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ject Overview

The project aims to develop and Integrated Titanium Radiator Panel
demonstrate a high-temperature, e
light-weight spacecraft radiator
with additively manufactured
titanium loop-heat pipes (LHPS)
and Ti-encapsulated pyrolytic
graphite fins to simultaneously
Improve thermal performance and
mechanical robustness for
sustainable heat dissipation of
nuclear propulsion systems.

Thermal ,
radiation —— Kemism — §=

convection

in annulus Homogeneous

welding
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Innovative Aspects

Advantages of Additively Manufactured LHP
Radiators:

» Operates reliably over long distances;

« Enables simple and flexible designs with single, connected
structures that minimize joints

 Minimizes interfacial thermal resistances and mismatch in
the coefficient of thermal expansion (CTE)

* Reduces manufacturing cost

* Achieves best aerial density and thermal performance with
highly conductive, lightweight pyrolytic graphite core

« Can be tested under gravity

LHPs can see potential use in future manned Mars
missions.

Innovative Claims

Innovations:

* 3D-printed titanium loop heat pipe

* Titanium-encapsulated pyrolytic
graphite fin with spectrally
selective coating

* Homogeneous welding
* Annular heat exchanger

Metrics:

« Power density ~ 3,000 W/cm?
 Aecrial density ~ 2.0 kg/m?

* In-plane k ~ 1,750 W/m-K

* Out-of-plane k ~ 18 W/m-K
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Additive Manufacturing of Ti Wicks

Powder bed

P- Laser Power
v - Scan Speed
h - Hatch Spacing

_ i VED = —
t - Layer Thlckngss Sht
S - Laser Spot Size

Volumetric Energy Density (VED)

/gcanning

speed (v)

-« > Layer A

Hz_atch thickness (7)
spacing (/)

Melt
pools

Substrate

Build
direction

Challenge -

« Smaller strut and pore sizes are limited by
machine parameters (Laser Spot Size ~ 100
Kum) during controlled printing.

« New approach is needed for smaller features.

Strut Size ~ 130 um
Pore Size ~ 100 um
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Printing of Ti-6Al-4V Wicks

Technical Data for Printer

Varied Hatch Spacing (h)
Constant VED = 10 J/mm?3

Laser Power
Build Volume
Layer thickness
Scan Speed

Focus Diameter

200 W

250 x 250 x 215 mm

20 um or 40 um
Upto 7.0 m/s
100 pm

Specimen Geometry

- B - -
7. I e . o . -, S

Close up of Wick Structures

Power Scan Hach

(W) Speed Spacing
(mm/s) (um)

50 500 250
75 750 250
100 1000 250
100 1250 200
125 1500 208
125 1750 179
150 1750 214
150 2000 188
175 2000 219
175 2250 194

VED = P
 vht

P — Laser Power

v — Scan Speed

h —Hatch Spacing
t — Layer Thickness

Varied VED
Constant h =300 um
Power Scan Speed

VD w) i
10 50 417
10 75 625
10 100 833
10 125 1042
10 150 1250
15 50 278
15 75 417
15 100 556
15 125 694
15 150 833
20 50 208
20 75 313
20 100 417
20 125 521
20 150 625
25 50 167
25 75 250
25 100 333
25 125 417
25 150 500
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Wick Characterization

ANALYSIS WORKSHOP

2. Flow Test
- Permeability

1. Bubble Test
- Max pore radius

3. Gas Pycnometry

- Porosity 4. Metallography

- Pore Distribution
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Results from Ti-6Al-4V Wicks
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Wicks with low pore radii and high permeability are desirable, but these properties do not appear at the
same time. Optimization of print parameters for best properties is needed.
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Results from Ti-6Al-4V Wicks
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For the same characterization technique, the printing process is found to be highly repeatable
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Results from Ti-6Al-4V Wicks

Results -
* Printed wick samples with low
critical pore radius (<10um) \
were classified as good, and the 200 rrrrlONSEANt VED = 10 }/mm> 20— Constant h =300 um _
rest were classified as bad. S 120 urm e ] VED220)/mm® ¢ ]
150 ° ,,"’0 ° - 150 <:| °o o /'- o 1
« Atalow constant VED of 10 [ <:' . S - Z . o S . Z
J/mm3, a lower hatch spacing % I = | ]
(< 220 pm), i.e. closer tracks, is g1oor °© e 1 goor ° o ° ]
required to achieve a maximum “ -;/ h <220 um 1% oo e o  VED<15J/mm3 ]
pore radius < 10 ym. sof  ee” — 1 sof eed e —>
I // © Pore Radius < 10um | I // @ Pore Radius < 10um |
. 4 ] ius = 10em | % A
At a constant hatch spacing of 300 N A b e N S S v
um, a higher volumetric energy 0 200 1000 1500 2000 2500 0 500 1000 1500
T, . . Scanning Speed [mm/s] Scanning Speed [mm/s]
density (2 20 J/mm?3), i.e. a wider
melt pool, is required to achieve a
: e < : _ :
maximum pore radius < 10 pm. Low pore radius can be achieved by low VED and low hatch spacing,
or high VED and high hatch spacing
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Ti-6Al-4V — Effect of Hatch Spacing

Radial i
Cross-section '
_, :
c
S
B
% First Batch
.5 :"}- 5 ’
“
?RA‘ .”!
—> g’ 3
Longitudinal
Cross-section

m3, h=208 um VED =10J/mm?3, h =208 u

First Batch

P £ 9 ¢4 o
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& ba SR v B g™ Curd 7 =3
N g b8 Mooz i
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VED = 10 J/mm?3, h = 140 um

Second Batch

4

For the same VED,
S reduced hatch
sl spacing yields
g B more disordered
structures

Additional samples with
best parameters from 1st
batch and with modified
hatch spacings (VED = 10
J/mm3) were printed.

Observations -

« Excellent repeatability in
pore radius,
permeability, and
porosity

* Microstructure
anisotropy is reduced for
specimens with smaller
hatch spacing

TFAWS 2024 — August 26-30, 2024
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Printing of CP-Ti Wicks

Technical Data for Printer

Laser Power 500 W
Build Volume 275 x 275 x 420 mm

Layer thickness 30 um or 60 um

Wick ‘

Wick Cylinders

. S :
Solid .o Solid 20
Back Back 10

Evaporator Scan Speed Up to 8000 mm/s

Focus Diameter 60 um

L-Wicks

30

Printed Parts

Wick

All dimensions in mm
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Print Parameter Comparison between Batches

Material Properties

Ti-6Al-4V Standard Volumetric Energy
Density Calculation

k (W/mm-K) 6.7 x 1073 16.4 x 1073
p (g/mm3) 4.43 x 103 451 x 103 VED = —
cp (/g°K) 5.26 x 102 5.23 x 102 vht
a (mm?/s) 28.74 69.53 Modified Volumetric Energy

. Density Calculation
Print Parameters

S (um) 100 60 3\/a-v-5-h-t

t (um) 40 60
P — Laser Power

P (W) 50-175 80 -400 v - Scan Speed

v (mm/s) 165 — 3800 250 — 7000 h — Hatch Spacing . k__ thermal conductivity

t — Layer Thickness pc, density - specific heat

f(um) 115300 60 =325 S — Laser Spot Size

VED (J/mm?3) 10 - 25 3-83 a — Thermal Diffusivity

TFAWS 2024 — August 26-30, 2024 16



Scan Strategies

STRIPE ISLA_ND PAUSE
In order to reduce ' ‘ R t
anisotropy in printed )
wicks, different scan :
strategies were
explored:
 Stripe I
° — . NN Layer n+4 g
Island : = R SN N Loyer s
« Pause =N . ,>
R N
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Results from CP-Ti Wicks

4
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Island and Stripe strategies yield smaller pores but also smaller permeability in the build direction.
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Permeability vs Max Pore Radius
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The permeability of CP-Ti samples in build direction reduced compared to Ti-64 samples.
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ANALYSIS WORKSHOP

Reduce Laser Power

<

v =2000 mm/s
h =180 pm

Laser Power

300 W

(10.53
J/mm3)

250 W

(8.78
J/mm3)

200 W

(7.02
J/mm?3)

150 W

(5.27
J/mm3)

Microstructures — Laser Power
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Increase Scan Speed

<

P =225W
h =180 um

Scan Speed
(VED)

1250 mm/s

(9.99
J/mm3)

1750 mm/s

(8.45
J/mm3)

2250 mm/s

(7.45
J/mm?3)

2750 mm/s

(6.74
J/mm3)

Microstructures — Scan Speed
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Microstructures — Hatch Spacing

Increase Hatch Spacing

<

P=225W
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L-Wick Testing

L-wicks were tested for
wicking using acetone and the
wavefront was captured using
a high-speed camera.

-0.05

The mass of acetone removed s .
from container during wicking g
was recorded and plotted. e

-0.15

Lucas-Washburn Equation -

-0.2 ' A A
5 10 15 20
Time (s)

B ratcos(@):)h o
= 0

20w

Wick performance was demonstrated and quantitatively analysed.
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Spectrally Selective Radiator Coatings

Design Objective
« Maximize IR emissivity (g)
* Minimize Solar absorptivity (a)

Our suggested design is an Oxide
Composite System.

Advantages of Oxide Composite
System:

Oxide Composite System
+

Silicon Oxide (SiO02) 500 nm

|

Aluminum Oxide (Al203) 1500 nm

j

Aluminum 75 nm

v

Substrate

Aluminum Oxide

Increases IR
emissivity by
Increasing
absorbance in
the IR spectrum

* More stable than other radiator
coatings such as Teflon, especially
from UV radiation. -
_ Aluminum
« Can be applied to non-planar surfaces. .

* No bonding layer needed for Aluminum UV/Vis radiation

Reduces solar absorptivity by reflecting solar

TFAWS 2024 — August 26-30, 2024
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Spectrally Selective Radiator Coatings

Specimens coated on Si wafers
using e-beam evaporation were
tested and compared against
simulation results from Thin Film
Cloud.

Coated Specimens

Further optimization of layer
thickness is needed to achieve
simulation results, especially
in IR.

Reflection (%)

Reflection (%)

40

20

1 |

UV/VIS

——— Simulation
Experiment

L

| 1

500 600
Wavelength (nm)

700 800 900

T T T

s
=

o
o

IR

——— Simulation

Experiment
1 1 1 1

.
o
T

[
o
T

1 1 1

1

1 1 1

=

3000 4000 5000 6000

7000 8000 9000
Wavelength (nm)

10000

11000 12000 13000 14000
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4

Development and Testing of Titanium-Graphite Radiator Fins

« Manufacturing: i) “Ravioli” method; ii) DMLS

Objectives:
« Composite Fin Manufacturing (Direct Metal Laser Sintering) vs. FFF (Fused
» Thermal characterization of materials Filament Fabrication)-Sintering

« Thermal characterization: i) Out-of-Plane k w/
ASTM D5470 ii) In-Plane k w/ coupled IR
iImaging & FEM modeling

“Ravioli” method:
Ti-encapsulated PG

A
- . '
7 » ]

CR— |

=

Out-of-plane k In-of-plane k

28



EB Weld

Hot Isostatic
Pressing Final Part

CNC___
7 Milling

PG Fully Encapsulated by Ti

TFAWS 2024 — August 26-30, 2024

PN

Method @/

Benefits:

» Allows encapsulation of
PG within titanium fully
without weld seams in
final product.

* Final wall thickness
within X-Y plane is
determined by CNC
tolerances

 Reduces contact
resistance between
TIIPG

« Can be scaled up.

Challenges:

» Potentially expensive

» Resolution is dependent
on 3D printing method.

29



Area Density Comparision for "Ravioli" Method

Prototypes
8
7.04
—~ 7
DMLS Printed Ti Bow £ 6
X 5.04
> 5
' § 4 3.76
s 3
o
- 1
FFF Printed Ti Bowl
0

DMLS Printed Ti Bowl FFF Printed Ti Bowl FFF Printer Thin-Walled

. Ti Bowl
"Ravioli" Prototype

Target Area Density = 2 kg/m?

FFF Printed Thin-Walled Ti Bowl TFAWS 2024 —August 26-30, 2024 30




Out-of-Plane Thermal Conductivity Measurement

70 Thermocouple Temperatures vs Time i Temperatures Across Test Setup Cold side Sample Hot side
> |
5 Hot side f | B} Ter Teo Tes Thr Tz Tas
Q50+ | 5,
l | g 40 + Hot side: Facility
© 40r ] ® Constant heat
o Cold sid 5 . ASTM D547O
= - | B X load of 20W with =y
o % o 5 ] BRI | B /1: S
— = Ta B heater. L S M
off Cold Plate Temperature 20 biaiCold,Blate Temperaturg 1
| | | » Cold side: Chiller
100 500 1000 1500 1Oo 0.01 0.62 0.03 0.64 0.65 0.I06 0.67 with water flow at
Time (s) Location on Tester (m) 20 °C
Steady-state temperature Heat flux Z> Thermal resistance calculation
gradient (linear regression) calculation (Temp. drop by extrapolation)
ide: T.(z)=mz+ "=k, m _
Cold side: C( ) m bl 9 AT ATsample _Th,surf _Tc,surf
Hot side: Th (Z) =M,Z+ b2 Ch']' = kA|mz R — ATsample
th "
qref
Orer = (00 +0y)/2
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In-House Tester
ASTM D5470

F clamp
for
pressure

1

: Hot side

: mount

1

 Power PEEK heater
1

| cord, to holder

1 PID

1 Heater

: TC

1 entrance PEEK heater
: holder

| TC Hot side Al
| block

L o o o o o e o o o e e e e e e e e e e -

Sample holder

— Cold side Al block

Alignment
TC

Cold Plate

Tester Calibration

Sample Thickness vs Thermal Resistance
%104 Titanium, Grade 2

Rip fit(t1i) = matyi + by

tTi
Rip = 2Rc,holder—n' + T
Ti

_
[ee]
T

kTiG2,Measured = 15-76 mK

-
D
T

Thermal Resistance (m2 K/ W)
o =
=]

mK
my = 0'0001938W

e 5. —0.0001688 =8
1 —|VY- W
0‘8 L 1 1 1 1 1 Il
0.6 0.8 1 1.2 14 1.6 1.8 14
Sample Thickness (m) %1073

Calibration using Grade-2 titanium

kTiGZ, Measured — 15.76 W/m K
kTiGZ,ActuaI =16.40 Wim K
Error = 3.902%
Tester is properly calibrated.
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Out-of-Plane k Measurement: PG vs. TiI-PG-Ti

e

Thermal Resistance (m?K/ W)

o
tn

Lad
T

n
n

[
T

—
on
T

—

)
n

=

Pyrolytic Graphite Sheet

t
Rth = 2Rc,hoIder-PG + ki
x10™ PG, L
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In-Plane k Measurement: Coupled IR & FEM Simulation

-]

Coupled IR imaging and FEM simulation for high k measurement

Dataset: Temperature field from
experiments;

Unknown parameters: in-plane
thermal conductivity (Kiy_pjane), Ir-
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Interpreting Thermal Conductivity Measurement Results

kOut-of-PIane, Target =18 W/m K
kOut-of-PIane, Measured — 1.76 Wim K

kIn-PIane, Target =1750 W/m K
kIn-PIane, Measured — 1112 W/im K

Measured k values are lower than the target values.
New PG samples will be tested.

In-house PG production will be explored to optimize In-Plane and Out-of-Plane k
values and minimize CTE (Coefficient of Thermal Expansion).
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Conclusion

-]

« By modification of L-PBF print parameters, it is possible to get part features
smaller than machine parameters would allow.

« Changes in scan strategy can greatly affect anisotropy of printed wicks.

 Island and stripe strategies yield smaller pores but also result in smaller
permeability in the build direction.

« Layer thicknesses in the oxide composite need to be further optimized.

* A low-cost, high-throughput metal-encapsulated pyrolytic graphite fabrication
method (i.e., the “Ravioli” method) is developed.

« The in-plane and out-of-plane thermal conductivities can be measured using
a coupled IR and FEM simulation method and a steady-state heat conduction
method, respectively.
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Thank you for your attention
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