decrease in
pressure loss across the channels for the same heat transfer augmentation, compared to the asmanufactured channels.
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NOMENCLATURE
µ = reported Sa
x̄ = mean
tα/2 = critical value
α = the level of significance
S = standard deviation
n = number of measurements taken.
df = degrees of freedom
δi = absolute value of the deviation
f = friction factor
∆P = pressure differential
Dh = hydraulic diameter
L = length of coupon channel
p = density
V = velocity of the air
T = temperature
t = thickness
cp = specific heat capacity
ṁ = mass flow rate of the air
As = wetted surface area
k = thermal conductivity
h = heat transfer coefficient
Re = Reynold’s number
ε = absolute roughness
Nu = Nusselt number
Pr = Prandtl number
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Chapter 1
Introduction
Advances in additive manufacturing (AM), especially laser powder bed fusion (L-PBF)
have increased the potential for using its technology in various industries. In L-PBF, thin layers
of metal powder are deposited on a substrate and scanned by a laser beam. Each layer of the part
is filled with lines of molten powder. L-PBF is also referred to in the literature as selective laser
melting (SLM), selective laser sintering (SLS), direct metal laser sintering (DMLS), electron
beam melting (EBM), and direct metal laser melting (DMLM) [1]. L-PBF enables AM of metal
alloys and allows for the manufacturing of components with complex geometries without
significant cost increase. Additionally, high nickel alloys or other metals of varying composition
can be used to additively manufacture parts at a similar difficulty level as standard metals. In the
aerospace industry, AM is an especially attractive technology for high temperature applications
in static components. This paper focuses on small internal cooling channels for gas turbine
engines manufactured using L-PBF.
The use of AM is limited by the defects introduced during the process such as porosities
and microstructures. These defects are often unpredictable and have substantial effect on the
mechanical properties of the additively manufactured component. Unreliable mechanical
properties limit the ability of AM to be used for structurally critical parts. Despite these
limitations, using AM for static components, including several parts inside a gas turbine engine,
could still be advantageous. Regardless of the application, another significant challenge
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associated with AM is the surface roughness on the resulting parts. This surface roughness
affects the pressure loss and heat transfer characteristics of small internal cooling channels in
turbine components. The literature explores several methods of reducing surface roughness of
additively manufactured parts, but many of those technologies have limitations that minimize
their effectiveness for small, complex channels. This paper focuses on roughness reduction
technologies that are applicable to small internal cooling channels and quantifies the effect of
post-processing on the heat transfer and pressure drop characteristics of the channels.
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Chapter 2
Literature Review

Effect of Surface Roughness on Pressure Drop and Heat Transfer

Previous studies have investigated the pressure drop and heat transfer characteristics for
rough surfaces manufactured using various metal AM processes. Ventola et al. [2] investigated
the convective heat transfer performance of flat and finned heat sinks manufactured using LPBF. The authors found that convective heat transfer was enhanced by at most 73% for rough
flat surfaces and by at most 40% on rough finned surfaces. The study ultimately proposes that
heat transfer close to the surface is dominated by eddies, the size of which depend on the
roughness of the surface. While this study presents valuable findings on convective heat transfer
for L-PBF parts, it is limited to external convection only.
Stimpson et al. [3] found that friction factor for small internal cooling channels
manufactured using L-PBF was significantly augmented compared to smooth channels due to the
increased ratio of roughness to hydraulic diameter. Friction factor is the dimensionless pressure
drop for internal flow [4]. Nusselt number (Nu) gives a measure of convection heat transfer at
the surface, as it is the dimensionless temperature gradient at the surface [4]. Nu was also
augmented for the internal cooling channels, but the augmentation of Nu did not increase
proportionally to the friction factor augmentation. However, the authors point out that it might
sometimes be of design interest for a given cooling channel to increase heat transfer despite the
pressure losses induced. Therefore, further research is needed on the effective design,
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construction, and post-processing of internal cooling channels to improve the relationship
between friction factor augmentation and Nu augmentation.
Snyder et al. [5] investigated the effects of the build direction and the shape of internal
cooling channels manufactured by L-PBF on heat transfer and pressure drop characteristics of
the channels. Specifically, the authors built L-PBF channels with cylindrical geometry in three
different orientations (horizontal, diagonal, and vertical) and channels with teardrop and
diamond-shaped geometries in a horizontal orientation. The authors found that all channels had
comparable heat transfer performance but large differences in friction factor. The vertically built
cylindrical coupon had the lowest friction factor and the teardrop geometry channels had a lower
friction factor than the channels with the diamond shape. This study demonstrates that variables
in the AM process must be considered in order to minimize friction factor augmentation and
maximize heat transfer performance in AM internal cooling channels.
Kirsch et al. [6] quantified the pressure loss and heat transfer performance of wavy
microchannels manufactured using L-PBF. The authors investigated three coupons with
channels of various wavelengths and found that short wavelength channels have a high pressure
loss due to flow separation, but no corresponding heat transfer augmentation. The coupons with
longer wavelengths had significant heat transfer augmentation with much less of a pressure drop
penalty. This study demonstrates the need for further research on determining the optimal design
of AM microchannels to maximize their performance.
The studies discussed in this section demonstrate the importance of research on achieving
heat transfer benefits from the roughness of AM internal cooling channels while minimizing
pressure losses. Because friction factor augmentation results from the surface roughness of the
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AM parts, this paper explores surface roughness reduction methods for internal cooling channels
in order to improve the relationship between heat transfer augmentation and pressure drop.

Surface Roughness Reduction Methods

There is much work in the literature that has sought to find a reliable means of reducing
the surface roughness of metal components by post-processing, especially AM components.
Wang et al. [7] investigated the use of Abrasive Flow Machining (AFM) to improve the inner
and outer surfaces of an additively manufactured aluminum alloy grille. AFM is a polishing
process that uses semisolid abrasive media as a cutting tool. The authors found that using AFM
reduced the surface roughness from 14 micrometers to 0.94 micrometers. However, several
researchers have reported abrasive particle embedment onto the workpiece surface after using
AFM to reduce surface roughness [8]. Additionally, AFM often results in non-uniform finishing
due to preferential flow over more restricted areas of complex specimens [8].
Tan et al. [9] found that Ultrasonic Cavitation Abrasive Finishing (UCAF) reduced
surface roughness of L-PBF Inconel 625 components by up to 45%. The authors identified three
different types of surface irregularities on the Inconel specimens, including spherical powders on
the surface, step discontinuities between print layers, and large surface peaks with irregular
shape. When UCAF was applied to the specimens, the spherical powders were removed by the
collapse of cavitation bubbles, whereas the larger surface peaks were removed by the impact of
micro-abrasives in the flow. However, the UCAF process in this study was applied to the
external surfaces of L-PBF cubic specimens rather than complex internal cooling channels.
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Mohammadian et al. [10] used a combination of chemical and abrasive flow polishing to
reduce the surface roughness of Inconel 625 components. The study found that chemicalabrasive flow polishing can reduce surface roughness Ra value by 20% for a 135-degree build
orientation and by 45% for a 15-degree build orientation. The authors found that using a
combined chemical-abrasive flow polishing gave a better surface finish and increased the rate of
material removal compared to when chemical or abrasive flow polishing were used individually.
However, the AM specimen to which the process was applied in this study was an edge-space
specimen with no complex internal geometry.
Shinmura et al. [11] studied the effect of the mixed weight percentage and size of iron
particles in magnetic abrasive finishing (MAF) used to reduce the internal surface roughness of a
stainless steel tube. During MAF, a magnetic field is applied, and magnetic forces act on
abrasive particles, causing the particles to penetrate the internal surface of the specimen. The
authors applied their MAF method to the bottom of a clean gas bomb and found that the surface
roughness of the part was reduced to 0.2 micrometers from 7 micrometers. Unfortunately, MAF
is ineffective on ferromagnetic materials like nickel and cobalt alloy because the specimen
becomes magnetized in the presence of the applied magnetic field, making it attracted to the
magnetic abrasive particles [8]. Barletta et al. [12] investigated the use of fluidized bed
machining (FBM) to reduce the surface roughness of aluminum alloy components. In FBM, a
bed of abrasive particles is driven by fluid flow to impact the surface of the component. The
authors found that the machining rate of the process is most strongly influenced by the
mechanical properties of the specimen. Additionally, surface roughness reduction becomes more
accurate as the impact energy of the abrasives is decreased. While FBM achieved significant
surface roughness improvement in this study, the reduction of the external surface roughness of

7

the components was much greater than the reduction of internal surface roughness. Additionally,
the surface reduction roughness methods applied in [11] and [112] were applied to machined
specimens, not AM specimens.
Marimuthu et al. [13] uses continuous wave fiber laser polishing to improve the surface
finish of L-PBF parts. Specifically, the authors studied the effect of melt pool dynamics in laser
polishing on the surface roughness of the component and found that final surface roughness
depends significantly on melt pool velocity, which is determined by laser power and speed. The
authors ultimately found that continuous wave laser polishing can be used to polish metals
without noticeable change in the mechanical characteristics of the component. With optimized
parameters, laser polishing achieved a surface roughness reduction from 10.2 µm to 2.4 µm.
However, the laser polishing in this study was applied to 40 x 10 x 5 mm Ti-6Al-4V components
with no internal geometry.
Alrbaey et al. [14] investigated the effects of laser re-melting on surface roughness of LPBF stainless steel components. The authors found that hatch spacing and laser power have the
highest impact on surface improvement and that the average surface roughness values of the remelted parts increase as build angle increases. The results of this study indicated that laser remelting could reduce the average surface roughness of the components up to 80%. However, the
specimens that were studied were 30 x 10 x 4 mm Stainless steel 316L components with no
internal geometry.
Yang et al. [15] used non-aqueous electropolishing to post-process L-PBF Ti6Al4V
components. The study found that temperature has a significant effect on the electropolishing
process, but the effect of polishing time was inconsistent. Electropolishing ultimately achieved
significant reduction of surface roughness from over 20 µm to less than 1 µm, but the polishing
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was non-uniform. Additionally, the specimens that were electropolished were 20 x 8 x 2 mm Ti6Al-4V bars with no internal geometry. AlMangour et al. [16] found that shot-peening reduced
the average surface roughness of L-PBF 17-4 stainless steel components by approximately 70%.
The reduction of surface roughness was achieved by flattening high surface features by highenergy shots of glass beads. The shot-peened samples also experienced improvements in
compressive yield strength, wear resistance, and hardness. However, the samples were 20 x 10 x
5 mm rectangular plates with no internal geometry.
Ma et al. [17] used ultrasonic nano-crystal surface modification (UNSM) to improve the
surface finish of AM nickel-titanium. UNSM is a combination of ultrasonic peening and
burnishing and involves a tungsten carbide tip striking the specimen surface at high frequency
and scanning over the surface. The study found that the combination of strikes and scans
improves surface finish by removing surface particles and pushing larger peaks towards valleys
on the surface. The surface roughness of the samples decreased from 12.1 µm to 9 µm as a
result of the UNSM process. However, the UNSM process was applied to cylindrical coupons
with a height of 2 mm and a diameter of 10 mm, and no internal geometry.
Beaucamp et al. [18] investigated the use of shape adaptive grinding (SAG) to reduce the
surface roughness of Ti-6Al-4V L-PBF components. The authors used an elastic tool with
diamond pellets on its surface and controlled the tool offset, attack angle, tool speed, and spindle
speed by a 7-axis CNC machine. The study demonstrated that the SAG tool can be used on
specimens of varying curvature and can reduce surface roughness down to less than 10 mm Ra.
However, the tool used in the process is too large to be applied to small internal channels.
The aforementioned studies either quantified the effect of surface roughness of L-PBF
parts on heat transfer or explored methods of reducing surface roughness of metal components.
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However, the effect of post-processing L-PBF parts on heat transfer and pressure drop
characteristics of those parts has not yet been studied. Additionally, the surface roughness
reduction methods discussed in this section were either conducted only on external surfaces or
would be ineffective for internal cooling channels of the Inconel samples discussed in this paper.
This paper investigates the effect of a new surface finishing method on L-PBF internal cooling
channels for turbine applications by comparing friction factor and Nusselt number augmentation
before and after the surface finishing method is applied.
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Chapter 3
Hot Isostatic Pressing and Heat Treatment Processes
In this study, fourteen small Inconel 718 samples and a test coupon of composition
similar to that of Inconel 939, all manufactured using L-PBF, were analyzed. The Inconel 718
samples were cut from scrap laser powder bed fusion parts. The coupon shape was similar to
that of the test coupon studied in [5]. The processes used to reduce the surface roughness of the
samples were heat treatment and, for some samples, hot isostatic pressing (hipping).
During hipping, pressure and high temperature are applied at the same time to a
specimen, thus consolidating the specimen. The pressure is applied by an inert gas such as
nitrogen, which is sent into a vessel that is pressurized up to 200 MPa. Inside the vessel, a
furnace produces temperatures that can be as high as 2000°C. Gas pressure is reached during
hipping by both heating the gas and using a mechanical compressor. The chief goal of hipping is
generally to remove pores in the specimen. The increased pressure, which acts normal to the
surface of the specimen, allows uniform densification [19]. Hipping was originally used for
diffusion bonding in the nuclear industry but is now most popular for consolidating metal
powders and improving castings. Loh et. al identifies various advantages of hipping including
that powders can reach higher densification at lower temperatures, parts that are hipped have
uniform density, heat transfer facilitated by the high gas density results in rapid heating, and
more [20].
The goal of heat treatment in general is to change the properties of a material, either
physical or chemical. Heat treatment techniques accomplish this by inducing phase
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transformations in the alloy, modifying the microstructure that the alloy developed during metal
processing. Heat treatment techniques all involve a controlled process of heating and cooling
alloys at various rates. The effects of heat treatment techniques depend on the alloy’s
composition and microstructure, among other factors. There are heat treatment processes that
change the bulk properties of a material, such as precipitation hardening and quenching, and heat
treatment processes that change only the surface properties of a material, such as carburizing,
boronizing, and induction hardening. Annealing is another heat treatment process, where a
workpiece is heated to a temperature and held there for a set amount of time, then cooled slowly.
The heat treatment process chosen depends on the microstructure of the material, the desired
final properties of the workpiece, and the previous processes that the workpiece underwent [21].
There were several different processes used on the seventeen Inconel 718 samples. A full
table with each sample and the heat treating and/or hipping process it underwent is given in
Table 3-1. Five samples were heat treated in a furnace at atmospheric pressure at a temperature
of 1093°C, for either 8, 12, or 16 hours. Three samples were heat treated in a furnace with an
Argon atmosphere at a temperature of 1260°C for 8 hours. One sample was heat treated in a
furnace at atmospheric pressure at 1093°C for 12 hours, then heat treated with an Argon
atmosphere at a temperature of 1260°C for 8 hours. Three samples were hipped in an Argon
atmosphere at a temperature of 1190°C and a pressure of 103 MPa for 4 hours. Two samples
were heat treated in a vacuum atmosphere at a temperature of 1230°C for 8 hours, then hipped at
a temperature of 1190°C and a pressure of 103 MPa for 4 hours. The coupon was heat treated at
98 percent of the melting range for 8 hours and hipped using an industry standard hipping
process.
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Table 3-1: Test Matrix for Inconel 718 Samples

Sample
#
1

Heat Treat
Yes

2

Yes

3

Yes

5

Yes

6

No

7

Yes

10

Yes

11

Yes

12

Yes

13

No

14

Yes

15

Yes

16

No

17

Yes

T: 1093°C, t: 12 hrs
Environment: Atmosphere
T: 1093°C, t: 16 hrs
Environment: Atmosphere
T: 1093°C, t: 8 hrs
Environment: Atmosphere
T: 1260°C, t: 8 hrs
Environment: Argon
T: 1230°C
t: 8 hrs
Environment: Vacuum
T: 1260°C, t: 8 hrs
Environment: Argon
T: 1093°C, t: 12 hrs
Environment: Atmosphere
T: 1093°C, t: 16 hrs
Environment: Atmosphere
T: 1093°C, t: 8 hrs
Environment: Atmosphere
T: 1230°C
t: 8 hrs
Environment: Vacuum
T: 1260°C, t: 8 hrs
Environment: Argon

HIP
No
No
No
No
Yes

Yes

No
No
No
Yes

No
Yes

Yes

No

T: 1190°C, P: 103 MPa
t: 4 hrs
Environment: Argon
T: 1190°C, P: 103 MPa
t: 4 hrs
Environment: Argon
T: 1190°C, P: 103 MPa
t: 4 hrs
Environment: Argon
T: 1190°C, P: 103 MPa
t: 4 hrs
Environment: Argon
T: 1190°C, P: 103 MPa
t: 4 hrs
Environment: Argon
-
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Chapter 4
Surface Roughness Characterization Methods
Scanning Electron Microscopy (SEM) and Optical Profilometry were both used to
characterize the surface roughness of each sample. A Scanning Electron Microscope uses a
beam of high-energy electrons to scan the surface of a solid specimen, generating secondary
electrons in the specimen. The microscope collects the secondary electrons and generates a map
of emissions from the secondary electrons. This map is a magnified image of the solid specimen
because the intensity of the emission from secondary electrons is directly related to morphology.
The Thermo Fisher (FEI) Q250 Environmental SEM was chosen for this study because SEM was
needed to analyze micro-scale features, rather than nano-scale features. This SEM microscope
has a resolution of 10 nm [22]. SEM pictures at several different magnifications and at a few
different locations were taken of each sample before and after the sample underwent hipping
and/or heat treatment. The SEM images were taken with the sample propped at approximately a
45-degree angle. The purpose of this was to ensure that the images could capture how the
spherical powders from the AM process were attached to the surface of the sample.
An optical profilometer is a microscope that uses a beam splitter to split light from a lamp
in the microscope into two paths, one path that travels to the surface of the specimen and another
path that travels to a mirror. Reflections come from both surfaces and are combined and
projected onto an array detector. Information about the surface of the solid specimen is
generated based on the occurrence of interference. Optical profilometry is a noncontact and
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nondestructive method of characterizing a surface. The optical profilometry machine used to
quantify the surface roughness of each sample was the Zygo NexView 3D. To characterize the
surface roughness of the samples in this study, the 10X objective was used, which gives a zresolution of approximately 950 nm [23].
The measurement recorded for each specimen was arithmetical mean height (Sa).
Measurements were taken at various locations on each sample surface until the confidence
interval of the set of measurements was less than ten percent of the average value of the
measurements. A confidence level of 0.95 was enforced for each sample because it is the
accepted engineering standard. The t test was used to analyze the set of measurements for each
sample because the number of measurements was always less than 30. Sa for each sample is
given as:
S

µ = x̄ ± tα/2 √n ,

(1)

For some of the samples, there were one or more measurements were inconsistent with
the rest of the data points. To determine whether these measurements could be classified as
outliers and removed from the data, an outlier analysis was conducted on the data points. The
sample mean and standard deviation of the data points were collected, then the absolute value of
the deviation was calculated as
𝛿𝑖 = |𝑑𝑖 | = |𝑥𝑖 − x̄ |.

(2)

The data point that is most likely to be an outlier is the data point with the maximum
value of 𝛿𝑖 . The value of the modified Thompson τ is calculated using the equation
𝜏=

𝑡𝛼/2 ∗(𝑛−1)
√𝑛√𝑛−2+𝑡𝛼/2 2

.

(3)
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If 𝛿𝑖 > τS, then the data point is removed because it is an outlier. If 𝛿𝑖 < τS, then the data
point is kept because it is not an outlier. Additionally, only the data point with the largest value
of 𝛿𝑖 is considered each time. If it is an outlier, it is removed and the process begins again if
there is another suspected outlier, using a sample mean and sample standard deviation of the new
set of data.
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Chapter 5
Experimental Methods
A test rig was used to obtain heat transfer and pressure drop measurements for the test
coupon. Figure 5-1 shows a model of the test rig. The rig sends air to the coupon inlet using a
polyether ether ketone contraction chamber in which the cross-sectional flow area decreases by a
factor of 11. The expansion chamber is identical to the contraction chamber for simplicity of
manufacture. Upstream of the contraction chamber and downstream of the expansion chamber
are pressure taps to measure the pressure drop across the coupon in the rig. A differential
pressure transducer measures the pressure drop and a pressure transducer measures gauge
pressure downstream of the coupon. A laminar flow element measures air mass flow rate going
into the rig.

Figure 5-1: Model of test rig used to measure pressure drop and heat transfer of coupons

Electrical resistance surface heaters add heat to the upper and lower surfaces of the
coupon. The heaters are attached to 25.4 x 25.4 x 6.10 mm copper blocks using a thin layer of
thermal paste and insulated by rigid foam blocks. The copper blocks were chosen due to the
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high thermal conductivity of copper and their thickness was determined based on the
requirement that the coupon has a uniform temperature along its length. The copper attaches to
the coupon using a thin layer of thermal paste. There are thermocouples embedded throughout
the test rig to determine inlet and exit air temperatures, coupon surface temperature, and
conduction losses throughout each part of the rig.
Friction factor is calculated using the pressure drop measurements across the coupon.
The pressure drop that was measured was higher than the actual pressure drop across the coupon
due to the losses from the dissipation of the high velocity air leaving the coupon. These losses
were accounted for by making the assumption that the exit loss coefficient is unity. The equation
used to calculate friction factor is
𝑓 = ∆P

𝐷ℎ 2
𝐿 𝑝𝑉 2

,

(4)

where Dh is the hydraulic diameter of the coupon channel and L is the length of the coupon
channel. The process for determining the hydraulic diameter, length, and other dimensional
parameters of the coupon channels is described in [5].
Equation 5 was used to calculate the temperature of the coupon surface, where onedimensional conduction was assumed. Accounted for in the equation are the temperature of the
copper TCU, the distance between the copper block thermocouples to the copper block surface
tCU, the thickness of the thermal paste tTP, the thickness of the coupon wall twall, and the crosssectional area of the copper + coupon normal to the heater. Also accounted for are the thermal
conductivities of the copper, thermal paste, and coupon.
𝑄

𝑡

𝑡

𝑇𝑠 = 𝑇𝐶𝑢 − 𝐴 (𝑘𝐶𝑢 + 𝑘𝑇𝑃
𝐶𝑢

𝑇𝑃

𝑡𝑤𝑎𝑙𝑙
𝑘𝑐𝑜𝑢

)

(5)
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The heat transferred into the air as it passed through the coupon is determined by
equation 6, where ṁ is the mass flow rate of the air, 𝑐𝑝 is the specific heat capacity of the air, T2
is the temperature of the air as it leaves the coupon channel, and T1 is the temperature of the air
as it enters the coupon channel. The log mean temperature difference was calculated using
equation 7. The convective heat transfer coefficient was calculated with equation 8, using the
heat transferred into the air, the log mean temperature difference, and the wetted surface area of
the coupon. Nusselt number is calculated in Equation 9 using the heat transfer coefficient, the
hydraulic diameter of the coupon, and the thermal conductivity of the coupon [4].
𝑄𝐴𝑖𝑟 = ṁ𝑐𝑝 (𝑇2 − 𝑇1 )
∆𝑇𝐿𝑀 =

𝑇𝐴𝑖𝑟,2 − 𝑇𝐴𝑖𝑟,1
𝑇𝑆 −𝑇𝐴𝑖𝑟,1

𝑙𝑛(

𝑇𝑆 −𝑇𝐴𝑖𝑟,2

ℎ=

𝑄𝐴𝑖𝑟
𝐴𝑆 ∆𝑇𝐿𝑀

𝑁𝑢 =

ℎ𝐷ℎ
𝑘

)

(6)
(7)

(8)
(9)
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Chapter 6
Experimental Results

Effect of Heat Treatment on Roughness

This section summarizes the surface roughness results for the samples that were only heat
treated. Table 6-1 shows the before and after surface roughness for each sample, along with the
heat treatment that each sample underwent.
Table 6-1: Heat treatment parameters for each sample with before/after surface roughness

Sample
#
1
2
3
5
7
10
11
12
14
17

HT
Temp
(°C)
1093
1093
1093
1260
1230
1260
1093
1093
1093
1260

HT
Time
(hrs)
12
16
8
8
8
8
12
16
8
8

HT
Environment

Before Ra (µm)

After Ra (µm)

Atmosphere
Atmosphere
Atmosphere
Argon
Vacuum
Argon
Atmosphere
Atmosphere
Atmosphere
Argon

4.61 +/- 0.64
4.00 +/- 0.28
4.82 +/- 0.16
4.01 +/- 0.14
5.36 +/- 0.16
14.92 +/- 1.19
13.9 +/- 0.45
14.9 +/- 0.93
15.1 +/- 1.48
42.3 +/- 3.39

4.80 +/- 0.40
4.19 +/- 0.20
4.39 +/- 0.28
4.91 +/- 0.40
4.94 +/- 0.44
15.3 +/- 0.71
16.8 +/- 1.33
18.5 +/- 0.63
17.0 +/- 0.72
42.3 +/- 3.18

The first case that was examined was the effect of the heat treatment temperature on
samples with relatively low as-built roughness. Figure 6-1 gives the before and after SEM
pictures and surface roughness measurements for samples of low roughness that were heat
treated at different temperatures. As shown in Table 6-1, Sample 3 was heat treated at 1093°C
for 8 hours, Sample 7 was heat treated at 1230°C for 8 hours, and Sample 5 was heat treated at
1260°C for 8 hours. None of the samples demonstrate a significant decrease in surface
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roughness after heat treatment, as indicated by the given optical profilometer measurements.
However, each sample appears to have a distinct change in surface appearance and samples 7
and 5 demonstrate a decrease in the number of spherical powders on the surface. In these
samples, the ridges resulting from different build layers are visible in the SEM images. The
ridges are less visible in sample 5 after heat treatment.

Figure 6-1: Before/ after 8 hr heat treatment SEM images for Sample 3 (a, b), Sample 7 (c, d), and Sample 5 (e, f)

Next, samples with a medium roughness level were investigated. Figure 6-2 gives the
before and after SEM pictures and surface roughness measurements for samples of medium
surface roughness that were heat treated at different temperatures. As shown in Table 6-1,
Sample 12 was heat treated at 1093°C for 8 hours and Sample 10 was heat treated at 1260°C for
8 hours. The before and after optical profilometer measurements for each sample indicate that
neither sample experienced a decrease in surface roughness. Sample 12 experiences a slight
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increase in surface roughness, as demonstrated in the post-heat treatment measurement and the
increase in surface irregularities in the SEM picture. Sample 10 demonstrates a distinct change
in surface appearance as the spherical powders have begun to melt into the base surface. Figure
6-3d looks different from the other images because it was taken with a different detector on the
SEM.

Figure 6-2: Before/ after 8 hr heat treatment SEM images of Samples 12 (a,b) and 10 (c, d)

Last, samples with the highest as-built roughness were heat treated at two temperatures.
Figure 6-3 gives the before and after SEM pictures and surface roughness measurements for
samples of large surface roughness that were heat treated at different temperatures. As shown in
Table 6-1, Sample 15 was heat treated at 1230°C for 8 hours and Sample 17 was heat treated at
1260°C for 8 hours. The before and after optical profilometer measurements for each sample
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demonstrate that neither sample experienced a significant decrease in surface roughness. The
spherical powders on the surface of Sample 15 have begun to melt into the base surface, as
shown in the SEM picture. Sample 17 demonstrates a distinct change in surface appearance as
the spherical powders have begun to blend into the base surface more. Figure 6-4d looks
different from the other images because it was taken with a different detector on the SEM. On
both samples there remain large surface irregularities that explain the resulting surface roughness
measurements.

Figure 6-3: Before/after 8 hr heat treatment SEM images of Samples 15 (a, b) and 17 (c, d)

Another variable that was investigated was the length of the heat treatment process.
Figure 6-4 gives the before and after SEM pictures and surface roughness measurements for
samples of medium surface roughness that were heat treated at 1093°C for different times. As
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shown in Table 6-1, Sample 14 was heat treated 8 hours, Sample 11 was heat treated for 8 hours,
and Sample 12 was heated for 16 hours. Again, the before and after optical profilometer
measurements for each sample demonstrate that neither sample experienced a significant
decrease in surface roughness. None of the SEM images taken after heat treatment demonstrate
the spherical powders beginning to blend into the surface, nor the amount of other surface
irregularities beginning to decrease. These results demonstrate that, at 1093°C, increasing the
time of heat treatment did not lead to an appreciable change in the resulting surface roughness.

Figure 6-4: Before/after heat treatment at 1093°C SEM images of Sample 14 (a, b), Sample 11 (c, d), and Sample
12 (e, f)
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Effect of HIP on Roughness

This section summarizes the surface roughness results for the samples that were both
heat-treated and hipped, or only hipped.
Table 6-2: Heat treatment and hipping parameters for each sample with before/after surface roughness

HT
HT
Sample
Time Temp
#
(hrs) (°C)

HT
Envir.

HIP
Time
(hrs)

HIP
Temp
(°C)

HIP
HIP
Pressure
Envir.
(MPa)

6

-

-

-

4

1190

103

Argon

7

8

1230

Vacuum

4

1190

103

Argon

13

-

-

-

4

1190

103

Argon

15

8

1230

Vacuum

4

1190

103

Argon

16

-

-

-

4

1190

103

Argon

Ra (µm)
Before: 5.17 +/- 0.42
After: 5.26 +/- 0.27
Before: 5.36 +/- 0.44
After: 4.94 +/- 1.33
Before: 16.4 +/- 1.20
After: 15.3 +/- 0.84
Before: 36.9 +/- 1.81
After: 36.0 +/- 1.70
Before: 35.5 +/- 1.14
After: 33.9 +/- 3.03

Figure 6-5 gives the SEM images of the samples that were hipped at a pressure of 103
MPa and a temperature of 1190°C for 4 hours in an Argon atmosphere. Some of the samples
were also heat treated for 8 hours at a temperature of 1230°C in a vacuum environment, as
indicated in Figure 6-5. The heat treatment and/or hipping details for each sample are given in
Table 6-2. The samples that were not heat treated did not show an appreciable difference in
surface appearance. There are still a large amount of large irregularities and spherical powders
on the surface after hipping. The samples that were both heat treated and hipped show a
difference in surface appearance. On sample 7, the spherical powders on the surface have begun
to flatten or melt into the base surface. However, the build layers or ridges are still visible on the
sample. On sample 15, the spherical powders have begun to melt into the surface and decrease
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in size. None of the samples demonstrate a significant change in the surface roughness value, as
indicated by the optical profilometer measurements.

Figure 2-5: Before/ after heat treatment + HIP SEM images for Samples 6 (a, b), 7 (c, d, e), 13 (f, g), 15 (h, i, j),
and 16 (k, l)

The test coupon with internal cooling channels was also heat treated and hipped. As
stated previously, the coupon material is similar to Inconel 939. Figure 6-6 shows images of the
coupon channels before and after heat treatment and hipping are applied. These images were
taken on a lab microscope and show that there is a lesser presence of spherical powders and other
large surface irregularities on the surface of the channels after heat treatment and hipping than
there was before, suggesting that the heat treatment and hipping process reduced the surface
roughness of the channels. The surface of the channel appears to have a smoother surface after
heat treatment.
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Figure 6-6: Lab microscope images of coupon channels before and after heat treatment + hipping

Figure 6-7 gives the SEM images of the coupon before and after heat treatment. The
SEM images show that the spherical powders on the as-printed surface have partially melted into
the surface of the channel. The surface of the coupon channel has a much smoother appearance
after heat treatment than before. Additionally, the ridges or build layers of the channels are no
longer visible after heat treatment and hipping.

Figure 6-7: SEM images of coupon channels before and after heat treatment + HIP

Figure 6-8 gives the SEM images of the surfaces of the coupon channels compared to the
surfaces of the Inconel 718 Sample 7 and Sample 15. As discussed previously, the coupon was
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heat treated at 98% of the material’s melting range for 8 hours, then hipped using an industry
standard hipping process. Samples 7 and 15 were heat treated for 8 hours at 1230°C, 98% of low
end of the Inconel 718 melting range, then hipped at 103 MPa for 4 hours. Figure 6-8a and
Figure 6-8b show that the process resulted in significant surface roughness reduction on the
coupon channel. Most of the spherical powders on the as-built surface have melted into the base
surface. Figure 6-8e and Figure 6-8f also demonstrate the significant surface roughness
reduction on the coupon channel. The ridges due to print layers on the as-built surface are no
longer present on the channel surface after the process.
Figure 6-8c and Figure 6-8d show that the Inconel 718 Sample 15 experienced a small
change in surface appearance, where the spherical powders have begun to melt into the base
surface. However, there are still far more spherical powders on the sample surface than there are
on the coupon channel surface after heat treatment and hipping. Additionally, Figure 6-8g and
Figure 6-8h show that the ridges due to build layers are still on the surface of the Inconel 718
Sample 7 after heat treatment and hipping.

Figure 6-8: Before/after heat treat + HIP comparison between coupon channel (a, b, e, f), Sample 15 (c, d), and
Sample 7 (g, h)
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It is concluded that the heat treatment and hipping processes did not have the same effect
of drastically reducing surface roughness on the Inconel 718 samples as they had on the test
coupon. The difference in the chemical composition of Inconel 718 and Inconel 939 likely
contributes to this result. The primary components of Inconel 939 are Nickel, Chromium
(22.5%), and Cobalt (19%), whereas the primary components of Inconel 718 are Ni, Chromium
(18.5%), and Iron (18.7%). Inconel 718 also has a high content of Niobium (5.1%). Despite
their differences in chemical composition, Inconel 718 and Inconel 939 have around the same
melting point (1260°C to 1316°C) [24,25].
Unlike Inconel 939, Inconel 718 experiences the formation of a laves phase during
process such as selective laser melting, casting, and welding. Laves phases are intermetallic
compounds with a stoichiometry of AB2. Laves phase is not expected to exist in Ni-Cr-Co base
alloys but Ni-Cr-Fe base alloys are likely to develop it [26]. As mentioned previously, Inconel
718 has a high content of Nb and, because of the poor diffusibility of Nb, interdentritic
segregation of Nb results in the formation of the Laves phase. Some of the Laves phases that can
form in Inconel 718 are NbNi2, NbFe2, and NbCr2 [27]. NbFe2 and NbCr2 have melting
temperatures above the melting range for Inconel 718 – 1627°C and 1720°C, respectively [28].
Heat treatment is used to get rid of the Laves phase in various materials. Laves phases can act as
crack initiation sites, reduce the room temperature tensile ductility of a material, reduce the
ultimate tensile strength of a material, and reduce the room temperature fracture toughness
properties of a material [29]. Since the heat treatment and HIP had little effect on the surface
roughness, it is hypothesized that Laves phases were formed in the Inconel 718 samples during
the L-PBF manufacturing process, limiting the effect of the heat treatment and hipping on the
samples.
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Heat Transfer and Pressure Drop Results

This section summarizes the effect of reducing the surface roughness of the coupon on
the heat transfer and pressure drop characteristics of the internal cooling channels. Figure 6-9
presents the results of the pressure drop test for the coupon before and after it was heat treated
and hipped. The friction factor measurements for the coupon at given Reynold’s numbers are
lower after the coupon was heat treated and hipped, indicating that the heat treatment and
hipping process improved the pressure drop characteristics of the coupon. Also given in Figure
6-9 is the friction factor for laminar and turbulent flow at various Reynold’s numbers for a
smooth coupon, where absolute roughness ε over diameter D is zero. Equation 10 is used to
calculate friction factor for laminar flow and Equation 11 is used to calculate friction factor for
turbulent flow. Equation 11 is the empirical correlation developed by Colebrook, where friction
factor is an implicit function of Reynolds number and relative roughness [30]. There were no
data points taken during the tests of the coupon before or after treatment in the laminar flow
regime.
𝑓=
1
√𝑓

64

(10)

𝑅𝑒
ε⁄

= −2.0log ( 3.7𝐷 +

2.51
𝑅𝑒√𝑓

)

(11)
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Figure 6-9: Friction factor versus Reynolds number for coupon before and after treatment

Figure 6-10 presents the results of the heat transfer test for the coupon before and after it
was heat treated and hipped. The Nusselt number of the coupon after being heat treated and
hipped is slightly lower than the Nusselt number of the coupon before treatment. Also included
in the figure is Nusselt number versus Reynolds number for a smooth coupon in the turbulent
regime. Nu for the smooth coupon is calculated using the Gneilinski correlation (Equation 12),
where friction factor is calculated using the correlation given in Equation 11 [31]. Only the
turbulent correlation is included in the graph because there were no points taken for the coupon
before or after treatment in the laminar flow regime during the heat transfer test.
𝑁𝑢𝐷 =

𝑓
8

( )(𝑅𝑒𝐷 −1000)𝑃𝑟
2
𝑓 0.5
(𝑃𝑟 ⁄3 −1)
8

1+12.7( )

(12)
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Figure 6-10: Nusselt number versus Reynolds number for coupon before and after treatment
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Figure 6-11: Nusselt number augmentation versus friction factor augmentation

The Nusselt number augmentation and friction factor augmentation compared to a
smooth channel were calculated for the coupon before and after treatment. Nu augmentation
versus friction factor augmentation for the coupon both before and after treatment are given in
Figure 6-11. In some situations, increases in heat transfer are desirable despite the induced
pressure losses. [3] found that Nusselt number augmentation did not increase proportionally
with friction factor augmentation for as-built L-PBF coupon channels, as mentioned previously.
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The results of this experiment indicate that heat treating and hipping the coupon improved the
relationship between Nu/Nu0 and f/f0. For the same friction factor augmentation, the coupon
after heat treatment and hipping has a higher Nu augmentation, indicating a lesser pressure loss
for approximately the same increase in heat transfer. This is due to the surface roughness
reduction of the coupon channels, which decreased the ratio of roughness to hydraulic diameter.
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Conclusion

This study examined the effect of post-processing L-PBF Inconel 718 samples and an LPBF Inconel 939 test coupon using heat treatment and or/hipping to improve their surface finish.
The SEM images of the Inconel 718 samples after heat treatment and hipping showed slight
changes in appearance, but none of the samples experienced a measurable change in surface
roughness. The surface roughness of the Inconel 939 coupon channels significantly decreased
after heat treatment and hipping. The SEM images of the channels show that the heat treatment
and hipping greatly reduced the presence of build layers and spherical powders that resulted from
the AM process.
It is hypothesized that the large difference between the Inconel 718 results and test
coupon results is due to the different chemical compositions of Inconel 718 and Inconel 939. It
is further hypothesized that Laves phases were formed in the Inconel 718 samples during L-PBF.
This could limit the effect of the heat treatment and hipping on the samples due to the higher
melting temperatures of the Laves phase.
The significant decrease in surface roughness of the coupon channels resulted in a change
in pressure drop and heat transfer performance, compared to the as-built channels. Previous
studies found that Nusselt number augmentation did not increase proportionally with friction
factor augmentation for as-built L-PBF coupon channels. Compared to the as-built channels, the
post-processed channels experienced a lesser pressure drop for approximately the same heat
transfer augmentation. This improvement in the relationship between pressure drop and heat
transfer characteristics is due to the decrease in the ratio of roughness to hydraulic diameter after
the finishing process.
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The improvement in the relationship between pressure drop and heat transfer
characteristics after post-processing the internal cooling channels demonstrates the need for
further research on surface roughness reduction methods for AM internal channels. The
significant difference in the Inconel 718 results and Inconel 939 results in this study demonstrate
the need for further investigation into the effect of heat treatment and hipping, or other surface
roughness reduction methods, on different materials.
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APPENDIX A
Table A-1: Heat Treatment and HIP Parameters for each Sample and resulting Ra

Sample
#

Heat Treat

1

Yes

2

Yes

3

Yes

5

Yes

6

No

7

Yes

10

Yes

11

Yes

12

Yes

13

No

14

No

15

Yes

16

No

17

Yes

T: 1093°C, t: 12 hrs
Environment: Atmosphere
T: 1093°C, t: 16 hrs
Environment: Atmosphere
T: 1093°C, t: 8 hrs
Environment: Atmosphere
T: 1260°C, t: 8 hrs
Environment: Argon
T: 1230°C
t: 8 hrs
Environment: Vacuum
T: 1260°C, t: 8 hrs
Environment: Argon
T: 1093°C, t: 12 hrs
Environment: Atmosphere
T: 1093°C, t: 16 hrs
Environment: Atmosphere
T: 1093°C, t: 8 hrs
Environment: Atmosphere
T: 1230°C
t: 8 hrs
Environment: Vacuum
T: 1260°C, t: 8 hrs
Environment: Argon

HIP
No
No
No
No
Yes

Yes
No
No
No
Yes
No
Yes

Yes
No

T: 1190°C, P: 103 MPa
t: 4 hrs
Environment: Argon
T: 1190°C, P: 103 MPa
t: 4 hrs
Environment: Argon
T: 1190°C, P: 103 MPa
t: 4 hrs
Environment: Argon
T: 1190°C, P: 103 MPa
t: 4 hrs
Environment: Argon
T: 1190°C, P: 103 MPa
t: 4 hrs
Environment: Argon
-

Ra (µm)
Before: 4.61 +/- 0.64

After: 4.80 +/- 0.40
Before: 4.00 +/- 0.28
After: 4.19 +/- 0.20
Before: 4.82 +/- 0.16
After: 4.39 +/- 0.28
Before: 4.01 +/- 0.14
After: 4.91 +/- 0.40
Before: 5.17 +/- 0.42
After: 5.26 +/- 0.27
Before: 5.36 +/- 0.16
After: 4.94 +/- 1.33
Before: 14.92 +/- 1.19
After: 15.3 +/- 0.71
Before: 13.9 +/- 0.45
After: 16.8 +/- 1.33
Before: 14.9 +/- 0.93
After: 18.5 +/- 0.63
Before: 16.4 +/- 1.20
After: 15.3 +/- 0.84
Before: 15.1 +/- 1.48
After: 17.0 +/- 0.72
Before: 36.9 +/- 1.81
After: 36.0 +/- 1.70
Before: 35.5 +/- 1.14
After: 33.9 +/- 3.03
Before: 42.3 +/- 3.39
After: 42.3 +/- 3.18
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- Facilitated Aerodynamics Subsystem meetings to teach new members about racecar aerodynamics fundamentals and
enable members to contribute to the design, manufacturing, and validation of the racecar
- Helped lead team recruitment, outreach, and university relations efforts throughout the 2018-2019 school year
Engineering Ambassador
April 2016 – May 2019
Penn State Engineering Ambassadors Program, University Park, PA
- Gave tours of the College of Engineering to prospective students and families
- Presented various engineering-related topics and facilitated hands-on activities for K-12 students at schools in PA
- Presented on my experience as a Penn State engineering student to large groups of prospective students and families
- Recruited 2018 and 2019 EA applicants, determined evaluation criteria for candidates, and helped conduct interviews

Honors and Awards
William and Wyllis Leonhard Honors Program Endowment; Fall 2015-Spring 2019
Academic Excellence Scholarship; Fall 2015-Spring 2019

