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ABSTRACT

Laser powder bed fusion (LPBF) is increasingly being adopted in high-value
industries such as aerospace because of its design freedoms. An example of LPBF design
freedom is incorporation of lattice structures within components. These structures exist
in forms including strut-type, consisting of beam elements connected at nodes, and
mathematically defined surface-based geometries, where triply periodic minimal surface
(TPMS) lattices are found. Strut-type lattices have already found application in end-use
components where they are typically used to reduce component mass due to their high
specific strength properties. Lattice structures also show promise in heat transfer

applications, but there is a lack of research in evaluating performance in this area.

This thesis explores the path taken to manufacture and evaluate lattice structures
manufactured via LPBF, including process development for nickel-based superalloys that
are desirable in the gas turbine industry. Materials for LPBF are limited by high thermal
gradients that are experienced during the process. Fractal scan strategies aiming to reduce
thermal gradients were demonstrated in LPBF. This achieved a reduction in cracking of
the nickel-based superalloy CM247LC. Although not successful in complete crack
mitigation, the study suggested that thermal gradients in LPBF can be altered using
alternative scan strategies. This finding may be extended to other alloys that are currently

not processable via LPBF.

A range of lattice structures manufactured in Hastelloy-X (HX) via LPBF were
evaluated for compressive performance in the as-LPBF and heat-treated conditions. It
was demonstrated that TPMS lattice structures exceed the strength and modulus of strut-
type geometries in every case. Further, heat treatment resulted in up to 20 % decrease in
lattice modulus and 50 % decrease in lattice yield strength. This was linked to the increase
in grain size observed after heat treatment. The HX lattices exhibited ductile structural

compression throughout, except for a single geometry in which fracture failure of the
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lattice elements was observed. The failure sites were investigated using X-ray computed

tomography, where shear was identified as the primary failure mode.

Custom thermal evaluation apparatus were developed, providing a capability for
determining thermal conductivity and convective heat transfer performance of lattice
structures. Experimentation deduced that the bulk material thermal conductivity has the
primary effect on lattice thermal conductivity, with some secondary effects from natural
convection that are related to the sample geometry. Design equations were developed for
lattice thermal conductivity and demonstrated through manufacture and testing of
samples with a specific thermal conductivity. Further, volume fraction grading was used

to manufacture a lattice structure sample with a custom thermal profile in 2-dimensions.

The convective heat transfer apparatus was used to evaluate TPMS lattice structures
for pressure drop and convective performance. TPMS geometries showed enhanced
convective heat transfer over a pin-fin benchmark in every flow condition, particularly
for applications where high pressure drop is acceptable if heat transfer is maximised.
Therefore, such geometries are suitable for gas turbine component applications such as
turbine blades or nozzle guide vanes, where a coolant fluid pressure drop of 3 — 5 bar is
available. Calculation of thermal performance curves for each geometry provides the data

in a format that is required by design engineers to implement lattice structures.

This investigation has, therefore, advanced the understanding and applicability of
lattice structures under mechanical, thermal or thermomechanical applications across a
range of industries. Case studies were used to demonstrate this enhanced performance

through use of lattice structures in a real use application.
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Figure 2.8 - Tree diagram of types of cellular solids. This thesis concentrates on non-
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Figure 2.10 - Ductile compression of IN625 lattice structures with extended plateau stress
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Figure 2.11 - Thermal conductivity measurement standards applicable to measurement of
lattice structures. C158-17 appears simpler but requires two expensive heat flux
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Figure 2.12 - A selection of apparatus layouts taken from the literature. (a) Kirsch et al.,

(b) Marques et al., (c) Wong et al., (d) Tianetal. ......ccooevvevenieiieeeceeee 40

Figure 2.13 - A selection of heat exchangers using conventional manufacturing methods.

Figure 2.14 — (a) LPBF manufactured pin-fin heatsink by Kirsh et al. and (b) LPBF

manufactured strut-type lattice heatsink by Wong et al. ... 48

Figure 2.15 - Cooling strategies for a gas turbine blade (NGV cooling uses similar
features). Ribs and pin-fins used for enhancing heat transfer may be replaced by

lattice structures. Image taken from [175]. ... 52

Figure 2.16 - A demonstration of the use of fluid-fluid heat exchangers in the CANDU

nuclear reactor, including one closed-loop system (a) and one open-loop system (b).

Figure 3.1 - Illustration of the effect of .stl triangle size (resolution). If too low of a
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quality and dimensional accuracy will be degraded. A correct resolution results in

SMOOth curved SUITACES (I0). ...ooveieeieiie et 59

Figure 3.2 - Block supports generated in Magics, with and without border teeth.

Removing border teeth aids part adhesion with the build platform......................... 61

Figure 3.3 - Lattice structures that require additional supports. (a) Small cylinders are
added to attach the overhanging feature to the build plate for the gyroid network
geometry. The same sample as built (b). In (c), the supports were not added, resulting

IN DU INEEITUPLION (). .eeiieeiecie e 62

Figure 3.4 - Illustration of the XY and YZ sections cut from a LPBF sample for bulk

density and microstructural analysis. ..........cccoeririiiiiiiee 66

Figure 3.5 - Sequence for crack and pore filtering using image processing software
ImageJ. A threshold is applied to the raw image leaving only the pores and cracks in
black against a white background. Despeckle is used to remove any small noise
pixels left behind. The cracks and pores are filtered independently by altering

parameters for the aspect ratio of thresholded features.............cccooeviveverieieiinnnenn 70

Figure 3.6 - Interaction between the high-energy electron beam of an SEM and the sample
surface. The depths from the sample surface at which secondary electrons,

backscattered electrons and characteristic X-ray signals are released are given....71

Figure 4.1 - a) CM247LC laser diffraction powder size distribution histogram, b) 200X
SEM micrograph showing the distribution of particle sizes and c) 1000X SEM
micrograph showing largely spherical particles but with some satellites and irregular

SNAPIES. .ttt bbbt 78

Figure 4.2 - a) Hastelloy-X laser diffraction powder size distribution histogram, b) 200X

SEM micrograph showing the distribution of particle sizes and c) 1000X SEM
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micrograph showing higher overall sphericity than the CM247LC powder, fewer

particles with satellites and minimal conjoined particles............cccoooeiininiiiinnn. 81

Figure 4.3 - Illustration of the novel scan strategies generated using the (a) 3rd order
Hilbert and (b) 2nd order Peano-Gosper mathematical area filling curves. The
100 pum characteristic scan vector length is shown. Approximate weld track

thickness is shown in blue on the Hilbert fractal path (2).........ccocoviniiiiiiiiiienns 84

Figure 4.4 - ldentification of the increased cracking and porosity regions in the island
intersections. Note that the cracking has a distinct directionality at 0 ° and 90 ° to the

island borders, aligned with the laser scan VECLOIS. .........ccccvevvviierieirsiieneee e 86

Figure 4.5 - Optical micrographs showing the cracking in a range of Hilbert samples.
Highest density achieved at 100 W 600 mm.s? (c) and lowest density at 75 W
500 mm.s* (a). CO = crack origin; note the very similar placement of cracking for

€aCH Tractal SCAN TYPE. ..o 87

Figure 4.6 - Optical micrographs showing the cracking in a range of Peano-Gosper
samples. Highest density achieved at 75 W 600 mm.s™ (a) and lowest density at 100
W 500 mm.s? (c). CO = crack origin; note the very similar placement of cracking

for each fractal SCaN tYPE. ...c..oviiiiiii e 88

Figure 4.7 - (a) Hilbert [100W, 600mm.s™!] and (b) Peano-Gosper [75W, 600mm.s™]
scanning strategies approximately overlaid on to the deposits formed via SLM. Note
that the cracking does not seem to follow the scan vectors as with the long vector

1ENGLh SAMPIES. ..o 89

Figure 4.8 - Illustration of the mechanism causing cracking to appear in the same regions
for each fractal samples (Peano-Gosper used in this case). The scan area is completed

in regions in the order given in (a). After each region completes, it shrinks during
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cooling (b). This forms preferential paths for crack growth between the scan regions

(o) OSSPSR 91

Figure 4.9 - Illustration of solidification cracking in welding, where cracking propagates
through the liquid phase of the partially solidified weld pool. Figure taken from

PIOShIKNIN €L Al ... 93

Figure 4.10 - Backscatter electron micrographs in the XY plane of the Hilbert 200W
600mm.s* sample showing: (a) bi-directional crack origin at intersection between
fine and coarse equiaxed grains; (b) high angle cracking with (inset ¢) some sub-

micron size precipitates identified along the crack surface ............cccocviiiiinnn, 94

Figure 4.11 - EDS line scan of the island scan sample showing elemental distributions
across the crack surfaces. Note the lack of elemental peaks that would signify the

presence of thin films at the crack boundaries. ...........ccoccovveviiiiiiinic e 95

Figure 4.12 - Backscatter electron micrograph of the YZ plane of the island scan sample
showing: (a) the melt pool shape in red giving rise to coarse columnar grains in the
core and finer, equiaxed grains at the boundary; (b) a crack following the line of
intersection between a fine, equiaxed grains and coarse, columnar grains; (c)

columnar dendrite surface exposed by the solidification cracking mechanism...... 96

Figure 4.13 - Bulk density data for the samples in the XY plane (left) and YZ plane (right).
The island sample is represented in grey whilst the Hilbert and Peano-Gosper are in
blue and red, respectively. Each pair of columns constitutes a single process

parameter set, identified on the x-axis labels. ...........cccovviieiiiiic 98

Figure 4.14 - Crack length density data for the island (grey), Hilbert (blue) and Peano-

GoSper (red) SCAN SEFALEYIES ......evvveeeeieerieeeeseesieeie e ste e e e ste e sreesreeeesseesreeneeenes 99
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Figure 4.15 - Crack area density data for the island (grey), Hilbert (blue) and Peano-

Gosper (red) SCAN STFALEQIES. ....uveiveeieeierieesieeie s ste ettt b eesreeneas 101

Figure 4.16 - OM micrographs of the HX XY plane in as-LPBF and HIP + HT conditions.
Porosity is clearly visible before HIP treatment with some larger pores highlighted

WIEN GITOWS. . 106

Figure 4.17 - Etched microstructures of YZ plane for the HX in as-LPBF (a), (b), HIP (c),
(d) and HIP + HT conditions (e), (f). Note the fine grain structure of as-LPBF (b) is

coarsened after HIP (d), and the grain boundary thickness is reduced after HT (f).

Figure 4.18 - SEM micrographs of the HX YZ plane in as-LPBF (a), (b), (c) and HIP +
HT (d), (e) conditions. Melt-pool boundary (a) and grain boundary precipitates

shown in (b) with arrows. Note the change in size and shape of the grains after HT.

Figure 4.19 — Etched microstructures of XY plane for the HX in as-LPBF (a), (b), HIP
(c), (d) and HIP + HT conditions (e), (f). Note the melt pools visible in (a), and the
change in microstructure through HIP and HT, particularly the shift to blocky grains

AFEET HT (C) . eeiti it 110

Figure 4.20 - SEM micrographs of the XY plane (top surface) of the HX sample at 40X

(a) and 200X (b) magnification. The double contour scan is clearly visible in (b).

Figure 4.21 - Focus variation microscopy image of the HX sample XY plane (top surface)
detailing the raised edges and corner due to the contour scan strategy. A line scan
across plane B-B (c) shows this variation, with in increase in height of approximately

75 UM at the SAMPIE BAGE. ... .ooveieiece e 114
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Laser powder bed fusion of lattice structures for thermomechanical applications
Figure 4.22 - Focus variation microscopy image showing false colour height maps of the

HX sample XY plane (a) and (b), and a line profile across section A-A (c) to

demonstrate the waviness iNherent t0 LPBF ...........ueueee e 115

Figure 4.23 - Focus variation microscopy images of the YZ plane of Hastelloy-X in as-
LPBF (a), (b) and HIP + HT (c), (d) conditions. The isometric view in (a) shows a
larger proportion of high areas (pink), with some flat regions that occurred during

POST-PIOCESSING. .. veeueeitieitieieeteesteeteaseesteestesseesbeeteaseesseebeaneesseebeeneesaeenbeeneeareensens 117

Figure 4.24 - Focus variation microscopy false-colour images of the AISi10Mg YZ plane.

Figure 5.1 — Micro-hardness grid results displayed as colour contour plots. HX material
in (a) as-LPBF, (b) HIP and (c) HIP + HT conditions. Scale bar is common between

all plots. Placement of indents on HIP + HT sample shown in (d)........c.ccccevnee. 123

Figure 5.2 - Stress-strain curves for the Hastelloy-X solid samples, used to evaluate the
bulk mechanical properties. The as-LPBF sample exceeded the load limit of the

testing machine before onset of plastic deformation. ............ccocoeviiniiiiicnenn, 126

Figure 5.3 - Young's modulus values for the bulk samples in both conditions of supply.

The modulus of as-LPBF exceeds that of HIP+HT by 5.4 %.........cccoovviiiinnen. 126

Figure 5.4 - Lattice Young's modulus against volume fraction for the full set of samples.
As-LPBF are highlighted in red, HIP+HT matrix phase in blue, HIP+HT network

Phase and BCC IN GIEEN. ......cuoiuiiiiiiiiieieeee e 129

Figure 5.5 - Lattice Young's modulus results for the as-LPBF (a) and HIP + HT (b)

samples, sorted by ascending volume fraction as shown on the secondary y-axis.

XXii Sam Catchpole-Smith - March 2020


file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207886
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207886
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207886
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207887
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207887
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207887
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207887
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207888
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207888
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207889
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207889
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207889
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207890
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207890
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207890
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207891
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207891
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207892
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207892
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207892
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207893
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207893
file:///C:/Users/scatc/Google%20Drive/1%20-%20Nottingham%20Work/1%20-%20PhD/1%20-%20Own%20Papers/0%20-%20Thesis/THESIS-Corrected2.docx%23_Toc36207893

Figure 5.6 - Lattice yield strength (0.2 % offset method) against volume fraction for the
full set of samples. As-LPBF are highlighted in red, HIP+HT matrix phase in blue,

HIP+HT network phase and BCC iN green. ........cccooviiiinininieieeee e 132

Figure 5.7 - Lattice yield strength [0.2 % offset] results for the as-LPBF (a) and HIP +
HT (b) samples, sorted by ascending volume fraction as shown on the secondary y-

KD, ettt Rttt et nnnnnnnnnnn 134

Figure 5.8 - Specific lattice mechanical properties for the full sample set. Highest

performance is found in the upper-right corner of the plot............cccccoiiiiiiins 136

Figure 5.9 - Stress-strain plots for each of the as-LPBF 0.2 10 m cell size lattice samples.
All data beyond 50 % lattice strain is truncated. Similar loading response is observed
across all unit cell types and sizes. No evidence of sudden failure typical of cracking

CAN DI SN, vttt e e e e nnnnnnnnnn 137

Figure 5.10 - Images captured during compressive testing at lattice strain values of 0 % -
50 %. Sample name is given on the left side of each row. The failure mode of the
SCH P unit cell is bending, whilst buckling failure dominates for the GYR M unit
cell. The DIA N buckles and layers collapse along a 45 ° plane. The BCC struts bend

with the nodes acting as Pivot POINTS. ........ccvveiiieiene e 139

Figure 5.11 - Stress-strain plots for a selection of the HIP+HT lattice samples. All data
beyond 50 % lattice strain is truncated. Structural failure of the DIA N 3.3 sample
occurs in stages up to 40 % lattice strain (a). At 47 % lattice strain (b), the structure

undergoes a significant failure leading to a large drop in applied stress. ............. 140

Figure 5.12 - X-ray uCT scans of the DIA N 3.3 sample showing (a) a slice in the top
view and (b) an enlarged region with numerous fracture sites highlighted. 3D
reconstruction of a fracture site (c) and (d) demonstrates the failure location within

the DIA N GEOMELIY. ..ottt bbb 142
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Laser powder bed fusion of lattice structures for thermomechanical applications

Figure 5.13 - X-ray PCT scans of the DIA N 3.3 sample from the side view (a) showing
an enlarged view of further sites of failure (b) and 3D representation of the shear

LU0 £ (o) RSP PRR 143

Figure 5.14 - Lattice Young's modulus results for the as-LPBF 0.5 volume fraction

samples sorted by ascending volume fraction as shown on the secondary y-axis.

Figure 5.15 - Lattice yield strength [0.2 % offset] results for the as-LPBF 0.5 volume

fraction samples sorted by ascending volume fraction as shown on the secondary y-

Figure 5.16 - Images captured during compressive testing of the as-LPBF 0.5 volume
fraction samples at lattice strain values of 0 % - 50 %. Sample name is given on the

1ETt SIAR OF CACKH FOW. ...ttt 146

Figure 5.17 - Specific lattice mechanical properties for the full sample set including as-

LPBF 0.5 volume fraction. 0.2 volume fraction samples are shaded in grey. ...... 147

Figure 6.1 — (a) Schematic of the thermal conductivity testing apparatus used to measure
the thermal conductivity of the lattice samples using the ASTM E1225-13
comparative-longitudinal heat flow technique. (b) Enlarged view of the test stack
indicating the position of the measurements taken for the calculation of apparent

thermal conductivity of the Sample..........coooiiiii e, 154

Figure 6.2 - Dimensions of the sample used in the convective heat transfer testing rig.
The sandwich design places a 1 mm skin on the top and bottom of the 'region of
interest’, shown in blue; the cooling air is forced through the centre of the sandwich

structure along the x- and Y-direCtioN. ........cccccoviiiiiiiiiee e 158
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Figure 6.3 - Exploded view of the main body of the test apparatus showing the assembly
of the sample within the test stack and the position of the pressure transducers along

the flow direction. The components are named in the attached table. .................. 160

Figure 6.4 - Flow chart showing the method of data acquisition and processing for the

convective heat transfer eXperiments. ... 163

Figure 7.1 - Single unit-cell models with lattice dimensions [1, 1, 1] for each of the three

unit-cell types used in this StUAY. ... 171

Figure 7.2 - Thermal conductivity of Hastelloy-X bulk material across the temperature
range 25 - 120 °C as taken from the material data sheet [185], with the measured

conductivity of the as-LPBF HX sample shown. 7 % error shown. ..................... 175

Figure 7.3 - Apparent thermal conductivity against actual volume fraction for all
Hastelloy-X lattices. The unit cell type is denoted, but the cell size is ignored for this
plot. The star markers are the results of the ‘specified conductivity’ test. Error bars

CONSISTENT WITN 7 Q0. .ttt eeseesesneennnnnnnnen 176

Figure 7.4 - Normalised conductivity vs cell size for Hastelloy-X lattice samples with (a)

0.2 volume fraction and (b) 0.5 volume fraction. ..........ccccoveiiiiiiinnesiies 181

Figure 7.5 - An illustration of the change in wall thickness across different unit cell sizes

despite a constant volume fraction (0.2 in thiS CaSe). .....c.ccoovvvreiiiiniiiiiiiieies 183

Figure 7.6 - Demonstration of 1D functional grading of Hastelloy-X lattice structures to
sweep through a prescribed range of apparent thermal conductivities through
variation of volume fraction following (a) a simple gradient and (b) a cosine squared
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Figure 7.7 - A demonstration of 2D functional grading of Hastelloy-X lattice structures

based on the sin(x*> + y?)! function, showing prescribed apparent thermal
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Laser powder bed fusion of lattice structures for thermomechanical applications

conductivity within the range 1.875 - 4.5 W.m1.K). On the left is the digital model
of the lattice structure generated and the 2D volume fraction map is shown on the

IO, ettt 186

Figure 7.8 - University of Nottingham logo and text embedded into a lattice sample using
variation in volume fraction. The .stl file can be seen in (a) along with the
manufactured sample in (b) after spraying matt black. The logo is barely visible to
the naked eye until it is heated and the variation in temperature due to the volume

fraction grading is captured with an infrared camera, (c). Temperatures shown in °C.

Figure 8.1 - Full set of unit cells under investigation in this study. One unit cell is shown
per column, with the isometric view on the top row and the frontal view as seen by
the fluid flow on the bottom row. Each represents a 10 x 10 x 10 mm section with
5 mm unit cell size. Surface area to volume ratio (SA:vol) is given in the bar charts

and relates to the volume of solid material withineach cell...........ccccceveveeeennnnn. 194

Figure 8.2 - Geometry data for the pin-fin benchmark coupon with spanwise spacing Ss
=5 mm, streamwise spacing Sx =5 mm, pin diameter D = 2 mm and pin length L =
10 mm. This provides a ratio L/D = 5. This layout can be seen in 3D on the right-

hand side (top wall removed for Clarity). ........cocoveriiiiiinii e, 195

Figure 8.3 - Friction factor augmentation (f/fo) across the Reynolds number range for all
matrix phase lattice samples. Note the negative correlation between cell size and

friction factor aUGMENTATION. ........ccviiiiieie e 197

Figure 8.4 - Friction factor augmentation (f/fo) at Re = 20,000 for the GYR M and DIA
M 2.5 mm and 10 mm cells only. This demonstrates the effect on frictional losses as

COII SIZE 1S UBCTRASE. ..vvvvveeeeeeeeeeeeeeeeeeeeteeet ettt ettt 198
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Figure 8.5 - lllustration of the change in boundary layer area (red) and free flow area

(blue) when moving from 10 mm (a) to 2.5 mm (b) cell size. ......c..ccooviiriinns 199

Figure 8.6 - Friction factor augmentation (f/fo) across the Reynolds number range for all
network phase lattice samples. Colours refer to unit cell type, marker fill refers to
cell size. Note the improved frictional losses compared to the matrix phase (Figure

5 ) PO 200

Figure 8.7 - Friction factor augmentation (f/fo) at Re = 20,000 comparing the performance
of the matrix phase against network phase for the GYR and DIA unit cell type at 5

NN CRIL SHZB. et e et te et ensnensnnnsnennnnnnennns 201

Figure 8.8 - Nusselt number for all lattice samples tested across the full Reynolds range.
The minimum and maximum Nu of 300 and 7000 respectively demonstrates the

wide range of operation possible using lattice heat exchange geometries............ 202

Figure 8.9 - Nusselt number augmentation plots for the matrix phase lattice samples

ACTOSS Al UNTE CBII SIZES ...ttt eenenneenneenenen 204

Figure 8.10 - Nusselt number augmentation for the network phase lattice structure

samples across all Cell SIZES ..o 205

Figure 8.11 - Thermal performance metric TPnorm [Nu/f] against Reynolds number for the
matrix phase (top) and network phase (bottom) lattice structure samples. Note the
modest performance increase between the lattice samples and the pin-fin benchmark

using this performance MELIC. .......cccooiiiriiieieee e 207

Figure 8.12 - Thermal performance metric TPmoa against Reynolds number for the matrix
phase (top) and network phase (bottom) lattice structure samples. Note the relatively

flat relationship between performance and Re using this metric. ...........ccccco....... 209
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Chapter 1: Introduction

1 INTRODUCTION
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Laser powder bed fusion of lattice structures for thermomechanical applications

Laser powder bed fusion (LPBF) is an additive manufacturing process that is
increasingly being implemented across high value industries such as aerospace, with
substantial academic research efforts driving to advance the technology further. LPBF is
desirable for its design freedoms with the potential for increasing system efficiency,
reducing component counts and costs, and minimising development cycle times.
Importantly for the gas turbine industry, components with high complexity can be
manufactured in expensive and difficult to machine alloys in near-net shape form. As a
result, the number of operations from raw material to final part can be minimised, and the
proportion of initial raw material weight to final part weight is maximised (known as buy-

to-fly ratio in the aerospace industry).

Whilst some benefit can be gained simply by manufacturing updated versions of
existing components via LPBF, the true value is gained through application of design for
AM (DfAM) principles in the early design phase. This may include part consolidation,
reducing wall thickness and removing unnecessary internal volumes, and using topology
optimisation software tools to iteratively generate designs to reach a given design goal.
One DfAM tool is lattice structures, a family of different geometries, random or
structured, that are typically used to reduce component mass. The most interesting of
these can only be manufactured via AM. Research and application in end-use components
has shown lattice structures to be effective in retaining mechanical performance whilst
reducing component mass. In addition to their mechanical advantages, some lattice
structures also show promise in heat transfer applications, making them ideal for

components under thermomechanical loading.

One challenge in this area is a lack of design software that allows a design engineer
to harness lattice structures in a way that is compatible with existing workflows. Many

research groups in the AM field have custom software tools that enable incorporation of
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lattice structures into simple components, but the flexibility of these tools and
compatibility with commercial computer aided design (CAD) packages is not at the level
required for industrial applications. New software tools are emerging that bridge this gap,

and as a result, the use of lattice structures in end-use components will gather pace.

Beyond the ability to implement lattice structures in software, the challenge remains
of understanding and characterising their performance. Mechanical performance is
relatively well understood and simple to evaluate for a new structure or material system.
However, research into heat transfer applications for LPBF is limited and further narrows
when considering lattice structures. If the aforementioned advantages are to be realised,
the heat transfer properties must be determined. This is not trivial using computational
methods due to the complexity of the lattice structures, particularly convective heat
transfer characterisation, for which resource-intensive computational fluid dynamics
(CFD) is required. Furthermore, the unique surface properties of LPBF manufactured
components means that existing CFD models developed for conventionally machined
components with regular, easily defined surface features may not provide accurate results.
To overcome this, experimental evaluation of the heat transfer properties must be
performed. This can then be used to inform CFD models at a later date, from which

detailed component design can be conducted.

This thesis aims to understand the mechanical and thermal performance of a specific
sub-set of lattice structures, triply periodic minimal surface (TPMS) structures.
Experimental methods will be used to evaluate these properties, revealing the strengths
and weaknesses of different geometries. This will allow design engineers to make an
informed decision over what components and applications may benefit from lattice
structures, and which geometries to use for the maximum performance. As a result,
confidence will be gained in the abilities of lattice structures and their use in components

under thermomechanical loading will proliferate.
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Laser powder bed fusion of lattice structures for thermomechanical applications
1.1 AIMS AND OBJECTIVES
The aims of this thesis are to improve the understanding of the performance of TPMS
lattice structures for application in components under thermomechanical loading. The
methods to achieve this are through experimental determination of lattice properties,

which will be divided into four main areas:

e Characterisation of lattice mechanical properties. The compressive strength
and Young’s modulus of TPMS lattice structures will be evaluated. Through
selection of a number of unit cell types, cell sizes and volume fractions, the
mechanical performance for lattice structures across a large design window
can be determined. Further, samples will be evaluated in the HIP + HT
condition in order to understand how post-process heat treatments effect the
mechanical properties. This is important as practitioners commonly require
heat treatments to ensure the alloy microstructure is suitable for creep or
fatigue performance. The specific mechanical performance of the lattice
structure samples will also be calculated, demonstrating how lattice
structures can help meet mass reduction targets whilst retaining mechanical
integrity. The data produced from this study will enable the selection of an
appropriate lattice unit cell and cell size to meet engineering load
requirements.

e Characterising lattice thermal conductivity. Using a custom-built apparatus
based on ASTM standards, the apparent thermal conductivity of lattice
structure samples will be evaluated. An important distinction is made
between thermal conductivity of the solid material that comprises the alloy,
and that contributed by the air that occupies the internal volume of the
sample. This combination of heat transfer mechanisms is difficult to evaluate

via simulation. Design equations will then be developed, and design case-

4 Sam Catchpole-Smith - March 2020



Chapter 1: Introduction

studies will be described, including the manufacture and testing of a
component to demonstrate the ability to create custom thermal conductivity
profiles in 2D. Using the design equations specified, it will be possible to
specify lattice structures for a range of thermal conductivity functions, from
thermal insulation layers or heat shields, through to enhancing thermal
conductivity via graded material density.

Characterising convective heat transfer performance of lattice structures.
Forced convection heat exchangers require flow channels to include
geometries tailored to enhancing heat transfer. TPMS lattice structures pose
as promising replacements for classic geometries such as pin fins. By
experimentally characterising the performance of a range of TPMS
geometries for this purpose, a new category of heat exchange geometries can
be specified that are only possible to manufacture via LPBF. This will
demonstrate the potential of LPBF lattice structures for high-performance
heat transfer applications.

Case-study design utilising TPMS lattice structures. Using the performance
data acquired, case-study heat exchange components will be developed,
exploring new design spaces that are enabled through LPBF. This includes a
heatsink for high-power electronics, demonstrating performance parity with
existing technologies but at a significantly reduced mass and volume.
Further, proposed designs for gas turbine nozzle guide vanes will provide
potential solutions for reducing component temperatures within the engine
by using lattice structures to enhance heat transfer. Such a design would be a
step-change in the design of internal cooling of hot-section gas turbine

components, made possible via LPBF.
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Additional to the aims for lattice evaluation, attempts are made to reduce the cracking
present in an unweldable Ni-alloy by implementing new scan strategies based on fractals
or space filling curves. These scan strategies are unlike any other available in commercial
LPBF software packages and are designed to homogenise the thermal profile within each
built layer during the LPBF process. Such scan strategies have not been shown in LPBF
before and offer a unique processing method for application across a range of materials

that suffer from high residual stresses after manufacture.

1.2 OUTLINE OF THE THESIS

The overall outline of the thesis is given in Figure 1.1. In the literature review, the
current state of the art research in LPBF, and LPBF for the gas turbine industry in
particular, is explored. Lattice structure research forms the main focus, with both
mechanical and thermal performance research identified. Chapter 3 details the
methodology for the processes used in this thesis, including specific requirements for
manufacture of lattice structures via LPBF. The results chapters begin at Chapter 4, where
process parameter optimisation for an alloy considered unsuitable for LPBF manufacture
is described. After failure to achieve acceptable material quality in this alloy, samples of
a new alloy were manufactured and analysed for porosity, microstructure and surface
properties. In Chapter 5, the compressive strength and Young’s modulus for lattice
structure samples manufactured via LPBF was determined. Chapter 6 describes the design
and manufacture of two custom thermal property evaluation apparatus: one for 1D
thermal conductivity measurement, and a second for determining convective heat transfer
properties including pressure drop. These apparatus are then used to evaluate the thermal
conductivity and convective heat transfer performance of lattice structure samples in
Chapters 7 and 8 respectively. In Chapter 9, the performance data obtained previously is

used to demonstrate how lattice structures can be implemented into components under
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thermomechanical loading. Finally, conclusions are drawn and recommendations for

further work are given in Chapter 10.

Chapter 1: Introduction

Chapter 2: Literature review

Chapter 3: Methodology

Chapter 4: Material and process evaluation for manufacture of lattice structures

Chapter 5: Evaluating mechanical performance of lattice structures

Chapter 6: A new approach to evaluation of lattice thermal performance

Chapter 7: Evaluating thermal conductivity of lattice structures

Chapter 8: Enhancing convective heat transfer using lattice structures

Chapter 9: Application of lattice structures for heat transfer

Chapter 10: Conclusions and future work

Figure 1.1 - Chart detailing the order of Chapters in this thesis.
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2 LITERATURE REVIEW
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Chapter 2: Literature review

2.1 INTRODUCTION

This Chapter aims to provide a review of the existing literature, research and industry
activity surrounding AM and specifically laser powder bed fusion. It describes the
foundation of the LPBF process, its uses in the aerospace industry and the details of two
nickel alloys that were used for manufacture of samples throughout this thesis. A
background in porous and cellular structures is then provided, with derivation of the sub-
family of TPMS structures that were evaluated in later Chapters. Further, it summarises
the methods taken by other researchers to determine the thermal characteristics of similar
structures and provides a basis from which the apparatus built for this thesis were
developed. Finally, it explores the existing methods of enhancing heat transfer for high
performance components, including those using conventional manufacturing methods

and AM. From this review of existing literature, the research gap is defined.

2.2 LASER POWDER BED FUSION
Laser powder bed fusion (LPBF) is a sub-category of additive manufacturing (AM).

It utilises a computer-controlled scanning laser beam to manufacture complex
components by melting feedstock powder in a layer-by-layer fashion, direct from a 3D
computer model. This feedstock may be a polymer, where the laser partially melts
(sinters) the particles together to form a solid [1-4], or a metallic alloy, where the laser
energy fully melts the feedstock powder before it cools and consolidates to form the part.
While the types of lasers used in these systems vary greatly in type and power, the general
machine layout and operating procedure is similar (Figure 2.1 [5]). In this thesis, only
metallic LPBF processes will be discussed and hence LPBF will relate to metallic
feedstock powders only from hereon. This layer-by-layer method of manufacture enables

design freedoms [6-9], not possible in conventional machining methods, that can be
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leveraged to add value to components through reducing weight [10, 11], increasing

performance, consolidating part counts [12] and reducing manufacturing lead times [13].
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(@) Laser system (b) Laser
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-. d'recnon

—

— Laser
Powder Fabé'caf,mg beam Pre-placed
i i i owder bed
Spreader, Part being o . p
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Figure 2.1 - Schematic of the laser power bed fusion machine (a) with the process

for melting of a single layer in the build process (b).

The LPBF workflow can be described as seven basic steps [14]:

1. Creation of a digital model

- Typically using commercial CAD program but many software
packages tailored for AM now exist. May include topology
optimisation or other simulation-driven modelling.

2. Conversion of CAD model into the Standard Tessellation Language (.stl)
[15]

- Representation of the CAD model surface using a watertight mesh of
triangular elements. This is a somewhat legacy file type that has been
replaced by certain open-source and proprietary options [16-18], but
is still the standard procedure in the industry despite many issues with
file errors and bloated file sizes.

3. Set-up of the .stl model in the AM specific software pre-processor

10 Sam Catchpole-Smith - March 2020



Chapter 2: Literature review

This includes component orientation and placement in the build
volume, along with nesting of multiple components and crucially,
definition of support structures for surfaces exceeding a certain angle

relative to the build plate (typically 45 °) [19-21].

4. Assignment of process parameters

For LPBF, this includes laser power, scan speed, layer thickness,
hatch distance and scan strategy amongst others. These will depend
upon the material in use and may also change depending on the
geometry of the component being built. The .stl file will also be sliced
into layers of the defined thickness and the process parameters will
be applied, typically being converted into a machine-specific

proprietary file format at this stage.

5. Manufacture or build process

The stage is common across all layer-by-layer AM processes, but for
LPBF constitutes the deposition of a thin layer of alloy powder,
followed by exposure to laser irradiation in the cross-section defined
in the slice file. A new layer of fresh powder is then spread over the

build area and the process repeats.

6. Removal of component from build platform

For LPBF, this includes removal of all loose powder and removal of
the component from the build platform using wire-EDM

(alternatively, a cut-off saw can be used).

7. Post-processing

Any support structures are removed here usually manually with hand

tools. Depending on the material and finish requirements, heat
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treatments and final dimensioning steps may be needed such as CNC

or manual machining, grit blasting and polishing.

AM and 3DP have traditionally been seen as prototyping tools, enabling design
engineers to move from concept to finalised design more rapidly [22]. Being able to
manufacture a functional prototype enables the form, fit and function of a component to
be easily evaluated. Whilst some AM processes are still mainly restricted to prototype
use, for example fused deposition modelling (FDM) [23-26] and resin stereolithography
(SLA) [27-29], LPBF has been used in the manufacture of a wide range of end-use
components. Alloys of Ti [30, 31], Fe [32, 33], Ni [34, 35], and Al [36, 37] have been
processed via LPBF with near 100% bulk density and good mechanical performance.
Therefore, the process is potentially applicable for manufacturing components for
virtually any industry providing that the component size fits within the build volume of

the LPBF machine.

As the technology matures further, the environments in which LPBF manufactured
components operate is becoming more demanding. However, due to the current cost of
manufacture via LPBF, it is mostly confined to high-value industries where the
performance gains are sufficient to outweigh the increased costs [38]. Such industries
include medical and orthopaedic [39, 40], aerospace [41] and gas turbine manufacture,
mould and tool manufacture [42, 43] and high-performance automotive [44]. The
typically cited barriers to entry of LPBF adoption including high capital and raw material
costs[45], limited material selection [46], low productivity of AM systems [47] and lack
of AM specific software packages are slowly being eroded by the combined efforts of
many industries. As a result, the business case for using LPBF over conventional
manufacturing processes is becoming more viable and the market for end-use components

will continue to grow.
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2.2.1 LPBF IN THE GAS TURBINE INDUSTRY
In this section, a brief overview of the use of LPBF for the aerospace industry, and

more specifically gas turbine engines. Gas turbine operating conditions place high
mechanical and thermodynamic demands on components. Only recently have some large
industrial companies begun to implement AM components in-service that operate under
high temperature conditions. In the gas turbine industry, LPBF is utilised to achieve
additional component value in a variety of ways, including: increased performance by
exploiting AM design freedoms; lightweighting; part consolidation; reducing the need for
joining processes such as welding; and near-net shape manufacture of components in
alloys typically considered difficult to machine. This enabled time and cost savings in the

manufacture of these components.

One prominent example of the use of LPBF is the fuel nozzle manufactured by
General Electric (GE) (Figure 2.2 (a)), of which 30,000 units have been manufactured
prior to October 2018. The previous manufacturing route was intricate and complex,
involving welding and brazing of 20 individual components. LPBF allowed these to be
consolidated into a single component, eliminating the failures that would typically
manifest at the component joint interfaces, hence significantly increasing the durability
and life of the fuel nozzle. Additionally, a 25 % reduction in mass was achieved, further
enhancing the value of the re-designed AM component in an industry where mass

reduction is highly desirable.
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(b) Z= |

Figure 2.2 — (a) LPBF manufactured fuel nozzle by GE, achieving a 20-1
component consolidation and a 25 % reduction in mass (b) LPBF manufactured gas
turbine blade by Siemens Industrial Turbomachinery Ltd. Validated at full-load

conditions of 13,000 rpm and 1,250 °C for 100 hours.

In the case of the GE fuel nozzle, the component operates at high temperature but
does not have to bear any structural load. This reduces the demand on the material
properties and internal defects of the component, two areas where LPBF currently
encounters some problems. Siemens Industrial Turbomachinery Ltd performed 100 hours
of full-load testing on a gas turbine blade manufactured by LPBF in the nickel superalloy
CM247LC (Figure 2.2 (b)). This is a significant achievement as the full-load conditions
of 13,000 revolutions per minute at gas temperatures of 1400 °C subject the turbine blade
to high thermomechanical loads. Revised internal cooling geometries that cannot be
achieved using investment casting were included in some of the test blades,
demonstrating the capability of AM to advance the design of high-performance
components. The validation of the AM turbine blade at full-load conditions indicates that

LPBF has reached the maturity level required for manufacture of high-performance
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components. However, ensuring life expectancy of the component matches that of

conventional manufacturing remains a challenge for the industry.

A further use of LPBF by Siemens was in repair of burner tips for large gas turbine
engines [48]. During service, the tip of the burner becomes heavily oxidised and
combustion efficiency decreases. This large component is life-limited by the tip and
therefore a repair was the most cost-effective maintenance method. The damaged burner
tip was first machined back to a clean surface and then fitted into a modified EOS M290
LPBF machine. Fresh material was then deposited on to the burner tip, replacing the
oxidised material and returning the component to a suitable state for use (Figure 2.3).
This component was not originally manufactured via LPBF but demonstrates the
flexibility of the process and the value it can add to the supply chain in the manufacture
of high-value components. The repair methodology used prevents a large component
from being scrapped due to wear on a small region and likely reduces the lead time in

engine overhaul as an entire new component does not need to be manufactured.

Platform
Thegasturbineburnerneedsanew tip. A thinlayer of stain- Alaserbeamfuses the The platform lowers by afew
A digital production plan is created on less steel powderis powder, thereby creating micrometers, lowering the

a computer. applied. the first layer of metal. component being produced.

g V

Anew layer of metal The laser again traces Layer by layer, a new burner tip
powderisapplied. the outline of the piece is fused onto the component.
being produced.

4 S\

Figure 2.3 —Burner tip repair via LPBF by Siemens Industrial Turbomachinery Ltd

usina a modified EOS M290 machine.
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2.3 NICKEL-BASED SUPERALLOYS FOR LPBF

The term ‘superalloy’ was first used to describe alloys developed after WWII which
retained high mechanical strength at temperatures above 600 °C [49]. Ni-based
superalloys remain of significant interest for their performance in the high-temperature,
load-bearing environments found in the aero and industrial gas turbine industry.
Manufacturers are constantly pushing for components that can withstand higher operating
temperatures as increasing thermodynamic efficiency, and hence fuel efficiency of gas
turbine engines is directly related to increasing turbine inlet temperatures [50]. This
relationship is governed by the Carnot efficiency cycle which states that theoretical
engine efficiency is directly proportional to the difference between the temperatures of
the inlet gases and exhaust gases. To enable components to withstand increasing
combustion temperatures, specialist alloys are required. Superalloys are the material of
choice for hot gas path components due to their excellent creep and thermal fatigue
strength, oxidation resistance and hot corrosion resistance [51]. Some examples of such
components manufactured in Ni-superalloys are turbine blades, discs [52], vane segments

[53] and casings [54].

2.3.1 SUPERALLOY CHEMISTRY AND MICROSTRUCTURE

Over the years, superalloy chemistry has become increasingly complicated with the
addition of multiple alloying elements that all play a specific role. These elements and
their primary function can be seen in Table 2.1. The simplest superalloys gain their
strength via solid solution strengthening, making them suitable for use in high-
temperature, corrosive environments. Interstitial hardening is possible with alloying
elements with atomic radii significantly smaller than that of the Ni-matrix, of which C is
the only suitable element. Substitutional hardening is possible with a range of elements
with atomic radii greater than that of the Ni-matrix, with Mo and W being the most potent

[55]. These elements also have very low atomic diffusion rates in Ni. This is of
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significance as creep is controlled by atomic diffusion; use of low-diffusion rate alloying
elements increases the creep performance of the alloy [56]. However, performance of
solid solution strengthened alloys remains inferior to precipitation hardened alloys for

high mechanical loading at elevated temperatures.

Table 2.1 - List of Ni-based superalloy alloying elements and their function

Function Alloying element
Gamma formation (y) Co, Cr, Mo,W, Fe
Gamma-prime formation (y") Al, Ti, Nb, Ta, Hf
Carbide formation Cr, Mo, W, Nb, Ta, Ti
Grain boundary segregation B, C, Zr

Superalloys with high-strength at elevated temperatures are obtainable via combined
solid solution hard strengthening and precipitation hardening of the face-centred cubic
(FCC) gamma matrix phase (y-phase). Precipitation hardening is achieved primarily with
Niz(Al Ti,Nb) intermetallic compounds, known as the gamma-prime phase (y’-phase).
Via heat treatment, y’-phase is arranged in a structure, size and distribution such that the
microstructure remains stable up to within 10 % of the melting temperature (0.9 Tm) [57].
The low lattice parameter mismatch (~0 — 1.0 %) and high degree of chemical
compatibility between the y-matrix and y’-phase allows homogeneous precipitation in the
bulk material with excellent stability even at high temperature [58]. Further, the ductile
nature of the y’-phase increases the strength of the alloy without diminishing its fracture
toughness. Al and Ti are the most common y’-phase forming alloying elements and can
result in a y* volume fraction of up to 70 % in modern superalloys. In alloys with a low
vy’ fraction, the y’-phase forms spherical precipitates due to the desire for minimised
surface energy during precipitation. However, at larger y’ fractions, the interfacial energy
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of many spherical precipitates with the y-matrix becomes too large. Instead, the
precipitates form cubes which have a greater packing efficiency and hence minimise the

interfacial energy. This cubic microstructure is also known as blocky.

The performance of precipitation hardened alloys is further enhanced by formation
of thermally stable carbides. The most potent carbide forming elements include Ti, Ta,
Nb, W and Cr, forming a range of metallocarbohedryne (MC) carbides with structures
MC, M23Cs, MeC and M7C3[59, 60]. The function of these MC carbides is to: reduce the
rate of grain boundary slip and hence increase creep performance; increase tensile
strength; and provide a preferential reaction source for undesirable elements that would
otherwise impede the high-temperature stability of the alloy. The carbides tend to form
along grain boundaries and can become more numerous in the component during
operation at high temperature. In superalloys with a large number of grain boundaries,
carbides in these regions are deemed to be beneficial to the rupture strength at high
temperature. However, in some instances the carbides can act as crack initiation sites,
having a detrimental effect on the alloy performance. This is a key material quality
indicator for AM processing due to the very fine grain structure in comparison to wrought
or cast conditions. LPBF components are often heat treated after manufacture to produce
a homogeneous grain structure and increase the grain size. This is particularly important
for high creep strength as one creep mechanism, grain boundary sliding, is exacerbated
by the high number of grain boundaries inherent with a small grain size microstructure.
For this reason, modern turbine blades employ directional solidification [61, 62] or single
crystal microstructures [63-65] that eliminate grain boundary sliding. However, such

microstructures cannot currently be obtained using LPBF, even after heat treatment.
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2.3.2 CM247LC
CM247LC [66] was initially developed as a directional solidification nickel alloy for

the investment casting of turbine blades, particularly designed for high creep strength. It
is a low carbon derivative of MAR-M-247 with reduced Zr and Ti content, and tightened
control on Si and S. CM247LC consists of a y/y" dual-phase, face-centred cubic (FCC)
crystal structure with preferential solidification in the <001> direction. Its strength arises
from the precipitation of the coherent intermetallic y'-phase, with basic composition
Niz(Al, Ti), within the y nickel matrix. Addition of refractory elements facilitates the
precipitation of primary metallocarbohedryne (MC) type carbide structures
(preferentially TaC, TiC and HfC) [67]. CM247LC was chosen by the industrial partner
for this work as it is a desirable alloy for the LPBF manufacture of turbine blades.
Directional solidification alloys retain the alloying elements required for grain boundary
strengthening, whilst single crystal alloys are not suitable for LPBF as these strengthening
elements are not present. Therefore, the current state-of-the-art alloy for turbine blade

manufacture is not viable for LPBF.

Nickel alloys with high y/y’ volume fraction often exhibit poor weldability [68], a
term used to denote high propensity for cracking, due to their sensitivity to high thermal
gradients. The weldability of Ni alloys can be considered as a function of the content of
y'-phase forming elements, Al and Ti, as shown in Figure 2.4 for a range of alloys [4, 66,
69-72]. An alloy with Al + Ti composition >4.5 Wt% can typically be considered
‘unweldable’[73]. LPBF combines a high energy density laser source with high traverse
speeds, with the resultant high thermal gradients producing thermally induced residual
stresses. If these residual stresses become greater than the ultimate tensile strength (UTS)
of the material, cracking will occur. Hence, LPBF is not an ideal candidate manufacturing

process for such alloys. However, with the unique design freedoms of LPBF, there is a
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market push to adapt the process or the material to improve compatibility to a level that

enables manufacture of high-performance components.
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Figure 2.4 - "Weldability' diagram for a range of Ni alloys as a function of their Ti
and Al alloy element composition. Weldability is considered poor above the dashed
line and deteriorates with increasing Ti and Al content. CM247LC is found above
this weldability line whilst Hastelloy-X is found in the lower ‘weldable’ region. All

data taken from associated alloy specification documents [4, 66, 69-72].

The poor weldability of CM247LC results in the need for post-processing to heal
defects present in LPBF manufactured samples. Hot isostatic pressing (HIPing), as
discussed by Kunze et al. [74] for IN738LC and by Carter et al. [73] for CM247LC, has
been shown to close micro-cracks. However, post-HIP processing, precipitate traces have

been observed in the regions of healed crack zones in samples produced via LPBF, with
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increasing precipitate coarseness with original crack length. This results in a weakened
material condition due to the potential for crack initiation at precipitate sites. Zhao et al.
[75] concluded that the diffusion bonding mechanism on which HIP acts is not sufficient
to eliminate segregation of carbide forming elements, hence these weakly bonded regions
remain post-HIP. The mechanism by which this occurs is shown in Figure 2.5, where in-
service loading such as fatigue and creep can cause the weakly bonded prior-crack
boundaries to separate again. Thus, it is desirable to minimise the cracking density in the
as-deposited part in advance of any subsequent processing; the success of crack healing

via HIP is directly related to the integrity of the material in the as-LPBF state.
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Figure 2.5 - After a crack is closed by HIP (a), particulates segregated at the closed
crack boundary (b) can form stress concentration points, leading to the crack re-

opening (c) and propagating along the weakly bonded crack boundary (d).

2.3.3 HASTELLOY-X
Hastelloy-X (hereafter abbreviated as HX) is a trademark nickel-chromium-iron-

molybdenum alloy from Haynes International (Kokoma, Indiana, USA). It is frequently
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used in the gas turbine industry for manufacture of components in and around the
combustion zone [76-78], including combustor cans, ducting, injection nozzles and
afterburners. The alloy develops a well-bonded protective oxide layer which does not
easily spall, therefore providing excellent oxidation resistance at high temperatures [79].
HX also performs well in corrosive and reducing environments, important for combustion
zone components due to the corrosive/oxidative nature of the by-products of fuel

impurities such as sulphur.

The high mechanical performance of HX comes from solid solution strengthening
primarily via Mo-rich carbides (MsC and M1.C), with additional strengthening from Cr-
rich carbides (M23Cs). HX does not have a y/y’ microstructure, in contrast to CM247LC.
Therefore, it is considered significantly more weldable, as evidenced by its positioning in
the lower left corner of Figure 2.4. However, challenges remained when first processing
HX, with a range of solutions proposed by researchers studying its applicability for LPBF.
Wang et al. concluded that cracks remain in LPBF manufactured parts regardless of the
process parameters chosen [80], which although can produce samples that have a higher
UTS than hot forged equivalents [81], the creep and fatigue performance of such
components is likely to be severely impaired. Wang et al. have noted that HIP can repair
the cracks found in the as-LPBF samples, however a crack-free microstructure before HIP

is desirable for optimal performance.

Further research is focussed around the modification of alloy chemistry, reducing the
propensity for hot cracking during solidification and hence improving the as-LPBF
density. It was proposed by Tomus et al. [82] that high content of Si and C, and the
subsequent formation of a significant amount of MeC carbides, results in increased
cracking in HX when subjected to the high thermal residual stresses generated in LPBF.
The small grain size of approximately 1 um makes LPBF material particularly sensitive
to cracking as there are a large number of grain boundaries at which carbides
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preferentially segregate to under the rapid cooling conditions. These carbides act as crack
initiation sites under the high residual stresses present in LPBF material. When compared
to conventional polycrystalline material with a grain size of greater than 50 um [83] and
a more isotropic carbide distribution, it is clear that a reduction of the elements
responsible for carbide formation is desirable for a LPBF feedstock material. Further,
through computational thermodynamic simulations [84], it was shown that higher Si and
C content increases the proportion of eutectic phase and reduces the window of
solidification temperatures. Sudden freezing of the material prevents residual stresses
from dissipating during cooling resulting in a greater chance of cracking. An alternative
approach was taken by Harrison et al. [85] who proposed that by increasing the UTS of
the material, the stresses at which cracking occur would not be reached during material
solidification. Through increasing the solid solution strengthening elements Cr, W, and
Mo, it was demonstrated that cracking density can be reduced when compared to the

nominal HX composition.

The most recent articles concerning the use of HX in PBF manufacture has shown
that the issue of cracking has been mitigated to the point that near-100 % bulk density can
be achieved [86]. This was through a combination of alloy composition optimisation and
efforts by machine manufacturers to supply optimised process parameter files [87]. As a
result, LPBF is now considered to be a viable manufacturing method for Hastelloy-X
components. Hastelloy-X was chosen for manufacture of samples in this thesis for the
combination of process suitability and also the alloys frequent use in gas turbine engines,
representing a good baseline Ni-superalloy for which the performance of lattice structures

can be evaluated.
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2.3.4 SCAN STRATEGIES FOR LPBF MANUFACTURE OF NICKEL SUPERALLOYS
Material condition in the as-LPBF state is dependent upon the process parameters

chosen for manufacture. Process parameter optimisation for reduction of cracks and pores
is typically based upon altering scan speed, laser power, hatch distance and layer
thickness [34, 88-91]. However, an important factor to consider is the path the laser takes
to fill in an area in the build plane, known as the hatch scan strategy. In its most basic
form, a scan strategy describes whether the laser is always travelling in a single direction
(uni-directional [92]) or back and forth within the scan area (meander or zig-zag scan
[93]). The scan strategy to fill in an area can be altered by rotating the hatch scan between
layers [94], or sub-dividing the scan area into separate regions depending upon the
outcome desired. In the context of this thesis and process development for CM247LC,
the important outcome is the reduction of residual stress. One method commonly
employed in the LPBF industry to minimise residual stress build-up during manufacture

is the use of short scan vector lengths [95].
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Figure 2.6 — Illustration of the 10 x 10 mm island scan strategy. Initially, a single
wall thickness contour scan is performed followed by the raster scans to form four

5x5 mm ‘islands’
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A strategy for implementing short vector lengths is to divide the laser scanned area
of each layer into smaller square sections referred to as ‘islands’ or ‘checkerboard’ [96],
comprised of a border (contour) and inner raster scan region (as illustrated in Figure 2.6).
The result is a large area broken up into many smaller sections, constraining the residual
stresses formed in the hatch scan region to a localised area that is less likely to cause
macro-scale distortion or cracking. Further, by rotating the hatch scan direction by 90 °
between neighbouring islands, residual stresses act to balance each other out over a larger
area. This is an important technique for high aspect ratio components or large areas
(>400 mm?) which may otherwise distort in a way that disrupts the LPBF process by
obstructing the re-coat sequence or bring the component outside of dimensional tolerance.
In the case of CM247LC, the residual stresses are partially relieved through macro

cracking within the bulk material.

The relationship between scan vector length and residual stress was experimentally
explored by Kruth et al. [97] by manufacturing cantilever specimens. An indicator of
residual stress, curling angle, was correlated with scan vector length, where it was seen
that using 2 mm vector lengths provided a 13 % reduction in curling angle compared to a
reference part manufactured using 20 mm vector lengths. However, no experiments were
conducted using vector lengths below 2 mm. Parry et al. [98] identified that longitudinal
residual stress increases with scan vector length, hence reducing the vector length as far

as possible should prevent the stress build-up in LPBF.

In attempt to reduce cracking in IN718, Lu et al. [99] conducted a comprehensive
analysis on the effect of varying the island sizes. It was seen that reducing the island size
below 3 x 3 mm produced a significant increase in cracking density, as the large number
of island intersections resulted in poor metallurgical bonding and the formation of pores.
Variation in cracking density using island scanning in CM247LC deposits was also
reported by Carter et al. [100]. This was attributed to a bimodal grain structure, consisting
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of columnar grains aligned with the build direction within the hatch region surrounded by
fine equiaxed grains positioned along the intersection of the scanned islands. The high
cracking density within the fine equiaxed region precluded island scanning from being an

effective method in this case.

Despite the benefits in using island scanning, there has been only limited exploration
of alternate scanning strategies with very short vector lengths (<500 um) or novel scan
patterns, such as mathematical area filling curves, or ‘fractals. Fractals in the context of
this thesis are patterns comprising of many short sections with frequently changing
directions. The fractals used here, Hilbert and Peano-Gosper (Figure 2.7), can fill an area
using a single continuous line. For LPBF this means that a large area can be scanned
without turning the laser off and there are only two start and end points to the laser scan

path in any one layer.
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Figure 2.7 - Hilbert (a) and Peano-Gosper (b) fractal patterns used for LPBF. Start

and end points indicated.

Ma et al. [101] simulated the temperature and stress variations seen during selective
laser sintering (SLS) of polymer powder, comparing a standard meander scanning pattern
to the Hilbert fractal scanning pattern. It was concluded that the Hilbert scan pattern
produces a more symmetrical temperature field and smaller plate distortion than the

meander scan pattern. Further SLS simulation tests by Yang et al. [102] also concluded
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that the use of the Hilbert curve results in lower thermal gradients and decreased residual
stress in SLS components. Experimental tests indicated more consistent sintering and
higher tensile strength in components manufactured using Hilbert curve scanning
strategies. With exception of the article published as part of this thesis [103], no literature
iIs known that details the application of fractal scan strategies to metal additive
manufacturing (AM) processes. This is an interesting avenue of research for its potential
in reducing the cracking of alloys such as CM247LC in LPBF and was explored later in

this thesis.

2.4 LATTICE, POROUS AND CELLULAR STRUCTURES

The previous section has outlined the Ni-based superalloys that will be used in later
Chapters. The main body of work in this thesis does not focus on process parameter
optimisation or characterisation of these alloys, but rather the potential that lattice
structures manufactured in these alloys via LPBF have to improve component

performance.

Lattice structures belong to the family of porous and cellular structures, which are
those comprised of interconnected networks of solid struts, surfaces or faces (Figure 2.8)
[104]. These structures may be two-dimensional (2D) or three-dimensional (3D) forms
with an ordered structure, known as non-stochastic, for example honeycombs constructed
from hexagonal cells. Alternatively, the pores may be un-structured, randomly distributed
and orientated (stochastic) to form structures categorised as foams [105]. Foams can have
individual cells or pores with no connection to neighbouring cells, known as closed-cell
foams, or interconnected cells with a pathway for fluid flow through the structure, known
as open-cell foams. Stochastic foams can be found in nature as bone, wood, fungi and
sponge amongst others [106]. They can also be manufactured using relatively simple

methods, for example by: introducing inert gas into melted polymer and using a low-
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pressure atmosphere to expand the gas, forming a porous network [107]; introducing
volatile hydrocarbon gases into polymer beads which are placed into a mould, where
under high temperature and pressure the gas rapidly expands to form a porous network
(expanded polystyrene, [108]). Metallic foams, typically aluminium or copper alloys due
to their low melting temperature, can be manufactured in a similar way: inert gas is
bubbled through the liquid alloy, rising and becoming entrapped in a layer of cooled, solid
alloy at the surface. The cooled foam is continuously drawn away from the surface to
allow new gas bubbles to reach the surface and form more foam [109]. Alternatively,
foaming (blowing) agents such as TiH2 can be added to the molten alloy, which release
gaseous hydrogen during heating, creating a foamed liquid which after cooling forms a
metallic foam structure [110]. Foams, particularly closed-cell foams, are not ideal for
LPBF manufacture due to difficulties in removing the loose powder inside the structure

after the build.
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(lattice structures)

I
| |

2D lattice ]

Open-cell foam ] Closed-cell foam }

3D lattice ]

Figure 2.8 - Tree diagram of types of cellular solids. This thesis concentrates on non-

stochastic 3D lattice structures. Images taken from Gibson et al.
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Lattice structures occupy a separate category of 3D cellular structures due to their
strictly defined unit cell (non-stochastic) which is repeated and tessellated in three
dimensions to form a solid. Non-stochastic structures cannot be manufactured using the
conventional methods used for metallic foams, but rather must be manufactured in a
controlled, programmed way. AM and PBF processes in particular are suitable for lattice
structure manufacture due to the ability to manufacture complex structures in a layer-by-
layer method. Subtractive manufacturing methods are unable to create many of these
structures due to tool access requirements. Casting methods are limited by geometric
complexity and can only be used to manufacture simple 3D lattice structures with limited
feature size [111, 112]. Simple strut-type lattice structures can be manufactured by
welding, brazing or soldering wire struts at nodes to form a 3D geometry [113-115], but
this introduces many points of potential failure and is a lengthy and high-cost process,
especially considering the low complexity that is possible when compared to PBF

manufacture.

2.4.1 TPMS LATTICE STRUCTURES
A sub-category of 3D non-stochastic structures is the triply periodic minimal surface

(TPMS) lattice structure (Figure 2.9). The TPMS structures are defined by a set of
equations (Table 2.2) [116, 117] that describe a surface with zero thickness. To create a
sample with volume, the surface is ‘thickened’ to provide a certain proportion of solid
material per volume, termed the volume fraction. In this thesis, 0.2 and 0.5 volume
fractions were used, i.e. 20 % and 50 % solid material by volume. This represents the
upper and lower bounds of volume fractions useful for engineering design. Below 0.2
volume fraction at 2.5 mm cell size, the features become too small to manufacture via
LPBF; greater than 0.5 volume fraction, lattice structures lose value as a method of
lightweighting and the drawbacks of the increased design complexity outweigh the

performance benefits.
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Table 2.2 - Periodic trigonometric functions for the TPMS lattice structures under

investigation in this thesis.

TPMS Periodic trigonometric function

Diamond ¢ (r)=cos(X) +cos(Y)+cos(Z)=0

Gyroid ¢ (r) =cos(X) cos(Y) cos(Z) — sin(X) sin(Y) sin(Z) =0

Schwarz Primitive ¢ (r) = sin(X) cos(Y) + sin(Z) cos(X) + sin(Y) cos(Z) =0
Diamond matrix Gyroid matrix Schwarz primitive

Gyroid network BCC (strut-type)

Figure 2.9 - TPMS lattice structures used in this thesis alongside the BCC (strut-

type) lattice in the bottom right corner.

2.4.2 MECHANICAL PROPERTIES OF LATTICE STRUCTURES
The most frequently leveraged benefit of porous or cellular materials is their high-

specific mechanical properties, or high-strength to weight ratio [118-120]. This makes
them ideal for lightweighting components by replacing large areas of bulk material with
the low-density porous structure, designed and implemented such that the required
strength is maintained. Further, the properties of these structures are geometry dependent

and hence once knowledge is gained of how each type of structure performs under
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loading, specific structures can be selected based upon the mechanical performance

required.

Existing research has determined the mechanical performance and failure modes of
a range of lattice structures. Ataee et. al [121] identified the compressive failure mode of
Ti6Al4V EBM-manufactured gyroid network lattice samples to be bending at the joints
of the lattice followed by shear fracture at a 45 ° angle to the loading direction. This
supports the categorisation of the gyroid network lattice as a bending dominated structure
under loading. Ataee et al. also revealed the effect of manufacturing accuracy on the
mechanical performance of the lattice samples, where smaller cell sizes tended to result
in distortion of circular channels through the lattice. Consequently, some samples
exhibited mechanical anisotropy, with reduced elastic modulus and yield strength in the
build direction (for example, E = 637 £45 MPa in the build direction vs 1084 +160 MPa
in the transverse direction for sample G2). This highlights the importance of choosing the

correct lattice type and cell size for each manufacturing process or application.

Inconel 625 (IN625) strut-type lattice structures manufactured via LPBF were
investigated by Leary et. al [122] under compressive loading. Both BCC and FCC
structures exhibited higher compressive yield strength at smaller cell sizes, with the
addition of a vertical strut (BCCZ and FCCZ) resulting in increased yield strength.
Furthermore, the failure mode transitioned from bending dominated in xCC form to
stretch dominated in xCCZ form. This is due to the Z-component providing support at the
node intersection where strut bending occurs, effectively constraining the deflection seen
here. The IN625 samples were noted for their high ductility, where under extreme
compressive load leading to densification, no strut fracture was observed (Figure 2.10
(@)). The inversely proportional relationship between cell size and compressive yield
strength is also reported by Yan et. al [123]. Testing of gyroid network LPBF
manufactured 316L samples with cell sizes in the range 2 — 8 mm demonstrated this trend,
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where the 2 mm cell size sample had approximately 36 % higher yield strength and 27 %
greater elastic modulus than the 8 mm cell sample. Images captured during testing and
the smooth deformation seen in associated stress-strain plots support the mechanism of

bending without fracture failure of the gyroid network lattice geometry.

a: cell size=2 mm
b: cell size=3.5 mm
64 c: cell size=4.5 mm
d: cell size=5.5 mm
e: cell size=6.5 mm
f. cell size=8 mm

Stress (MPa)

0 10 20 30 40 50 60
Strain (%)

Figure 2.10 - Ductile compression of IN625 lattice structures with extended plateau
stress curve (a) versus staged brittle fracture of AISi10Mg gyroid lattice with distinct

rippled stress-strain plot (b).

Gyroid matrix TPMS lattice structures evaluated by Maskery et. al [124] were
observed to have approximately three times the specific energy absorption capability
when compared to BCC lattice samples [125]. However, this was only achieved after heat
treating the AlSi10Mg, which although was seen to reduce the ultimate tensile strength
of the material by 12 %, significantly improves the ductility. Before heat treatment, the
material was too brittle to bend and failed in 45 ° shear bands relative to the loading
direction directly through the cubic sample, the plane of maximum shear stress under
uniaxial loading. The influence of this T6-like heat treatment for LPBF manufactured
AISi10Mg is explored in full by Aboulkhair et. al [37], which can be considered a

necessary post-processing step if ductility is required.
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Maskery et al. also evaluated the failure of BCC lattices with a graded volume
fraction, demonstrating that preferential failure regions can be designed in to a structure
[125]. Layers collapsed in order of increasing volume fraction, a feature that could be
leveraged for a crash structure where a gradual increase in is energy required to further
deform the structure may prevent complete structural failure. A further application may
be in biomedical implants, where graded structures may provide protection from dynamic
loading including shock absorption, torsion and compression that may occur
simultaneously in some cases [126]. Staged failure exhibits a rippled stress-strain curve
(Figure 2.10 (b)), a feature that can help identify this failure mode where it may not be
immediately apparent from the sample exterior. For example, the rippled curve could
signify multiple internal struts fracturing at the same stress level, highlighting a potential
weakness in a given geometry. However, the rippled stress-strain curve alone cannot
identify the failure mode of a lattice structure. It also appears in samples manufactured in
maraging steel, where in the testing by Al-Ketan et al. [127] it was shown to be a result
of layers failing sequentially under bending in Schwarz primitive, diamond network and
octet-truss geometries — without any fracture failure. Therefore, it must only be used as
an identifier for a failure across multiple sites simultaneously rather than for a specific
failure mode. Failure of individual elements within the structure may not provide
sufficient deformation to result in a stress decrease of the magnitude seen in Figure 2.10
(b).

Staged failure is a characteristic of many further geometries investigated in the
literature including gyroid network [128], D-FCC [129], F2-BCC [130] and
cuboctahedron [131], even with constant (i.e. not graded) volume fractions. This can be
avoided by using a ductile material as demonstrated by Leary et al. [122] with Inconel
625 BCC and FCC structures. Here, the stress-strain curves plateaued after the elastic

limit and remained relatively flat until the lattice began to densify via bending of the struts
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at the onset of high strain (>5 %). This signifies distribution of the loading stress within
the whole sample rather than stress concentrations forming at element intersections or
vertices in the geometry. This is a desirable feature when seeking a high-strength lattice
structure as minimising the potential for stress concentration points leads to a decrease in
the likelihood of exceeding the UTS of the material and the fracture or failure that would

follow.

2.4.3 POROUS STRUCTURES SUMMARY
The use of porous structures is an effective method for reducing the weight of a

component whilst retaining high mechanical strength and has been applied in engineering
components using conventional manufacturing methods. LPBF enables manufacture of
non-stochastic lattice structures that cannot be made in any other way. These structures
have many advantages over stochastic structures including their ability to be tailored for
anisotropic loading applications. The mechanical properties of lattice structures has been
shown to be a product of the geometry and the properties of the material used for
manufacture. To identify the best geometry for an application, it is necessary to perform
mechanical testing on a wide range of samples. Many geometries have been investigated
previously, including strut-type lattices and the gyroid TPMS, however there is need for
experimental characterisation of a wider range of TPMS lattice structures. To date, many
authors have focussed on aluminium alloys due to the potential for component
lightweighting. TPMS lattice structures are also of interest to the gas turbine
manufacturing industry, where Ni-superalloys are a requirement in many cases. This is

the focus for evaluation of lattice mechanical properties in the later Chapters.

2.5 APPARATUS FOR DETERMINING HEAT TRANSFER PROPERTIES

Previously, lattice structures were shown to have good performance in mechanical

loading. Further value can be gained by using lattice structures in thermal applications
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such as heat exchangers or thermal insulation (heat shields). However, no commercial
solution exists to determine the thermal properties of the lattice structures, as like for
mechanical properties, both geometry and material must be considered. In order to
evaluate the lattice structures, new thermal characterisation apparatus was required. This
section outlines the literature used to inform the design and layout of the apparatus used

in later Chapters for thermal conductivity and convective heat transfer evaluation.

2.5.1 1-DIMENSIONAL CONDUCTIVE HEAT TRANSFER
A number of methods exist for measurement of thermal conductivity but each has

limitations including material type (fibrous insulation, polymers, metals), material state
(solid [132, 133], liquid [134], paste, powder) and measurement direction (bulk, through-
thickness [135, 136], in-plane). Sample geometry presents a problem, where most
apparatus that can measure thermal properties of metallic samples require thin sections
or powders and therefore can only measure the properties of the constituent material. The
challenge posed by measurement of lattice structures is that of anisotropy within the
sample and effects of natural convection within the lattice itself. This combination of
solid and air conductivity requires determination of a value for the apparent thermal
conductivity of the sample (i.e. the sum of conductivity through solid and air). Whilst
determining the thermal conductivity of the lattice alone by testing under vacuum may
appear to be the most desirable method, these structures would be mostly used under
atmospheric or increased air pressure applications. Therefore, it is important to determine
the effect of the air contained within the lattice so that performance of lattice structures

in heat transfer can be fully understood.

The two standards that are applicable to the thermal conductivity measurement of
lattice structures are ASTM C518-17 [137] (Steady-State Thermal Transmission

Properties by Means of the Heat Flow Meter Apparatus) and ASTM E1225-13 [132]
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(Thermal Conductivity of Solids Using the Guarded-Comparative-Longitudinal Heat
Flow Technique). C158-17 uses a heat flux meter, a thin polymer membrane with a
precise electrically conductive path running inside it. This sensor measures the exact heat
energy that passed through the membrane and as such can be used to calculate the heat
energy input or output of a system. However, this sensor has a high cost (>£500 for a size
appropriate for lattice evaluation) and for the highest accuracy apparatus conforming to
C158-17, two sensors would be required (heat input and output of the lattice sample). The
main advantage of this standard is the speed of measurement acquisition, as the heat flow
meters do not require the system to be at steady state to determine the thermal
conductivity. This capability is not necessary for the lattice structure thermal conductivity
measurement and so the high cost of implementing the heat flux sensors can be avoided

by using a different measurement method and apparatus.
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Figure 2.11 - Thermal conductivity measurement standards applicable to
measurement of lattice structures. C158-17 appears simpler but requires two

expensive heat flux meters. E1225-13 is simpler in operation.

E1225-13 takes a much simpler approach of using the test sample sandwiched
between two reference blocks of a known conductivity (the test stack). Setting up a
thermal gradient across the test stack and measuring the temperature at each interface
while at steady state allows the thermal conductivity to be calculated. The weakness of
this system is that the time taken to reach steady state can be lengthy (>30 mins), however
this was deemed to be acceptable for the number of samples considered in later
experiments. A benefit of this apparatus is that the components required are relatively low

cost off-the-shelf and easily acquired in the event of a breakage or failure. As the test
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stack will be arranged manually for each sample, component wear is likely especially for
fragile thermocouples and therefore component cost and availability is important. Further,
the system can be flexible to the test sample dimensions as the only requirements are that
the cross-section of the reference blocks must be equal to that of the sample. As flexibility
and low cost are desirable, and there is no requirement for fast measurement acquisition
times, E1225-13 is the ideal standard to follow for measurement of lattice structure
thermal conductivity. The methods and apparatus used to achieve this outcome are

described in Chapter 6.

2.5.2 CONVECTIVE HEAT TRANSFER
The geometrical complexity of lattice structures makes simulation of convective heat

transfer via computational fluid dynamics (CFD) computationally expensive.
Furthermore, the behaviour of fluid flows in such geometries cannot be directly inferred
from existing models due to the difference in characteristic surface roughness profile
between current class LPBF [138] and conventionally manufactured components.
Experimental methods are therefore seen as the most viable method to characterise lattice
structure heat transfer devices. Whilst apparatus to test heat transfer properties of AM
components exist in the literature, currently there is no standardised method. Apparatus
has been used previously by Kirsch et al. in testing of LPBF manufactured heat transfer
devices (Figure 2.12 (a)), namely wavy micro-channels [139] and pin-fin arrays [140],
targeting use in gas turbine components. The apparatus used by Kirsch et al. provides all
of the data required for evaluation of thermal performance, however the sample size is
too small for effective testing of a range lattice geometries as it is tailored for evaluation

of gas turbine internal cooling geometries only.

A similar scale apparatus was developed by Marques et al. [141] for testing of pin-

fin geometries used in the trailing edge of gas turbine blades manufactured via LIGA
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(lithographie, galvanoformung, abformung, translated from German as ‘lithography,
electroplating, and molding’) micro-manufacturing. Whilst the 500 pm channel height in
this apparatus was also too small for lattice samples, the topology was considered to be
effective. The use of an O-ring sealed body for the apparatus Figure 2.12 (b) allowed for
easy replacement of the sample during experimentation and was adopted for the apparatus

detailed in section 6.3.

Wong et al. developed a custom apparatus to characterise the heat transfer
performance of a number of LPBF manufactured geometries that are considered
‘conventional’: pin-fins, diamond fins and diagonal wavy struts [142]. A lattice-type
geometry was added to further work by the same authors [143]. This apparatus
accommodates samples of approximately the size required (50 x 100 mm), with the
samples manufactured on extruded aluminium substrates which were used as heat
spreaders during the experiments. The topology seen in Figure 2.12 (c) was considered
during the design stage of the new apparatus, however the specimen size was reduced and
the orientation of samples on the build plate was altered to enable a greater number of

samples to be manufactured on a single LPBF build plate.
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Figure 2.12 - A selection of apparatus layouts taken from the literature. (a) Kirsch

et al., (b) Marques et al., (c) Wong et al., (d) Tian et al.

40 Sam Catchpole-Smith - March 2020



Chapter 2: Literature review

Further testing using convective heat transfer apparatus has been performed on
samples that are not manufactured using AM. Some of the geometries investigated by
Tian et al. [144] are analogous to those seen in AM literature, such as tetrahedral and
pyramidal strut-type unit cells, but lack the complexity possible using AM and are
complicated in their method of manufacture. Similar structures are manufactured using
the same wire and brazing method by Joo et al. [145], with the testing apparatus providing
pressure drop and heat transfer data. Whilst the layout and operation of the apparatus in
Figure 2.12 (d) is suitable for lattice testing, the scale of the samples used is too large for
cost-effective LPBF manufacture. Pressure drop and heat transfer results are
demonstrated by Kim et al. across a range of publications, studying lattice-frame samples
on asmall scale in aluminium [146] [147] and in larger scale polycarbonate samples [148]
[149]. In these publications, thermochromic liquid crystals (TLC’s) are used to great
effect in demonstrating the flow paths of the coolant through the lattice structures.
However, the method is not directly applicable to metallic lattice samples as the TLC’s
are sprayed onto and their emission is viewed via transmission directly through

transparent polycarbonate samples.

2.6 COMPONENT DESIGN FOR HEAT TRANSFER

For high-performance engineering components, heat transfer and the management of
excess heat is often a key performance consideration. Operating temperatures of
components can vary greatly depending on the application, from rocket propellant storage
tanks at the temperature of liquid oxygen, through to gas turbine blades operating in
combustion gas temperatures of 1450 °C. For some components, passive heat transfer,
i.e. heat transfer that occurs via methods that do not require an energy input from the
engineering system, are sufficient. At the more extreme temperature scales, heat transfer

requires some form of work to be performed and hence has a negative effect on the
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efficiency of the engineering system. This is often the pumping of a fluid such as air or
water which carries heat away from the component via conduction and convection across
a heat transfer device or surface. Whilst the demands on such cooling systems are
increasing in the pursuit of component performance gains, the package volume available
for heatsinks and ancillaries is not increasing accordingly [150-152]. AM can potentially
enable highly efficient cooling designs that provide excellent heat transfer per unit
volume or unit mass. Only limited investigations into AM for heat transfer, however, have

been undertaken.

One method to increase the heat transfer performed by a device is to reduce the
hydraulic diameter for the flow. This in turn increases the heat transfer coefficient by
increasing the surface-area-to-volume ratio of the heat exchanger, forcing more
interaction between the working fluid and the geometry [153, 154]. The drawback of this
method is an increased pressure drop across the heat transfer device. In many cases, this
causes an undesirable efficiency penalty in the system. To minimise the energy required
to perform the heat transfer, such devices must be optimised for performance. TPMS
lattice structures may provide the combination of a geometry that enhances flow
interaction for increased heat transfer, whilst retaining a relatively free flow path to
prevent excessive pressure drop. In this section, the function and performance of such
devices is described, and the conventional manufacturing methods are compared to the

new methods made available with AM.

2.6.1 CONVENTIONAL HEAT TRANSFER STRUCTURES
Heatsink geometry is typically varied to optimise the heat transfer coefficient and

the working fluid pressure drop across the heat transfer region. Heat transfer geometries
are heavily constrained by conventional manufacturing methods such as sheet forming,

extrusion [155], welding [156] or investment casting. This is especially true for
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components with internal cooling features such as turbine blades, where complex cooling
channels can provide the greatest benefit but simply cannot be implemented effectively

via conventional investment casting manufacture [157-159].

Heat transfer surfaces within heat exchangers come in a variety of forms including
tubes, corrugated/wavy walls, straight fins, bent-fins and pin-fin arrays. For high-
performance components that require internal cooling, pin-fins are commonly used.
Whilst these geometries are effective at increasing the surface area available for heat
transfer, performance enhancement using such designs is limited. A further problem with
conventional heat transfer structures is that they are mono-functional — they are only used
to perform heat transfer and have limited secondary functionality. This is a problem for
components that are under large mechanical loads as typically the volume that the heat
transfer structures occupy reduces the overall strength or mechanical performance of the
component. Pin-fins for example are restricted by their geometry to providing uniaxial
tensile or compressive strength. As soon as loading is applied perpendicular to the pin-
fin, the structure becomes liable to failure through shearing or bending. Other structures
such as honeycombs are known for their high specific strength and stiffness, but again
this is not an isotropic bulk property; the honeycomb must be deliberately orientated to
take advantage of this. Further, the orientation desired for mechanical strength and that
for which the structure has the best heat transfer performance is often mismatched. Hence,

optimisation can only be achieved for one property.

2.6.2 CONVENTIONALLY MANUFACTURED POROUS STRUCTURES AS HEAT
TRANSFER DEVICES

Research has been conducted into characterising porous structures of many types
that were manufactured using techniques other than AM across a range of materials and
intended applications. Lu, T.J. [160] simulated laminar flow through channels containing

micro-cell aluminium honeycombs (Figure 2.13 (a)). It was stated that whilst the heat
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transfer performance was doubled by including the honeycomb core, further
improvements could be obtained using a geometry that stimulates turbulent flow. TPMS
lattice structures have ideal geometrical features that can provide disruption to the flow
that results in higher turbulence. Further studies on honeycomb and corrugated structures
manufactured from sheet material were conducted by Wen et al. [161]. They concluded
that honeycomb structures are superior in thermal performance than metal foams, lattice-
frame materials or woven structures, providing a higher heat transfer rate at a constant
pumping power. However, many TPMS Ilattice types are more analogous to the
continuous-wall honeycomb structures than to the other examples given, highlighting
their potential as heatsinks. Further, the manufacture of SLM lattice structures is
simplified in comparison to the stamping, forming, assembling and brazing process used

by Wen et al.

Kim et al. [147] manufactured tetrahedral lattice-frame materials (LFM) from an
aluminium alloy with an array of struts of 2 mm diameter for a relative density of 6%
(Figure 2.13 (b)). They found that greater than 50 % of the heat input to the structure was
conducted through the struts and then transferred to the coolant fluid via convection from
the strut surface. This highlights the importance of ensuring the geometry chosen has
good flow interaction for effective heat transfer. TPMS lattices with wall-type geometries

may be particularly effective in this regard due to their high surface area to volume ratio.

Porous structures including the Schwarz Primitive TPMS structure (Figure 2.13 (¢))
have been investigated by Krishnan et al. [162], where the heat transfer efficiency and
pressure drop across the structures was analysed via computational methods and
experimentally. It is clear that all of the porous structures tested experimentally, slotted-
hexagon, fin-foam and Schwarz P, provide significant improvements in heat transfer
efficiency when compared to a parallel plate arrangement. This comes with a pressure
drop penalty, however, which in the case of the Schwarz P, is large enough that it cannot
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be considered the best performer. Schwarz P is particularly susceptible to causing a large
fluid pressure drop due to the low percentage of free-flow area in the cross-section. With

direct manufacture of TPMS structures via LPBF, a more desirable TPMS can be chosen.

Honeycomb micro-cell

Brazed lattice frame materials

0.012m

w

Wax cast Schwarz P geometry Open-cell stochastic metal foam

Figure 2.13 - A selection of heat exchangers using conventional manufacturing

methods.

Stochastic foams were investigated by Bhattacharya et al. [163] for application in
cooling of electronic chips (Figure 2.13 (d)). 90 % porosity aluminium foams with pore
sizes 5 — 20 pore per inch (PPI) were joined to an aluminium heatsink frame using
conductive epoxy and tested under forced convection using air as the working fluid. Even
with this high-thermal resistance (when compared to metallurgical bonding) between the
foam and the frame, the heat transfer coefficient was enhanced by a factor of 6 when
compared to typical a finned heatsink. Using LPBF, heat transfer could be enhanced

further by the metallurgical bond between the heat transfer surface and the frame.
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However, this performance comes at the cost of significantly greater fluid pressure drop;
with limits placed on pressure drop, performance enhancements of 1.5 — 2 times can still
be achieved. Further, the foams with larger pores (5 PPI) provided a better heat transfer
coefficient per unit fan power, indicating that increasing the surface area to the flow is
not always beneficial to heat transfer performance. Despite the potential performance
gains of stochastic foams, control of pore distribution for techniques such as functional
grading is limited by the conventional manufacturing methods. Whilst the pore size and
overall density can be controlled, the material cannot be placed exactly where it is desired,
unlike with LPBF. This is highlighted by the ‘lumping’ of metal seen at the intersection
of pores [164], which increases the overall density of the foam but provides no benefit to

thermal transport.

2.6.3 ADDITIVELY MANUFACTURED HEAT TRANSFER STRUCTURES
LPBF manufactured lattice structures have the potential to replace pin-fins [141,

165], honeycombs [160, 161] and sandwich panels [145, 166] traditionally employed in
high performance heat transfer applications. EXxisting research has evaluated the
convective heat transfer performance of strut-type lattice structures, however no known
literature covers TPMS geometries. These geometries, particularly the wall-based (matrix
phase) TPMS structures, can potentially provide greatly increased heat transfer over pin-

fins or similar conventional heat transfer enhancement methods.

Kirsch et al. [140] used SLM to manufacture channels with pin-fin heat exchange
arrays with a range of spanwise and streamwise spacings (Figure 2.14 (a)). Whilst the
results regarding pin-fin spacing are not directly transferrable to TPMS structures, it was
stated that the high surface roughness inherent to the LPBF process provides significant
improvement in heat transfer due to greater interaction between the coolant flow and the

geometry. Importantly, minimal gain in heat transfer was achieved through significantly
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increasing the density of the pin array. Combined with the negative effects of increased
pressure drop, it was demonstrated that increasing the surface area in contact with the

coolant flow is not always beneficial to the overall performance of the heat exchanger.

LPBF has been used to manufacture a range of strut-type lattices, characterised by
the node and element topology, where the elements are ‘thickened’ to form structures
typically with continuous cross-section struts. Such examples are the body-centred cubic
(BCC) unit cell [30] and the BCC-Z unit cell [167]. However, these LPBF manufactured
lattices have not been characterised for use in heat transfer applications. This is despite
conventionally manufactured samples of similar geometry being shown to perform well
in convective heat transfer [148], with the potential for bi-functionality when used in
combined thermal and mechanical loading [146]. The use of lattice structures in dual load
applications was also identified by Gu et al. [168], who demonstrated that continuous
cross-section lattice sandwich panels can be optimised for combined thermal and
mechanical performance. It was shown that optimisation favoured either structural
stiffness or thermal performance; both factors could not be optimised concurrently due to
the geometry of the chosen strut-type lattices. The triangular geometry that provided the
highest stiffness had lower thermal performance than the other geometries and the
honeycomb structure with the best thermal performance had reduced mechanical strength
in comparison to the triangular geometry. TPMS lattice structures have the potential to
improve upon these results by providing the high specific stiffness required to meet
targets for mass reduction alongside an enhanced thermal performance over strut-type

lattice structures.
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Figure 2.14 — (a) LPBF manufactured pin-fin heatsink by Kirsh et al. and (b) LPBF

manufactured strut-type lattice heatsink by Wong et al.

Wong et al. [142] used LPBF to manufacture pin-fin heat exchanger designs in
stainless steel (316L) and aluminium (6061). The geometries included circular and
diamond cross-sections, with an additional lattice type structure consisting of elliptical
cross-sections built at an angle to the substrate. The best performing geometry was the
diamond as a result of the geometry forcing fluid flow to interact with each fin in such a
way as to prevent a thick boundary layer from forming. This study was extended in
subsequent work with a strut-type lattice that was said to be modelled on the geometries
typically used as support structures in LPBF (Figure 2.14 (b)) [143]. Whilst the lattice
structures chosen by Wong et al. significantly increased the surface area to volume ratio,
typically the driver for effective convective heat transfer, the struts had insufficient
thickness to conduct heat efficiently. Hence, the undefined BCC-Z strut-type lattice
sample resulted in the lowest heat sink efficiency index rating of all geometries tested.
Further, the fluid flow has poor interaction with the geometry of the lattice due to
alignment of features in the fluid flow direction evidenced by the low pressure drop in
comparison to its surface area. With TPMS lattices, both of these failures can be
addressed. Dependent on the application, unit cells can be chosen that force the coolant

fluid to frequently change direction or divert around a feature, resulting in increased fluid
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interaction with the structure. Further, thick wall sections that are a feature of some TPMS
structures can join hot-side to cold-side to provide a high thermal conductivity path to
draw heat away from a source. Volume fraction grading can be utilised to provide this
increased conductivity where it is required but keep mass to a minimum by removing

material in cooler regions of the structure.

Strut-type lattices have been evaluated using custom convective heat transfer
apparatus by a number of authors. However, no investigation of TPMS lattice structures
Is known. Certain geometrical features of the TPMS lattices, such as meandering flow
paths through the structure, may be ideal for convective heat transfer. Combining this
heat transfer potential with the high mechanical performance as identified earlier, the
potential for implementing lattice structures in components under thermomechanical

loading is clear.

2.6.4 INDUSTRY-SPECIFIC HEAT TRANSFER APPLICATIONS
To demonstrate the wide-ranging potential of lattice structures for

thermomechanical applications, three case study areas are explored including two that are
outside of the gas turbine industry. These were chosen as they represent potential
opportunities to increase component performance using LPBF, or to demonstrate novel

design features that are made possible using TPMS lattice structures.

2.6.4.1 HIGH-POWER ELECTRONICS
Regardless of advances in computing performance and efficiency, Ohmic heating

will always generate waste heat as current flows through electronics. Excess heat acts to
significantly reduce the lifespan of these components and decreases the mean time
between failures, hence careful consideration of cooling designs must be taken to ensure
adequate cooling of components. As computational power becomes essential to the

operation of an increasing number of engineering systems, electronic chips are being used
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at a higher density and in more restrictive packages. This presents a problem of removing
sufficient heat from the components without dedicating large volumes of space to
heatsinks. LPBF manufacture of lattice structures for use in heat transfer applications may

be able to provide a lightweight, low-profile solution.

The highest performing heatsinks for electronics are achieved using water cooling or
phase-change cooling [169], in some cases even fully submerging the electronics in a
dielectric fluid [170] [171]. Such methods are too complex in many scenarios, requiring
additional systems dedicated to cooling. This often leaves air cooling as the only viable
option. For low-power components or those under intermittent thermal loading, heatsink
designs which aid in natural convection are sufficient [172]. For high-power components,
forced convection using a fan is the common method to achieve greater cooling power.
This generally involves large, heavy heatsinks that are manufactured from aluminium or
copper using methods including extrusion, machining, bonding and skiving [173]. As the
axial fans used for convection cannot provide a high-pressure airflow, even with ducting,
the pressure drop across the heatsink must be low. Pressure drop is directly proportional
to the surface-area-to-volume ratio (SA:vol), hence cooling performance is limited by the

available coolant pressure in high SA:vol heatsinks.

2.6.4.2 GAS TURBINE NOZZLE GUIDE VANE
Gas turbines operate at the extreme of high-temperature operating environments,

where components have to endure gas temperatures of above 1400 °C continually for a
typical operating life of 30,000 hours between component overhaul [174]. Whilst material
science innovations such as thermal barrier coatings have pushed this operating
temperature above the melting temperature of the nickel superalloys used in hot-section
turbine components, further operating temperature increases are limited by the ability to
cool the base material. Nozzle guide vane (NGV) internal cooling passages use bleed air
from the compressor stage of the turbine engine to force air at high-pressure (3 —5 bar
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above ambient turbine section pressure) through cooling passages. These passages are
augmented with ribs or pin-fins that increase the surface area for heat transfer and enable
greater cooling efficiencies (Figure 2.15) [175]. The complexity of the internal cooling
features is limited, however, by the accuracy and repeatability of the current class
manufacturing method, investment casting [176]. Using LPBF, these limitations can be
overcome, and new cooling geometries can be explored. Lattice structures are an ideal
candidate for this application due to the high surface-area-to-volume ratio, enabling a
large surface area for heat transfer to be placed in narrow passage or in thin regions
between walls. Further, the material density or flow permeability of the structures can be
easily adjusted to provide tailored heat transfer performance in different regions of the
component. Mechanical integrity of the components is also improved by implementing
lattice structures. For an NGV, impact resistance is an important mechanical design aspect
as any foreign object ingested into the turbine, or any component failure upstream of the
turbine section, will risk damaging the NGV. Design engineers also have the opportunity
to optimise the lattice for energy absorption alongside thermal performance, utilising

lattice structures for multiple functions.
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Figure 2.15 - Cooling strategies for a gas turbine blade (NGV cooling uses similar
features). Ribs and pin-fins used for enhancing heat transfer may be replaced by

lattice structures. Image taken from [175].
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2.7 THE RESEARCH GAP

Nickel superalloys with a high y/y’ ratio microstructure have the best high-
temperature performance for gas turbine applications. In order to be used in LPBF,
attempts must be made to adapt the process to reduce the thermal gradients that result in
cracking of these alloys. The options for scan strategies in current-class machine software
may be improved with the aim of reducing cracking. If new scan strategies can be
developed that provide a more isotropic thermal profile, high-performance alloys such as
CM247LC can be adopted for LPBF. Fractal patterns show promise from simulations in
the literature, but no research has tested the experimental application of these scan
strategies. Further, knowledge gained with these scan strategies can be applied to other
material systems that suffer from high residual stresses in LPBF, such as Ti6Al4V. This
would improve the overall performance of LPBF systems and would enable further
materials to be adapted for the process, a current weakness of AM over conventional

manufacturing methods.

Hastelloy-X is still developing as an alloy for use in LPBF. Manufacturers require
this alloy for its versatility in hot and corrosive environments across the gas turbine,
power generation and chemical industry. The majority of research on this alloy focuses
on process parameter optimisation, with little research developing lattice structures
manufactured in this alloy for end-use LPBF components. With the mechanical and
thermal performance of lattice structures manufactured in Hastelloy-X, the industrial
value of this alloy for LPBF is increased. Confidence can be gained in the performance
of lattice structures for high-temperature, corrosive environments, as well as for the
suitability of Hastelloy-C for LPBF. Without this important work, existing Hastelloy-X
components that would benefit from a design incorporating lattice structures may be

overlooked.
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Lattice structure mechanical properties have been explored in the literature however
the focus is generally on a narrow set of geometries or evaluation of a specific feature
such as failure modes. For an effective design tool to be developed, it is necessary to
evaluate a wide range of structures in the same material and manufactured using the same
process to ensure an even playing field. By evaluating the thermal performance of seven
different structures in Hastelloy-X, this can be achieved. Further, through testing pre- and
post-heat treatment, the effect of material condition can be evaluated. This is an important
step for industrial use where heat treatment of LPBF components is considered a necessity
in most applications. Currently, a comprehensive study on TPMS lattice structures that

incorporates these features is not available in the literature.

Academic research of heat transfer structures manufactured by AM is limited, even
when considering conventional geometries such as pin-fins, honeycombs and narrow
channels. Whilst the end-use gas turbine components identified earlier are design
optimised for manufacture by LPBF, they do not utilise lattice structures to enhance the
performance of the components. This is a result of a lack of performance data regarding
lattice structures in areas outside of mechanical properties, or restricted funding to pursue
the necessary low-level research internally. This highlights the need for fundamental
research on the characteristics of lattice structures for such geometries to be adopted by

the industry.

To fully understand the thermal performance of different lattices, the modes of heat
transfer, conduction and convection, must be analysed separately. The high degree of
complexity makes simulation of heat transfer very computationally expensive. Moreover,
confidence in the results cannot be assured due to the geometries being unlike those for
which the conventional FE and CFD software are developed and optimised for. Therefore,
the most accurate and efficient method of determining the properties is via
experimentation. No commercially available apparatus exist for characterising these
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properties. To satisfy the requirements of industry for application of lattice structures in
heat transfer, it is proposed that a custom apparatus must be developed that is tailored for

thermal evaluation of lattice structures.

To the knowledge of the author of this thesis, there are no available literature
resources regarding TPMS lattice structures for convective heat transfer outside of those
published as part of the work towards this thesis. The performance of TPMS lattice
structures under pure conductive heat transfer must be explored before continuing to
characterise forced convection heat transfer. The results of the pure conduction heat
transfer experiments will enable their use in basic applications and act as a precursor to
understanding the convective heat transfer performance of lattices. The performance
curves that will be generated from the convective heat transfer testing apparatus can be
directly used to specify an appropriate lattice structure for a given heat transfer
application. Once this outcome is achieved, the data from experimentation can be fed
back into simulation software as required to verify the model, enabling iterative design

techniques and lattice optimisation for a given component.

The gap in research providing a comprehensive evaluation of lattice structures for
mechanical and heat transfer applications impedes industrial adoption of these geometries
in component design. This thesis aims to provide the data required for design engineers
to implement TPMS lattice structures in components that are under mechanical, thermal

or thermomechanical loading.
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3 METHODOLOGY
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3.1 INTRODUCTION
This Chapter outlines the equipment and techniques used in the characterisation of
the experimental work. Samples for the work in this thesis were manufactured on a variety
of commercial LPBF machines and the analysis of the samples required a range of
techniques in areas such as sample preparation, microstructural characterisation, heat
treatment and mechanical testing. The methodology of these techniques is described in

this Chapter.

3.2 FEEDSTOCK POWDER CHARACTERISATION
3.2.1 PARTICLE SIZE DISTRIBUTION

Particle size distribution (PSD) is an important characteristic of the feedstock powder
that determines its ability to be spread and packed evenly and consistently in LPBF. If the
feedstock does not have the correct PSD, processing defects such as porosity, increased
surface roughness and build failure can occur. The PSD of the feedstock powder is
determined using a Malvern Mastersizer 3000 laser diffraction particle size analyser with
Aero S dry powder dispersion unit (Malvern Instruments Limited, Malvern, UK). In this
apparatus, a falling stream of dry, dispersed powder passes through a chamber where two
laser beams (red: 632.8 nm, blue: 470 nm) illuminate the particles. A number of detectors
measure the intensity of the laser light scattered by the particles from a range of different
angles. This laser intensity data can be directly correlated to the size and size distribution
of the powder particles using the Fraunhofer diffraction theory and Mie scattering theory,
automatically calculated in the Mastersizer 3000 software. The size range of measurable
particles is 0.1 — 3500 um and the measurements have an accuracy of < 0.6 % with a

repeatability of < 0.5 % variation.
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3.2.2 CHEMICAL COMPOSITION
Determining the chemical composition of the feedstock powder can be a lengthy and

complicated process requiring multiple analysis techniques. Wherever possible, chemical
composition of the powder is obtained from the manufacturer. Data obtained in this way
is clearly marked in the later sections. Where chemical analysis is performed internally,
the first technique used is EDS. This is the most accessible technique in the lab and
provides accurate data on metallic alloying elements. However, it cannot accurately

quantify oxides and lighter elements.

3.3 LASER POWDER BED FUSION MANUFACTURE
Manufacture via LPBF requires specific pre- and post-processing steps to turn a

computer model (CAD model) into a part. These include software and hardware processes
that are sometimes universally applied regardless of the component or may be proprietary
steps exclusive to certain machine manufacturers or steps required only in certain
circumstances. The process taken to manufacture the parts under investigation in this

thesis are described in this section.

3.3.1 SOFTWARE PRE-PROCESSING
Computer models that are to be printed are first exported in .stl file format using the

CAD software. This format is the standard for 3D models in AM and is not proprietary
to any manufacturer. However, the models are prone to errors due to their use of a mesh
of triangles to represent the part as described in the section 2.2. Such errors include
overlapping or intersecting triangles, holes in the mesh and noise shells (small internal or
external volumes). All fixing steps are performed in the software package Magics
(Materialise, Leuven, Belgium). The .stl files can also be optimised in this step to improve
the geometry or reduce file size. Due to the triangulation of surfaces, smooth surfaces can

only be approximated. The required resolution of this approximation is dependent on the
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resolution of the AM process and the geometry of the component. For LPBF with a
resolution of ~100 um, a minimum triangle size of 20 um provides a surface
representation that is sufficiently accurate to manufacture the component whilst ensuring
the file sizes do not become bloated. Further, if the component contains curved faces with
tight radii, a small triangle size must be chosen to prevent the curve being represented as
a series of facets that will result in dimensions being out of tolerance (Figure 3.1 (a)).
This is particularly important for lattice structures as they contain a number of smooth
surfaces with tight radii that can become highly distorted if an incorrect .stl resolution is
chosen. It is desirable to appropriately define this during the initial .stl generation. Using
Magics, the triangle mesh can be refined as necessary if the geometry is too rough, or
coarsened to reduce file size if the mesh resolution exceeds the resolution of the AM
process. Once the fixing has been performed and the mesh errors have been solved, this
mesh is now described as ‘watertight’ and can be advanced to the next pre-processing

step.

(a) Low resolution (b) High resolution

\

Faceted surface

Figure 3.1 - Illustration of the effect of .stl triangle size (resolution). If too low of a
resolution is used, smooth curved surfaces will be rendered as facets (a) and build
quality and dimensional accuracy will be degraded. A correct resolution results in

smooth curved surfaces (b).
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3.3.2 SUPPORT GENERATION

In most cases, even for simple parts such as cubes, support structures are required.
They form an interface between the part and the baseplate, anchoring the part to secure it
during the LPBF process. Due to rapid heating and cooling that occurs in the LPBF
process, large residual stresses can build up in the parts resulting in forces that act to
deform the part. Support structures act to constrain this deformation which may otherwise
result in geometrical inaccuracies or build failure if the part comes into contact with the
powder re-coating system. Further, the support structures act as a conduction pathway to
draw some heat away from the part during the build. For small, simple parts such as cubes
used for process parameter development, support structures also provide an easy and
quick way to remove the part from the baseplate using a hammer or other hand tools. This
IS in contrast to using wire-EDM for part removal, the more costly and time-consuming

method required for larger LPBF builds.

Support structures can be automatically generated in Magics. The type and
placement of support structures varies greatly depending on the part geometry. Typically,
all angles greater than 45 ° relative to the build plane need to be supported. For all cube
samples manufactured as part of this thesis, ‘block’ and ‘line’ supports were used in
Magics (Figure 3.2), with a spacing between walls appropriate for the size of sample
being manufactured. Removing the border teeth leaves a single thin wall around the

border of the part that provides improved adhesion of the part to the built platform.
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Block supports

Border teeth

Block supports with no border teeth

Figure 3.2 - Block supports generated in Magics, with and without border teeth.

Removing border teeth aids part adhesion with the build platform.

3.3.3 LATTICE STRUCTURE SPECIFIC SUPPORT REQUIREMENTS
Many lattice geometries are self-supporting in principle, however if they are not

contained within a component where the outer lattice cells are connected to a wall, there
are often overhanging features. Overhangs will begin to build directly on the loose
powder without any solid material connected directly beneath. This will result in
inaccurate manufacture of these regions and may also result in warped features that
interrupt the re-coat wiper and will cause the build to fail. To prevent this, care must be

taken to analyse each sample to ensure there are no unconstrained overhangs.
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Figure 3.3 - Lattice structures that require additional supports. (a) Small cylinders
are added to attach the overhanging feature to the build plate for the gyroid network
geometry. The same sample as built (b). In (c), the supports were not added,

resulting in build interruption (d).

The placement of these supports is illustrated in Figure 3.3 for the gyroid network
lattice structure. In Figure 3.3 (a), despite the structure being mainly contained by solid
walls, four small overhanging regions remain. These were supported using 300 pm
diameter cylinders which can be easily removed using side cutters after the build. In
Figure 3.3 (c), these same features were left unsupported, resulting in a build failure for
this sample (Figure 3.3 (d)). Fortunately, the issue was identified early and the single
sample could be simply removed from the build program without interrupting the

remaining samples.

62 Sam Catchpole-Smith - March 2020



Chapter 3: Methodology

3.3.4 SLICING AND APPLYING PROCESS PARAMETERS
The LPBF machines must be supplied with files that contain the solid part and

support structure broken down into slices of a constant thickness. These slices are taken

in the Z-direction of the part and represent a series of XY-plane cross-sections. Slicing is

performed in Magics with a user defined layer thickness, typically 20 um for a high-

resolution build or 40 um for a shorter build time. CM247LC builds were conducted at

25 pm layer thickness and all Hastelloy-X builds were conducted at 40 pm layer

thickness. Process parameters are applied in the LPBF machine manufacturer software.

Table 3.1 shows the parameter options available for the Realizer SLM50 using RDesigner

software (Realizer GmbH, Borchen, Germany).

Table 3.1 - Process parameter options in the LPBF software with examples given

where applicable.

Parameter name Unit Range Example
Laser power wW 0-120
Scan speed mm/s | 0 —2000
Q
Hatch distance mm >0
N

uUni- ~ ~

Hatch pattern (scan directional,
N/A

strategy) meander, \ \

island o N

Single, \
Contour scan N/A . \

double \ \
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3.3.5 LPBF MACHINE PROCEDURE
The simplified machine diagram in the section 2.2 shows the key components

including the build chamber, build plate, powder re-coater system and laser scan head
(galvanometer). Ancillaries include an inert gas supply (argon for reactive alloys
including aluminium, titanium and nickel; nitrogen for stable alloys including steels),
water chiller for cooling the laser and a PC for control. Once the CAD model has been
processed into the applicable build files and sent to the machine, the machine can be
prepared for operation. The baseplate is degreased using isopropranol and screwed into
the machine. It is then manually lowered using the machine control software until the top
surface of the build plate is level with the machine bed. The powder hopper is filled with
the feedstock powder and the machine control software is used to advance the powder
through the feed system and into the re-coat system. The machine door is then closed and
secured using the door latch. Once the machine is sealed, the inert gas purging system
can be activated to remove all oxygen from inside the build chamber, preventing any
oxidation of the feedstock powder during the process [177]. The chamber is purged once
the oxygen level reaches 0.05 % or 500 ppm (or lower). If required, the build plate heater
is also activated. This is a commonly used method to help reduce distortion resulting from
thermally induced stresses in LPBF [178-180]. Throughout the experiments in this thesis,
a maximum build plate temperature of 250 °C was used. The final stage is to set the laser
focus position to 12.1 mm, which corresponds to a laser spot size of 50 um. The machine

is now fully prepared for the build process.

3.3.5.1 REALIZER SLM50 MACHINE SPECIFICATION
All CM247LC and Hastelloy-X as-LPBF samples were manufactured using a

Realizer SLM 50 desktop-scale LPBF machine with a build volume 70 mm in diameter
and 80 mm Z-axis height. It is equipped with an IPG Photonics continuous wave

ytterbium fibre laser (YLM-100-AC) source with a wavelength of 1070 nm and a
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maximum power output of 120 W. During processing, the build chamber was purged and
continuously flushed with argon to create a working environment of <0.5 vol% O> to

inhibit oxidation.

3.3.5.2 EOS M290 MACHINE SPECIFICATIONS
All Hastelloy-X HIP+HT samples were manufactured using an EOS M290 LPBF

machine. It is a medium-frame machine with a build volume of 250 x 250 x 325 mm,
equipped with a 400 W continuous wave ytterbium fibre laser. As previously, the build
chamber is purged with argon throughout the build to maintain a target 100 ppm O

working environment to inhibit oxidation.

3.4 METALLOGRAPHIC TECHNIQUES
Samples manufactured via LPBF undergo a range of analysis techniques to assess

quality metrics such as porosity, cracking, bulk density, grain structure and geometrical
accuracy. This section outlines the preparation procedures and the analysis techniques

used in this thesis.

3.4.1 METALLOGRAPHIC SAMPLE PREPARATION

The most common sample preparation technique is resin mounting. This allows
samples to be sectioned and polished for easy investigation under OM, SEM and other
techniques. Defects can occur between layers (e.g. oxide and spatter inclusion) or during
the deposition of a layer (e.g. lack of fusion, balling). Therefore, it is important to section
the samples in a way that allows multiple planes or orientations to be analysed. For bulk
density and microstructural analysis, the samples are sectioned in the XY and YZ planes
(Figure 3.4) using a Brilliant 220 cut-off saw (ATM GmbH, Mammelzen, Germany) with
a 125 mm diameter SiC cut-off disc and continuous water coolant flow to prevent

microstructural changes due to localised heat input during cutting.

Sam Catchpole-Smith - March 2020 65



Laser powder bed fusion of lattice structures for thermomechanical applications

For hot resin mounting, the sample sections are encased in carbon-filled conductive
mounting resin. The sample and resin go through a cycle of heating to 177 °C at a pressure
of 28 MPa for 9 minutes followed by water cooling for 2 minutes. The mounted sample

is then removed from the hot mounting press for grinding and polishing.

y

Figure 3.4 - lllustration of the XY and YZ sections cut from a LPBF sample for bulk

density and microstructural analysis.

3.4.2 METALLOGRAPHIC GRINDING AND POLISHING

Samples must be taken from the raw mounted form to a near-mirror polish finish for
metallographic inspection. This is achieved by progressively finer grit grinding followed
by diamond polishing. Grinding is divided into two processes: plane grinding (PG) and
fine grinding (FG). PG is the initial high removal rate grinding step that ensures all of the
samples have equal, flat (plane) surfaces with no sharp edges or protrusions. FG takes the
plane surface and reduces the surface roughness using progressively finer grit abrasives.
After grinding, the surface is polished using either diamond paste or a solvent based

diamond suspension. This provides a surface that is ready for viewing under OM or SEM.
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Depending on the number of samples and the alloy type, the preparation can follow

a manual method using SiC grinding discs or a semi-automated method using specialised

magnetic grinding discs attached to a Struers LaboPol-5 grinder with LaboForce-3

motorised specimen holder. The steps for both methods are outlined in Table 3.2.

Table 3.2 - Steps taken to grind and polish a sample for metallographic inspection.

Different routes are taken depending on whether manual or semi-automated sample

preparation methods are used. The grit sizes and equivalent micron-sizes are given

along with any special grinding or polishing disc required

Manual method

Semi-automated method

Plane grinding

SiC 240-grit (50 pum)

SiC 240-grit (50 pum)

SiC 400-grit (18.3 um)

Fine grinding SiC 800-grit (7.8 pum) Struers MD-Piano 500
SiC 1200-grit (3.8 um)
_ Struers MD-Largo with 9 um
6 pum diamond paste _ _ )
DiaPro diamond suspension
Polishing
) Struers MD-Dac with 3 um
1 pum diamond paste ] ] )
DiaPro diamond suspension
_ o Struers  MD-Chem  with | Struers MD-Chem with 0.04 um
Fine polishing

0.04 pm colloidal silica

colloidal silica
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3.4.3 ETCHING TO REVEAL MICROSTRUCTURE
Grinding and polishing provides a clear view of the sample top surface but does not

reveal any microstructural texture. Viewing the microstructure is desirable as it provides
clues about cooling mechanisms and rates, metallic and non-metallic phases in the sample
and defect formation. Additionally, defects may be concealed by material smearing,
leaving a thin film of material over pores or cracks. This problem is especially prevalent
with softer materials such as aluminium alloys but can also occur with harder materials
such as steels, titanium and nickel alloys. Etching may be performed to dissolve any thin

films and reveal the concealed defects.

Etchant type depends on the base alloy; the etchant used for the alloys featured in
this thesis are given below (Table 3.3). For Ni-based superalloys, Kalling’s No.2 etchant
is swabbed over the surface of the sample using cotton wool 5 — 10 times. Regular checks
using OM can confirm the level of etching as it varies depending on the sample. In some
cases, it is beneficial to over-etch the sample and then repeat the penultimate polishing
step as above. However, this etchant did not work for Hastelloy-X in as-LPBF and HIP +
HT conditions. Instead, electrolytic etching was used with the etching solution provided

in Table 3.3 with an etching voltage of 6 Vdc.

Table 3.3 - Metallographic etchants used to reveal microstructure for the alloys

featured in this thesis. The name and composition of the etchant is provided

Alloy Etchant Composition

5g CuClz, 100 ml HCI, 100 ml

Ni-superalloy Kalling's No.2
ethanol

(CM247LC,

Hastelloy-X) Electrolytic (6 Vdc) 5 g oxalic acid, 95 ml HCI
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3.5 SAMPLE CHARACTERISATION
3.5.1 OPTICAL MICROSCOPY (OM)

OM was performed using a Nikon Eclipse LV100D microscope in reflected
illumination mode for metallographic inspection. A range of objective lenses (5X, 10X,
20X, 50X) were used as appropriate. For quick visual inspection i.e. when checking
etching level, the eyepiece was used alone. For bulk density analysis, high-resolution
images were captured using a Nikon Digital Sight DS-Ril column camera, with the

Images stitched together using the Nikon software.

3.5.1.1 CRACK AND PORE ANALYSIS
A high resolution, wide-area view of each polished cross-section was captured via

OM. To analyse the cracking and porosity within the samples, the image processing
software core package ImageJ [181] with the Fiji plugin bundle [182] was used, following
the image processing steps outlined in Figure 3.5. A threshold was applied to each region
of interest (ROI) to isolate the cracks and pores, followed by a noise reduction step. The
cracks and pores were then isolated independently by applying geometrical constraints.
A pore was defined by having a circularity of > 0.50 and an aspect ratio of < 3.0, whilst
a crack was defined by having a circularity of < 0.50 and an aspect ratio of > 3.0. These
values were determined by testing a range of values and manually quantifying the
accuracy of the crack and pore isolation in the images. The image data was exported for

quantification of defects and sample density.
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Figure 3.5 - Sequence for crack and pore filtering using image processing software
ImageJ. A threshold is applied to the raw image leaving only the pores and cracks
in black against a white background. Despeckle is used to remove any small noise
pixels left behind. The cracks and pores are filtered independently by altering

parameters for the aspect ratio of thresholded features.
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3.5.2 SCANNING ELECTRON MICROSCOPY (SEM)
SEM is a versatile method for materials characterisation. A focussed beam of high-

energy electrons (5 — 20 kV) bombards the surface of the sample. The incident electrons
interact with the atoms that make up the sample and a variety of signals are produced
from the surface as a result (Figure 3.6). Low energy (< 50 eV) secondary electrons (2e)
are released from the top 10 nm of the surface as a result of ionisation of the sample
atoms. As the low energy electrons can only escape from the very near surface, they
provide excellent information on surface topography in SEM. Backscattered electrons
(BSE) are electrons from the incident beam that are elastically scattered at high energy
by the atomic nuclei of the sample. Backscatter is a function of atomic number of the
sample material; elements with a high-atomic number scatter electrons more strongly and
hence appear brighter in the image. This element-dependent scattering can be used to
show contrast between different chemical compositions and is useful in identifying alloy

elements and phases in the sample.

Incident high-voltage
electron beam

Sample surface

Source of secondary electrons
~ 10 nm depth

Source of backscattered
electrons
~1—2 pm depth

J L

Source of electron-excited
characteristic X-rays
~2—5 pum depth

I

Figure 3.6 - Interaction between the high-energy electron beam of an SEM and the
sample surface. The depths from the sample surface at which secondary electrons,
backscattered electrons and characteristic X-ray signals are released are given.
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3.5.3 ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDS)
EDS is a method for determining the chemical composition of samples and the

sensors required are typically integrated into SEM. Hence, it is a fast and convenient
compositional analysis technique. Electron bombardment from the SEM beam excites
electrons in the atoms of the sample, causing ionisation or the release of an electron from
the atom shell. When an electron from a higher energy level shell drops into this gap, a
characteristic X-ray is released with an energy directly related to the elemental
composition of the emitting atom. Through detection of these characteristic X-rays, the
chemical composition of the sample can be mapped. These can be 2-D area measurements
over a specified region of the sample or line-scan measurements, useful when determining
compositional changes over a boundary or between different metallic phases. In this
thesis, EDS was performed using a Philips XL-30 SEM equipped with Oxford

Instruments X-Max EDS detector, with data processed using the INCA software.
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3.6 MECHANICAL TESTING
Two mechanical testing methods were used in this thesis. The testing apparatus data

and settings for micro-hardness and compressive testing are given in this section.

3.6.1 MICRO-HARDNESS TESTING
All hardness tests were performed with a Wilson VH3100 automatic hardness tester

with a Vickers indenter (pyramid-shaped diamond tip with 136 ° angle) at 0.5 kg load and
10 s dwell time of force application. Testing was conducted in accordance with ASTM
E92-17 [183]. Measurement of the indentations was conducted automatically by the
testing machine using a 50X magnification objective lens and images taken during
measurement were manually verified for correct focus. Where grid arrays of indentation
were made, each indentation was placed at 500 um spacing to avoid the effect of local

strain hardening from neighbouring points.

3.6.2 COMPRESSIVE TESTING
Uniaxial compressive testing was performed using an Instron 5958 static testing

system with a 250 kN capacity load cell. The samples were loaded in the direction
equivalent to the LPBF build direction at a strain rate of 1 mm/min, with the test
terminating at 50 % strain. Deformation data for strain measurement was collected using
linear variable differential transformer (LVDT) gauges placed on each side of the sample
as viewed from the front. Each test was video recorded from the front view at 1920x1080
resolution and 60 frames per second for visual evaluation of the deformation and failure
modes. Young’s modulus was determined by calculating the gradient of the elastic region
on the stress-strain plots. Yield strength was determined using the 0.2 % offset method,

using the same gradient line as calculated for Young’s modulus.
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4 MATERIAL AND PROCESS
EVALUATION FOR
MANUFACTURE OF LATTICE
STRUCTURES
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4.1 INTRODUCTION

This Chapter outlines the materials used in later experimental Chapters and the
processes used towards adapting the LPBF process for new materials to reach the required
standard for manufacturing samples. Initially, the nickel-based alloy CM247LC was
chosen due to being the current material of choice for manufacture of nozzle guide vanes
by Siemens Industrial Turbomachinery. The high thermal gradients experienced during
manufacture via selective laser melting result in cracking of this high y/y’ Nickel based
superalloy. The commonly employed methods to reduce the build-up of thermally
induced stresses, including island scanning and double scanning each layer did could not

achieve acceptable density levels or result in eliminating cracking.

To improve upon this, novel fractal scanning strategies based upon mathematical fill
curves, namely the Hilbert and Peano-Gosper curve, were explored. Here, short vector
length scans, in the order of 100 um, were used as a method of reducing residual stresses.
The effect on cracking observed in CM247LC superalloy samples was analysed using
image processing, comparing the novel fractal scan strategies to the conventional island
scans. Scanning electron microscopy and energy dispersive X-ray spectroscopy was

utilised to determine the cracking mechanisms.

Ultimately, cracking could not be reduced to an acceptable level with the fractal scan
strategies, and hence an alternative nickel-based alloy, Hastelloy-X was used for
manufacture of samples thereon. This alloy is considered more weldable than CM247LC,
resulting in higher bulk density with no cracking. HX is used primarily for hot-section
components such as combustors, transition ducts and afterburners for its high corrosion
and oxidation resistance. It is not suitable for application in turbine blades or vanes, as is
the use case for CM247LC. However, it is an equally important alloy for gas turbine

manufacturers as many components manufactured in HX have the potential to be
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improved upon using LPBF and lattice structures. As the thermal properties of CM247LC
and HX are near-identical, it is possible to translate the results obtained in later thermal
evaluation of lattice structures between the two materials. In this respect, there is no
penalty associated with using HX to achieve the aims of this thesis as outlined in section
2.3.3. The outcomes from process parameter development for HX is described later in the

Chapter.

In characterisation of the HX material, optical microscopy and SEM were used to
confirm the near-100 % dense bulk material obtained using the optimised parameter set.
The improvement in density seen after HIP was also evaluated. Further, micrographs of
the samples after etching showed the evolution of grain structure seen from as-LPBF
condition through HIP and HT. This grain structure is used later in the thesis as reasoning

for changes in mechanical properties of the manufactured samples (section 5.2 onwards).

Finally, focus variation microscopy was used to investigate the surface morphology
and roughness of the manufactured samples. This is an important factor to consider when
evaluating the performance of lattice structures in convective heat transfer (section 8.3
onwards), as surface roughness affects the degree of interaction between the fluid and the

geometry, and as a result, the pressure drop and heat transfer characteristics.
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4.2 MATERIAL CHARACTERISATION
4.2.1 CM247LC FEEDSTOCK POWDER CHARACTERISATION

The powder used for experimentation was supplied by LPW Technology Ltd.
Analysis with a Malvern Mastersizer 3000 indicated the particle size distribution seen in
Figure 4.1 (a) with range 11.2 — 76 pm, D10 = 19.8 um, Dso = 32.8 pm, and Dgo = 53.0
pum. SEM micrographs of the bulk powder confirmed a morphology characteristic of the
gas atomisation powder manufacturing method. These properties are conducive to
satisfactory flowability and close packing density in the powder bed. However, numerous
particles has satellites (smaller particles adhered to the outside) and conjoined particles
(particles of roughly equal size joined together) were frequently seen. Despite this and
the presence of many irregular shaped particles dispersed throughout Figure 4.1 (c), the
powder was determined to have a flowability index of 14.62+ 0.4 s/50g, using a Hall
flowmeter funnel in accordance with the ASTM standard B213 [184]. This indicates a
high powder flow rate which was confirmed from qualitative evaluation during use, with

excellent flowability and no clumping seen.
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Figure 4.1 - a) CM247LC laser diffraction powder size distribution histogram,

b) 200X SEM micrograph showing the distribution of particle sizes and ¢) 1000X

SEM micrograph showing largely spherical particles but with some satellites and

irregular shapes.
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The elemental composition of the virgin powder was analysed by EDS with the
composition given in Table 4.1, calculated as an average of three square maps with a
count time of 300 seconds per map. It can be seen that the actual composition of the
feedstock has a decreased weldability than the nominal composition due to the greater
quantity of aluminium and titanium, the alloying elements that dictate the overall
weldability [103]. The relationship between weldability and Ti/Al content is given in
section 2.3.2. Overall, the actual feedstock has a greater contribution of every alloying
element except for tungsten when compared to the nominal composition. However, each
element remains within the limits specified. Some elements could not be quantified due

to the low concentrations and detection limits of the EDS sensor.

Table 4.1 - Elemental composition of the CM247LC powder supplied by LPW

compared to the nominal composition specified for the alloy [66]

Ni Al Cr Co Ti Ta Mo
Nom. 61.7 5.6 8.1 9.2 0.7 3.2 0.5
Act. 64.6 6.8 8.5 9.2 0.9 5.1 0.7

W Hf C B Zr Si S
Nom. 9.5 14 0.07 0.015 0.015 <0.03 <15ppm
Act. 5.9 2.5 - - - - -
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4.2.2 HASTELLOY-X FEEDSTOCK POWDER CHARACTERISATION
Laser diffraction testing of the Hastelloy-X feedstock powder provided the particle

size distribution seen in Figure 4.2 (a) with range 12.7 — 76 um, D1o = 22.4 um, Dso =
35.1 um, and Dgo = 54.2 um. SEM micrographs of the bulk powder (Figure 4.2 (b) and
(c)) showed a higher degree of sphericity than that seen in the CM247LC. Fewer particles
had satellites and there were minimal conjoined particles. These characteristics resulted

in a high flowability and no clumping, ideal for the LPBF process.

The chemical composition of the powder is given in Table 4.2 with all elements
shown to be within the specification of the alloy [185]. The composition was provided by
Oerlikon and relates directly to the powder batch used to manufacture the samples in this

thesis.

Table 4.2 - Elemental composition of the Hastelloy-X powder supplied by Oerlikon

compared to the nominal composition specified for the alloy

Ni Fe Cr Co Mo w C
17.0 - 20.5 - 05- 8.0 - 0.10
Nom. Bal 02-1.0
20.0 23.0 25 10.0 max
Act. Bal 18.2 21.5 2.1 9.4 0.9 0.04
Si Mn Al Ti - - -
1.00 1.00 0.15
Nom. 0.5 max - - -
max max max
Act. 0.5 0.1 0.1 0.1 - - -
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Figure 4.2 - a) Hastelloy-X laser diffraction powder size distribution histogram,
b) 200X SEM micrograph showing the distribution of particle sizes and c¢) 1000X
SEM micrograph showing higher overall sphericity than the CM247LC powder,

fewer particles with satellites and minimal conjoined particles.
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4.3 CM247LC PROCESS DEVELOPMENT
This section details the progress towards reduction of cracking in the alloy
CM247LC processed via LPBF. Conventional scan strategies are compared to fractal scan

strategies, with bulk density and crack density calculated.

4.3.1 STEPS TOWARDS REDUCTION OF CRACKING
As highlighted in the literature review, CM247LC falls into the category of

‘unweldable’ Ni-alloys due to its high Al and Ti content [103]. As a result, manufacture
of crack free components via LPBF is difficult with the scan strategies that are available
as standard in pre-processing software. The choice then must be made to either adapt the
alloy chemistry to mitigate cracking in LPBF, or to optimise the process to prevent the
occurrence of thermal gradients that result in the cracking behaviour. Adapting the alloy
is expensive and time consuming, particularly for complex alloys such as CM247LC with
12 alloying elements. Additionally, manufacturers have strict alloy elemental
compositions for aerospace applications and modifications to the alloy can quickly result
in the composition falling outside of the specification. As a result, the new alloy would
have to pass through an extensive testing and validation procedure. In this instance,
optimising the LPBF process was chosen as the method which is most suitable for the

intended outcomes of the project.

Attempts to mitigate the cracking via use of island scanning, stripe scanning and pre-
or post-melt scans (i.e. two scans per layer) were unsuccessful. More sophisticated scan
strategies are required that consider the development of the thermal gradients responsible
for stress induced cracking. Such scan strategies may be necessary for the manufacture
of high-density components in the as-LPBF state, eliminating or minimising the need for
post-processing steps such as HIPing. In order to reduce the incidence of cracking in this

alloy, novel scanning strategies based on fractals were developed. The aim was to reduce
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the large thermal gradients and residual stress build-up responsible for cracking in
CM247LC manufactured via LPBF by using short scan vector lengths (<300 pm), with
neighbouring scan vectors at >60 ° orientation mismatch. In theory, this should produce
many small areas of residual stresses that are acting in different directions, which when
summed across a large area, can cancel each other out and reduce the incidence of
cracking. Currently, no data is available on how fractal scan strategies influence integrity
post-LPBF outside of the article published as part of this thesis. However the in-situ
methods for reducing thermal gradients in SLS demonstrated by Ma et al. [101] and Yang
et al. [102] can be inferred to be applicable to LPBF due to strong similarities in the

material thermal history between the processes.

4.3.2 SCAN STRATEGIES AND MANUFACTURE
Alongside the fractal scan samples, an island scan sample was produced with

dimensions 10 x 10 x 5 mm [XYZ], with the XY plane divided into four equal 5 x5 mm
discrete islands (see Figure 2.6). This island size was determined to be optimal by Lu et
al. [99] and was also consistent with the samples produced by Carter et al. [100], [186].
The island samples serve as a control to compare the later scan strategies against. Initially,
the entire 10 x 10 mm sample cross-section was contour scanned to give a single track
thickness wall around the perimeter, then the island regions were in-filled using a
meander hatch scan (Table 3.1). Samples were produced using a 25 um layer thickness,
100 W laser power and a 400 mm.s? scan speed, determined to be the optimum
processing parameters in an earlier parametric study. This sample was used as the baseline
for comparison with the novel fractal scan strategies as it is an established method of

reducing residual stresses in LPBF manufacture.

A range of samples were manufactured using fractal scanning strategies based upon

the mathematical area filling curves Hilbert [187] and Peano-Gosper [188]. These curves
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were chosen as the distance between adjacent lines remains constant, an important feature
due to the constant laser spot size and hence constant melt pool width. The characteristic
scan vector length in each case was defined as 100 um, whilst no single vector length was
permitted to exceed 300 pm; illustrations of the fractal scan strategy paths are shown in
Figure 4.3. The use of short vector lengths to reduce residual stress underlies the island
scanning strategy. However, this can result in anisotropic stress distribution over a part
cross-section due to differentials in temperature distribution at the ends of the scan
vectors, forming spatially distinct cooling rates. Hence, simply substituting short vector
lengths into island patterns may not result in an overall stress reduction. However,
application of a fractal scan pattern, as a single, continuous path that covers a wide area,
can potentially provide a more uniform temperature distribution compared to the cyclic

heat input that is associated with unidirectional, straight line raster fill scans.

100pum

100pm

\7\_/

Gosper
Hilbert

Figure 4.3 - lllustration of the novel scan strategies generated using the (a) 3rd order
Hilbert and (b) 2nd order Peano-Gosper mathematical area filling curves. The
100 um characteristic scan vector length is shown. Approximate weld track thickness

is shown in blue on the Hilbert fractal path (a).
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A MATLAB script (written by Dr. Luke Parry, a research assistant at the Centre for
Additive Manufacturing, University of Nottingham in 2015) was used to add appropriate
laser spot size and hatch spacing parameters to the fractal curve generation code. Melt
pool width of approximately 120 um results in the area being filled as demonstrated using
the blue shading in Figure 4.3 (a). The script also defined material and process parameters
and output a machine file directly readable by the LPBF machine. With the hatch spacing
defined as 50 um, the resultant samples were formed by a single continuous scan path
that filled an area of 5 x 5 mm and 3.3 x 3.3 mm for the Hilbert and Peano-Gosper paths,
respectively. For each fractal scan strategy, scan speeds of 500, 600, 700 and 800 mm.s™*
and laser powers of 75 W and 100 W laser were used to explore the processing parameter
window. A summary of the process parameter sets is given in. The samples were
produced with 25 um layer thickness and a total height of 5 mm excluding strut support

structures.

Table 4.3 - Parameter combinations (laser power and laser scan speed) used to

produce a total of 16 fractal scan samples (eight Hilbert and eight Peano-Gosper)

Laser power (W) | Scan speed (mm.s™)

75 500 600 700 800

100 500 600 700 800
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4.4 CRACK REDUCTION RESULTS AND DISCUSSION
4.4.1 CRACK LOCATIONS AND MORPHOLOGY

All sample builds were superficially successful, with no warping or lifting from the
support structures and no macro-scale surface cracking or porosity. However, micro-
cracking was prevalent in every case. In the island scan control sample, cracking and
porosity varied greatly within the cross-section, particularly at the island intersection
region, where defects were most prevalent. The intersection was identifiable due to its
position at 50 % side length (image shown in Figure 4.4 is cropped). These bands of low
density were associated with long cracks predominantly parallel to the border of each
island, along with smaller cracks perpendicular to the border that extended into the bulk
area (Figure 4.4). In the island hatch scan area, the cracking has a distinct directionality
that followed the laser scan vector; i.e. a cracking pattern at 0° and 90° to the sample

edges as a result of the 90° rotation of the raster fill scan between each layer.
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Figure 4.4 - Identification of the increased cracking and porosity regions in the
island intersections. Note that the cracking has a distinct directionality at 0 ° and

90 ° to the island borders, aligned with the laser scan vectors.
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Figure 4.5 - Optical micrographs showing the cracking in a range of Hilbert
samples. Highest density achieved at 100 W 600 mm.s™ (c) and lowest density at
75W 500 mm.s?t (a). CO = crack origin; note the very similar placement of

cracking for each fractal scan type.
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Figure 4.6 - Optical micrographs showing the cracking in a range of Peano-Gosper
samples. Highest density achieved at 75 W 600 mm.s (a) and lowest density at 100
W 500 mm.s* (c). CO = crack origin; note the very similar placement of cracking

for each fractal scan type.
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In the fractal scan samples, the origin and appearance of large cracks occurred in
approximately the same place for every sample in the XY plane (see Figure 4.5 and Figure
4.6), across all process parameter sets. Further, the cracking did not follow the scan vector
lines as in conventional scanning strategies, as evident when overlaying the scanning
strategy onto the deposit micrograph, as in Figure 4.7. This indicates that repeatable stress
concentration points are developed by the fractal scan patterns. In the Hilbert samples,
cracking occurred along scan vectors but also at an angle to the scan vectors, indicating
that the build-up of residual stress in the fractal samples is more complex than in raster

scan strategies as a result of the rapidly varying scan vectors.

Figure 4.7 - (a) Hilbert [100W, 600mm.s] and (b) Peano-Gosper [75W, 600mm.s’
11 scanning strategies approximately overlaid on to the deposits formed via SLM.
Note that the cracking does not seem to follow the scan vectors as with the long

vector length samples.

Cracking is also multi-directional in the Peano-Gosper samples, however this is to
be expected due to the addition of a scan vector that is at a 65° angle to the X or Y axis. It
is hypothesised that the cracking seen here is as a result of localised micro-scale stress
vectors combining to form stress concentration points. As a result, cracks can form at an
angle to or perpendicular to the direction expected from conventional understanding of
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stress build-up using long vector length scans. The stress concentration theory would
explain the propensity for crack initiation and growth in the same location and direction
for each fractal scan sample. The scan path results in the area being divided into regions
which will cool and shrink at differential rates (Figure 4.8 (a, b)). This leaves preferential
paths for crack growth between the regions (Figure 4.8 (c)) which match the pattern of
cracking seen in Figure 4.6 (c) and (d). In the YZ plane, large cracks were seen parallel to
the build direction and frequently coalesced to form one continuous crack, spanning the
full height of the deposit in a number of cases. Some deposits contained a number of these

long cracks whilst others contained single, typically longer and wider, cracks.
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Figure 4.8 - Illustration of the mechanism causing cracking to appear in the same
regions for each fractal samples (Peano-Gosper used in this case). The scan area is
completed in regions in the order given in (a). After each region completes, it shrinks

during cooling (b). This forms preferential paths for crack growth between the scan

regions (c).
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4.4.2 MICROSTRUCTURE AND CRACKING MECHANISMS
The Ni-based superalloy CM247LC is susceptible to two main types of cracking

during LPBF processing: solidification cracking and grain boundary liquation cracking.
Solidification cracking can occur in the fusion zone of a melt pool where the newly
deposited material is cooling at a higher rate than the surrounding material. Alloys with
a large number of alloying elements tend to have a wide solidification temperature range
and are hence more susceptible to solidification cracking. As the melt pool cools, partial
solidification of the lower melting point elements forms a two-phase liquid-solid
composition [189] of dendrites or small grains surrounded by interdendritic (or
intergranular) liquid. Before the melt pool fully solidifies, tensile strains result in
contraction of the solidified material, with the remaining liquid films surrounding the
solid acting as low energy paths for crack propagation. This mechanism is illustrated in
Figure 4.9 [190]. Liquation cracking can occur during LPBF in the partially-melted zone
created when solid material in a previous layer is re-melted by the laser beam when
processing the current layer [191]. This again forms a two-phase solid-liquid
composition, which provides a low energy path for cracking under thermal stresses
induced during cooling. However, in this case cracking occurs in the previously solidified
material. Due to both mechanisms acting along the grain boundaries, the microstructure

is particularly significant when analysing cracking in CM247LC, as discussed below.
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Figure 4.9 - lllustration of solidification cracking in welding, where cracking

propagates through the liquid phase of the partially solidified weld pool. Figure

taken from Ploshikhin et al.

In the XY plane, a bi-modal grain structure was formed consisting of a mix of fine
and coarse equiaxed grains for the island and fractal scan samples. Cracking occurred
where coarse equiaxed grains intersected fine grain regions (Figure 4.10, (a)), or where a
colony of large equiaxed grains ruptured to form a crack (Figure 4.10, (b)). The bi-modal
structure appeared to have no obvious pattern in the XY plane. In the fractal scan samples,

the complexity of the rapidly changing ~100 um scan vectors formed a cooling regime
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that had no preferential grain growth direction in the XY plane. This may serve to remove
any obvious patterning. In the island samples, a 90 ° rotation of the raster fill scan between
each layer resulted in a cross-over of the laser scan vectors, preventing growth of the
distinct grain texture that results from using equal scan vectors in each layer. However,
despite Divya et al. [192] using a 67° rotation of the scans between layers, a bi-modal
grain structure was clearly visible in their samples in the XY plane using EBSD analysis,
suggesting that a higher laser energy density can result in preferential grain growth

regardless of using rotation between layers.

Figure 4.10 - Backscatter electron micrographs in the XY plane of the Hilbert

100W 600mm.st sample showing: (a) bi-directional crack origin at intersection
between fine and coarse equiaxed grains; (b) high angle cracking with (inset c)

some sub-micron size precipitates identified along the crack surface

Precipitates were observed at grain boundaries and appear as bright spots in the
backscatter electron images due to their relatively higher atomic mass (Figure 4.10, (c)).
The precipitates can be found uniformly distributed within the bulk material and despite
their common occurrence along crack boundaries, there was no clear indication that they
were the sole cause of crack initiation or higher crack formation propensity. To

investigate the possibility of carbide thin films at crack boundaries, EDS line scans were
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taken across crack boundaries and assessed for elemental concentrations, as seen in Figure
4.11. Cloots et al. [193] suggested that Zr may be responsible for solidification cracking
in LPBF processed IN738LC as it acts to significantly lower the solidus temperature at
grain boundaries. However, EDS line scans showed no peaks in Zr elemental
concentration near the crack boundaries in this work. Further, no peaks corresponding to
carbide forming elements were seen at the crack boundaries, indicating that there are no
detectable thin films of carbides initiating cracking. Drop-off and pick-up signals of
elements such as Ti, Mo and Zr can be seen at the crack boundaries, however these trends
are also exhibited by major constituent elements such as Al and Ti and hence do not
indicate elemental concentration greater than that seen in the bulk material. However, the
resolution of the EDS method used here is limited and may not be able to detect thin films

in the sub-micron thickness range.

Distance (um)

Figure 4.11 - EDS line scan of the island scan sample showing elemental distributions
across the crack surfaces. Note the lack of elemental peaks that would signify the

presence of thin films at the crack boundaries.
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In the YZ plane, cracking appears to follow grain boundaries with preference for
regions where longer, columnar grains interact with shorter, more equiaxed grains (Figure
4.12, (a)). This bi-modal grain structure was repeatedly identifiable in the YZ direction as
coarse columnar grains at the core of each melt pool and fine equiaxed grains at the
boundary. This follows on from the theoretical understanding of melt pool cooling, in
which the core material retains heat and hence cools at a slower rate than the boundary.
The fast cooling boundary solidifies as fine grains whilst the core has sufficient time to
form a columnar grain structure. Further, the directional growth of columnar grains from
the core of the melt pool follows the expected path parallel to the greatest heat flux lines,

extending towards the heat source.
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Figure 4.12 - Backscatter electron micrograph of the YZ plane of the island scan
sample showing: (a) the melt pool shape in red giving rise to coarse columnar grains
in the core and finer, equiaxed grains at the boundary; (b) a crack following the
line of intersection between a fine, equiaxed grains and coarse, columnar grains; (c)

columnar dendrite surface exposed by the solidification cracking mechanism
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For shorter, more isolated cracks, particularly those only spanning the height of a
single build layer, the mechanism of solidification cracking is supported by the
appearance of cracks clearly separating individual columnar dendritic grains in the YZ
direction as seen in Figure 4.12 (b). These solidification cracks can act as initiation sites
for liquation cracking as the build continues. The serrated, deformation-free appearance
and mirrored morphology of the crack surfaces either side of the cracks shown in Figure
4.12 (c) suggests cracking after partial re-melting, characteristic of liquation cracking
[194]. In consecutive layers, these liquation cracks are repeatedly partially re-melted,
initiating further crack growth that extends through multiple build layers, as evident in
Figure 4.12 (a). It is difficult to attribute a single cracking mechanism to each crack,
particularly as solidification and liquation cracking act via similar mechanisms and both
follow grain boundaries, however there is evidence of both cracking mechanisms acting

in the samples, particularly in the YZ plane.

4.4.3 QUANTITATIVE CRACK ANALYSIS
The crack length density (total length of cracks per bulk area) and crack area density

(total area of cracks per bulk area) were calculated separately. The distinction between
crack length density and crack area density was made as using crack length alone does
not necessarily reflect the severity of cracking within a sample. For example, narrow
cracks will respond more favourably to HIPing than wide cracks. Separating the
measurements provides a better representation of the condition of the as-built LPBF
samples, as well as a secondary metric to compare the scanning strategies used in the
experiments. The bulk density of each sample was calculated by subtracting the crack and

pore area from the bulk sample area analysed.
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4.4.3.1 BULK DENSITY
The overall bulk density data for all samples is given in Figure 4.13. The highest XY

plane bulk density of 98.0+£0.1 % was achieved using the Peano-Gosper scan at 75 W
laser power and 600 mm.s* scan speed. This is significantly higher than the XY plane
bulk density of the island scan sample at 96.0+£0.6 %. This is attributed to the large amount
of spherical porosity seen in the island sample, whereas porosity was rarely seen in any
of the fractal scan samples. Further, the fractal scan samples typically had less variation
in the bulk density across the three ROI analysed when compared to the island scan
sample. In the YZ plane, the bulk density of the fractal samples was also significantly
higher than the island sample. However, the variation in density is larger due to difficulty
in repeatable cross-sectioning of the samples; the complex scan strategy results in a higher
propensity for YZ plane cracking in some regions and so crack density can vary depending

on the location of the cross-section taken.
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Figure 4.13 - Bulk density data for the samples in the XY plane (left) and YZ plane
(right). The island sample is represented in grey whilst the Hilbert and Peano-
Gosper are in blue and red, respectively. Each pair of columns constitutes a single

process parameter set, identified on the x-axis labels.
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4.4.3.2 CRACK LENGTH DENSITY

When comparing the crack length density in Figure 4.14, it is again clear that the
fractal scan samples provide an improvement over the island scan. Overall, the crack
length density was lower in the YZ plane than the XY plane, as expected from the bulk
density results. For every process parameter set, the upper and lower bounds of the crack
length density measurements overlap, indicating that the two fractal scan strategies are
very similar in cracking propensity due to their thermal profile and hence stress build up
within the sample. The lowest mean XY plane crack length density of 0.82+0.40 mm/mm?
was in the Hilbert scan, 100 W and 700 mm.s™, compared to 2.71+0.47 mm/mm? for the
island sample. The crack length density was also the lowest using this Hilbert fractal scan,
providing an even greater magnitude of improvement over the island sample. Again, the
samples show a greater variation in YZ plane crack length density across the process
parameter sets, attributed mainly to the differences in cross-sectioning. However, the
results still demonstrate the improvement made by the fractal scans to reduce the

prevalence of cracks in the CM247LC samples.
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Figure 4.14 - Crack length density data for the island (grey), Hilbert (blue) and

Peano-Gosper (red) scan strategies
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4.4.3.3 CRACK AREA DENSITY
Finally, the crack area density for each sample is given in Figure 4.15. The

importance of differentiating between crack length and crack area is evident by the less
significant improvement made by the fractal scan samples. However, a reduction in crack
area density was still seen in 81 % of the XY plane and 94 % of the YZ plane of the fractal
scan samples, demonstrating that the novel scan strategies are effective across all
quantification metrics used in this study. The crack area density data confirms the
observation from the optical micrographs that the cracks in the fractal samples are shorter,
but wider than those seen in the island samples. This could pose a problem for HIP
treatment whereby wide cracks cannot be fully consolidated (see section 2.3.2 for an
illustration of how cracks remain post-HIP). However, the cracks are still in the micro-
scale with a typical width <50 um. Of greater value from the fractal scan samples is the
reduction in the crack length density and hence the reduction in the number of healed sites
that would remain post-HIP. Such heal sites often contain thin films of precipitates, such
as carbides, which result in a weakly bonded interface [75] that is susceptible to re-
opening during the service life of the component. Occurrence of this weakly bonded
interface is proportional to the crack length in the sample, hence the reduction in crack
length density that the fractal scan strategies can provide is more desirable than a
reduction in crack area density. Further, the fractal scans also resulted in a large reduction
in porosity and hence the bulk density was significantly greater than in the island samples,
highlighting the benefit of using fractal scans for porosity reduction as well as crack
reduction. As such, fractal scans may also be beneficial when applied to alloys where the

principal density issue is porosity rather than cracking.
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Figure 4.15 - Crack area density data for the island (grey), Hilbert (blue) and Peano-

Gosper (red) scan strategies.

4.4.4 FRACTAL SCANS FOR MANUFACTURE

Of significance from this study is the dependence of the crack morphology, position
and direction on the scan strategy, or more specifically, the scan vector. The novel fractal
scan strategies demonstrated here, whilst still resulting in cracked samples, produce a
repeatable defect pattern. With knowledge of how cracks may develop in each scenario,
defects could be more reliably detected mitigated, reducing the number of scrap parts
manufactured. Further, there exists the possibility to apply different scanning strategies
to individual areas of a part cross-section dependent upon crack susceptibility, as a result
of part geometry, to reduce the probability of cracks developing in these areas.
Eliminating cracking is of paramount importance for the manufacture of components via
LPBF. Whilst HIPing can improve the density post-LPBF, defects will remain that are
susceptible to re-opening during service. This is especially significant for load-bearing
components that undergo thermal cycling, where potential catastrophic failure could
result. Conventional scan strategies have limited scope for optimisation, relying on laser
power and scan speed as the primary parameters. Hence, novel scan strategies, such as

the fractal scans proposed here, should be explored further. However, it is clear that the
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highly crack susceptible properties of CM247LC cannot be mitigated completely by the
fractal scan strategies alone that were studied here. Modification of the alloy chemistry
may also be required alongside process parameter and scan strategy optimisation. As
discussed previously, this is an expensive and time-consuming process, and one that can
drive the alloy outside of its specifications, resulting in the need for extensive re-

evaluation. This procedure is outside the scope of work for this thesis.

4.4.5 FAILURE IN PROCESS AND MATERIAL
Novel fractal scan strategies based upon the Hilbert and Peano-Gosper curves were

developed and experimentally tested via LPBF. Comparison with conventional island
scan samples showed that a significant increase in bulk density can be achieved by
implementing the fractal scans. Optical micrographs and quantification of cracking data
was used to highlight the importance of using multiple metrics to assess cracking to
determine material quality. However, crack reduction and material quality was not
sufficient through any processing method to be suitable for manufacturing lattice
structure samples. With regards to modifying scan strategies for non-weldable alloys,

including implementation of fractal scans, the following conclusions were drawn:

e Cracking propagates along and parallel to scan vectors in island scanning with
long vector lengths, however, with fractal scan strategies, cracks propagate

parallel to and at an angle to the scan vectors

e Process parameter optimisation for island scan strategies must consider the

intersection region in order to achieve isotropic material density

e Crack origins and paths are repeatable in the fractal scan samples, irrespective of

process parameters
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e Sub-micron scale precipitates exist throughout the microstructure but are not
necessarily responsible for crack initiation. This is supported by a lack of

elemental concentration in EDS line scans across crack boundaries

e Partial re-melting of previously consolidated layers drives liquation cracking,

resulting in cracks that span multiple build layers

e Crack length density and crack area density should be analysed separately in order

to accurately determine the quality of a sample; bulk density alone is not sufficient

e The presence of porosity is independent of cracking and porosity-free samples can

be manufactured using fractal scan strategies, even when cracking remains

The basis for implementing fractal scan strategies within LPBF has been explored
here. Due to the increased complexity compared to island scan strategies, further
optimisation must be performed to exploit the greatest reduction in cracking density of
CM247LC samples. New fractal patterns may be introduced depending upon component
cross-sectional area or presence of geometrical features such as thin walls, increasing the
efficacy of their implementation further. For the current generation of LPBF machines,
fractal scan strategies show promise as a method of altering the thermal profile of the
process without the requirement for external heating of the build volume. However, they
were not successful in overcoming the challenges of CM247LC as a particularly crack-
susceptible material. The high thermal gradients of LPBF remain regardless of the scan
strategy chosen. It may be necessary to implement features such as high-temperature build
volume heating or high power, large spot diameter secondary laser energy sources to

control the cooling rates sufficiently to avoid cracking.

Sam Catchpole-Smith - March 2020 103



Laser powder bed fusion of lattice structures for thermomechanical applications

4.5 HASTELLOY-X PROCESS CHARACTERISATION

The issue of cracking in CM247LC is not trivial to resolve and would require a
thorough investigation including heat treatment, HIP and potentially LPBF machine
customisation for a high temperature build volume. With the aim of this thesis to
manufacture and test lattice structures, a different alloy was required that can be reliably
processed with high bulk density. The weldability of Hastelloy-X is significantly greater
than CM247LC (see Figure 2.4) and poses fewer problems in regard to obtaining a > 99 %
dense bulk material via LPBF processing. However, as this material had not been
processed using the Realizer SLM 50 before, process parameter optimisation was
required. Using process parameters developed for CM247LC and nickel-iron alloy IN718
as a guideline, the processing window was restricted to a sensible range of laser power
and scan speed values, preventing unnecessary sample manufacture and analysis. The
process parameter optimisation is not given in detail here as it follows the standard
parametric method seen frequently in the literature [195-197]. Micrographs of the HX
material are shown later to demonstrate the high quality and density (99.958 %) of the

bulk material in the as-LPBF condition.

Later HX builds were completed by Siemens Industrial Turbomachinery Ltd in
Finspang, Sweden. Large samples used in the convective heat transfer testing would not
fit within the Realizer SLM50 build volume and so it was determined that the samples
should be manufactured by Siemens so as to ensure that they developed the capability to
manufacture TPMS lattice structures internally to a high degree of reliability. The samples

manufactured by Siemens were evaluated at two conditions of supply:

e as-LPBF (no post-process heat treatment)

e HIP + solutionising heat treatment
- HIP: 1180 °C at 100 MPa argon atmosphere for 240 mins
- HT: 1177 °C for 360 mins
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4.5.1 BULK DENSITY
The Hastelloy-X material was high density even in as-LPBF condition as seen in

Table 4.4 with only 0.042 % porosity in the XY plane. After HIP, this was reduced to
0.007 % porosity, raising slightly after HT to 0.014 %. However, this rise in measured
porosity is within the expected deviation at different planes within the sample. In the OM
micrographs, a large number of small pores (<30 um diameter) were visible at 10X
magnification for the as-LPBF sample (Figure 4.16). After HIP, this porosity was no
longer visible, with exception of an occasional pore of similar size as in the as-LPBF
condition but with a less spherical shape. This suggests that the pores were affected by
the HIP process, causing them to change shape, but were not fully closed. This can be an
issue for porosity in LPBF, where the pores are filled with a gas comprising of the build
volume shield gas (argon in this case) and/or some vapour from alloying elements such
as aluminium being heated by the laser beam. As a result, these pores are difficult to close
during HIP as the gas is either compressed inside the pore preventing it from closing, or

is forced to diffuse into the bulk material.

Table 4.4 - Bulk density of the Hastelloy-X in each condition of supply as measured

using image analysis.

Condition XY density (%) YZ density (%)
as-LPBF 99.958 99.945
HIP 99.993 99.995
HIP + HT 99.986 99.995
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Figure 4.16 - OM micrographs of the HX XY plane in as-LPBF and HIP + HT
conditions. Porosity is clearly visible before HIP treatment with some larger pores

highlighted with arrows.

4.5.2 MICROSTRUCTURE

After micrographs were taken for density analysis, the samples were etched using
the electrolytic method as described in section 3.4.3. Interestingly, the HX HIP condition
was etched revealing the grain structure by Kalling’s No.2 etchant as used for CM247LC
with approximately 3-5 s etch time. However, the as-LPBF and HIP + HT conditions
were impervious to this etchant, remaining mirror polished even after full submersion of
the surface for >30 s. Further, the HIP condition did not etch as well as the as-LPBF and
HIP + HT using the electrolytic method. OM micrographs for the YZ plane are shown in
Figure 4.17. Distinct melt pool cross-sections are seen in the as-LPBF samples (Figure
4.17 (a) and (b)) as is typical for LPBF material before any HT. Some elongated grain
structures span multiple build layers of the sample, however the main microstructural
texture is from the melt pools themselves, particularly the boundary region of each melt

pool which is signified by the dark curved line.
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1 mm

Figure 4.17 - Etched microstructures of YZ plane for the HX in as-LPBF (a), (b),
HIP (c), (d) and HIP + HT conditions (e), (f). Note the fine grain structure of as-
LPBF (b) is coarsened after HIP (d), and the grain boundary thickness is reduced

after HT (f).
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Figure 4.18 - SEM micrographs of the HX YZ plane in as-LPBF (a), (b), (c) and HIP
+ HT (d), (e) conditions. Melt-pool boundary (a) and grain boundary precipitates

shown in (b) with arrows. Note the change in size and shape of the grains after HT.

Within these grains outlined by the melt pool shapes, a very fine sub-grain structure
is observed (Figure 4.18 (c)) with a sub-grain size of <1 um. This sub-grain structure
changes frequently across melt-pool boundaries from high-aspect ratio grains to blocky,
equiaxed grains. This was also seen in the CM247LC as-LPBF grain structure (Figure
4.10) and is characteristic of the fast cooling rate of the LPBF process, with different
grain morphologies based on the magnitude and direction of the thermal gradients during
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cooling. After HIP, the clustered cell LPBF grain structure is completely removed and no
evidence of the melt pool structure can be observed (Figure 4.17 (c) and (d)). The fine,
isotropic grain structure is replaced with coarse, more equiaxed grains of varying shapes
and sizes. Further, no directionality is seen. After solutionising HT, the grain structure in
the YZ plane remained similar to that seen after HIP with larger, equiaxed grains of
varying size and shape (Figure 4.17 (e), (f) and Figure 4.18 (d), (e)). The grain boundaries
became less prominent due to the precipitates diffusing into the grain area itself. This is

the purpose of the solutionising step and hence was expected.

OM micrographs of the XY plane show a similar progression in microstructure
through the post-process heat treatments (Figure 4.19). In the as-LPBF micrograph, the
melt pool shapes are clearly visible at approximately 30 ° inclination. The melt pools are
not aligned due to a 67 ° rotation in hatch angle between each layer and hence multiple
layers of melt pools are visible in this image. In Figure 4.19 (b), two of these melt pools
are measured as 85 um and 91 pum width, narrower than expected but the micrograph does
not necessarily show the mid-point or widest region of the melt pool. Within each melt
pool are fine grained structures that vary in a similar way to those in Figure 4.18 (b) — no

preferred orientation, a range of grain shapes and pronounced grain boundaries.

After HIP, this texture is completely removed and replaced with rounded equiaxed
grains as seen in Figure 4.19 (a). These vary in size from approximately 25 um in
diameter to >300 um diameter and have no preferential growth direction. This is as
expected from the HIP treatment as the sample is homogeneously heated and so no
thermal gradients are present to drive grain directionality. After solutionising HT, the
rounded grains are transformed into blocky structures with right angle or acute-angle
grain boundaries in many cases. High aspect ratio grains are now present occurring as
needle-like structures in some cases. As with the HIP sample, there is no detectable
directionality to the grain structure.
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Figure 4.19 — Etched microstructures of XY plane for the HX in as-LPBF (a), (b),
HIP (c), (d) and HIP + HT conditions (e), (f). Note the melt pools visible in (a), and
the change in microstructure through HIP and HT, particularly the shift to blocky

grains after HT (c).
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4.5.3 SAMPLE SURFACE CHARACTERISATION
It is important to consider the surface qualities of a PBF manufactured component as

the surface roughness profile characteristic of the process has an impact on performance,
both mechanical and thermal. For mechanical applications, partially fused particles and
near-surface porosity can act as crack initiation sites, significantly reducing the life
expectancy of a component. This is especially important for components that must be
resistant to creep or fatigue. Therefore, minimum surface roughness is desirable for these
applications. When considering thermal applications, surface roughness can be an
advantage, particularly for convective heat transfer. A rough surface can induce
turbulence and disrupt the boundary layer that forms at the surface of the geometry. As a
result, interaction between the heat transfer fluid and the surface is increased, enhancing
the heat transfer performance. Rough surfaces may cause fouling of the flow and
introduce unacceptable pressure losses. Surface roughness is influenced by processing
parameters but is also a characteristic of the material and particle size distribution of the

powder feedstock.

The ripples formed within the melt tracks are minimised by using a specific top-skin
melt strategy that applies higher laser power to this region in order to achieve greater
flatness and lower surface roughness. The higher laser power also minimises the number
of particles adhered to the top surface, however some remain. Further, a double contour
strategy is used (Figure 4.20 (b)), where the inner contour has a full-width melt track
whilst the outer contour is narrower due to interaction with the loose powder. This double
contour strategy is used to reduce the chance of porosity between the hatch and contour
scans. Near-surface porosity is critical to the mechanical performance of the component
as they can act as crack initiation sites, hence simple optimisations like this can improve

the service life or ultimate mechanical strength of a component.
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Background

XY surface

Figure 4.20 - SEM micrographs of the XY plane (top surface) of the HX sample at

40X (a) and 200X (b) magnification. The double contour scan is clearly visible in (b).
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Focus variation microscopy was used to evaluate the effect of the contour scan on
the XY plane surface height (Figure 4.21). The double contour scan ensures that no near-
surface porosity is present, however it can have the effect of increasing the layer thickness
in these regions by drawing in excess powder from the area surrounding the part. The
colourised surface height map (Figure 4.21 (a) and (b)) clearly show raised regions
surrounding the sample, with the greatest height increase at the corner. Here, the laser has
to rapidly change direction and as a result is effectively travelling at a reduced speed
compared to the straight section. The resulting increased energy input causes a raised
feature here. The line profile scan (Figure 4.21 (c)) shows the straight region of the
contour is raised by approximately 75 pm from the mean surface height across the sample
— this is nearly twice the thickness of a single layer, 40 um in this instance. This can have
important implications in component manufacture, where a dimensional inaccuracy of
75 um can prevent components from interfacing and fitting correctly. Features such as
this can be removed easily in post-processing if easily accessible, however access is not
always possible. Therefore, process anomalies such as this must be considered during

component design for AM.
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Figure 4.21 - Focus variation microscopy image of the HX sample XY plane (top
surface) detailing the raised edges and corner due to the contour scan strategy. A
line scan across plane B-B (c) shows this variation, with in increase in height of

approximately 75 um at the sample edge.

Further focus variation microscopy analysis was performed on the XY plane to show
the surface waviness inherent to the LPBF process. A profile line scan across section A-
A (Figure 4.22 (c)) illustrates the peak and trough form of the top surface, a pattern that
is a result of the overlapping melt tracks of the hatch scan. The height across this region
varies by approximately 2.5 um from the mean surface height and the average track
width (trough to trough) is approximately 110 um. The geometry of the melt tracks

extracted in the line profile appears to be more angular than in reality due to the scanning
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method of focus variation microscopy, where the surfaces approaching 90 ° to the
viewing axis are not captured accurately (the instrument is line-of-sight only). A rotation
of the scan head in the X- or Y-axis would be required to capture full detail of the sides
of the melt tracks, greatly increasing the scan time. Despite this, the minimum and
maximum surface heights are accurate as these surfaces are plane with the focal plane of
the instrument, therefore including scan head rotation in this study was not deemed to be
necessary. The surface roughness parameters of the XY (top) surface are as given in Table

4.5, showing a low Sq and Sa characteristic of the XY surface.
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Figure 4.22 - Focus variation microscopy image showing false colour height maps of
the HX sample XY plane (a) and (b), and a line profile across section A-A (c) to

demonstrate the waviness inherent to LPBF

Sam Catchpole-Smith - March 2020 115



Laser powder bed fusion of lattice structures for thermomechanical applications

Table 4.5 - Surface roughness characteristics for the Hastelloy-X as-LPBF XY plane

(top surface) as measured using focus variation microscopy

Sq (um)  Ssk Sp(um)  Sv(um)  Sz(um)  Sa(um)

9.37 -0.153 32.7 29.7 62.4 7.5

To investigate if the HIP + HT cycle affected the surface roughness of the HX
samples, focus variation microscopy was used to compare the YZ (side) surfaces. The
occurrence of partially fused particles is more frequent on this surface and more closely
represents the surface found on real components manufactured via LPBF; the XY plane
surface roughness only holds for surfaces exactly parallel with the powder bed. This is
particularly true for lattice structures, where the organic geometries rarely have large flat
areas, but rather are comprised of continuously changing surfaces and so surface

roughness does not remain constant.

The change in surface roughness between as-LPBF and HIP + HT condition of
supply can be seen in Figure 4.23. After heat treatment, fewer high spots (pink
colouration) were present, indicating that the heat treatment process has flattened some
of these regions. However, no evidence of particle melting could be observed in Figure
4.23 (c), so it is not clear by which mechanism this may have occurred. It is important to
note that some flattening of the high spots on the as-LPBF sample occurred during sample
handling and can be seen in Figure 4.23 (a). The surface roughness values for the YZ
plane in as-LPBF and HIP + HT conditions are given in Table 4.6. From this it is clear
that the YZ surface has considerably higher roughness than the XY surface. This is due
to the angle of incidence of the laser beam relative to the surface and the scan parameters
used for up-skin surfaces, which are optimised to provide a smoothening effect. This is

not as effective for the YZ plane as the laser is always incident at 90 ° to the surface.
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Figure 4.23 - Focus variation microscopy images of the YZ plane of Hastelloy-X in
as-LPBF (a), (b) and HIP + HT (c), (d) conditions. The isometric view in (a) shows a
larger proportion of high areas (pink), with some flat regions that occurred during

post-processing.
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Table 4.6 - Surface roughness parameters for the Hastelloy-X as-LPBF and HIP +

HT YZ plane (side surface) as measured using focus variation microscopy.

Condition  Sq (um)  Ssk Sp(um) Sv(um) Sz (um)  Sa (um)
as-LPBF 19.5 -0.042 120.4 122.3 242.7 15.5
HIP + HT 225 0.523 109.9 111.3 221.2 17.8

There is an approximately 10 % increase in Sq and Sa after HIP + HT for the YZ
plane — however, the Sz is decreased after HIP + HT. This is unexpected and may be an
artefact of the measurement process due to differences in reflectivity of the surfaces. After
HIP + HT, a dark coating covered the sample surface that could not be completely
removed without changing the surface roughness (i.e. could not be removed with non-
contact methods). The as-LPBF surface remained a relatively bright and reflective surface
with light silver colour. As a result, some of the peaks in the measurement were blown-
out and no height data could be collected. This may have resulted in the reduced Sq and
Sa values. With minimal variation in surface roughness when this is taken into account,
it can be considered that HIP + HT had no significant effect on surface roughness in this

case.

4.5.3.1 AlSi10Mg SURFACE ROUGHNESS
In section 8.3, AISil0Mg LPBF manufactured lattice structures were used for

evaluation of a large number of unit cells, before a smaller batch was manufactured in
HX. This was to save time and cost as Ni-alloy raw materials are expensive and
manufacture of the samples had to be outsourced to Siemens Industrial Turbomachinery
Ltd. Surface roughness is a key element of the convective heat transfer performance as

previously described, and so it was important to characterise the samples made in
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AIlSi10Mg. The focus variation microscopy images are shown in Figure 4.24, which when
compared with Figure 4.23, the average size of the roughness features is higher for the
AlSi10Mg. Many fine hemispherical partially-fused particles on the HX are replaced with
large agglomerated fused particles on the AISi10Mg. The AlSi10Mg feels to have higher
roughness when handling the samples, however the focus variation microscopy analysis
provides lower roughness values than for HX across all metrics. This shows the difficulty
in characterising LPBF surfaces using metrological equipment, a topic that has been
research in depth by Newton et al. [198], [199] and for which it is clear that there is a
degree of ‘art’ to the process of capturing high-quality surface data. This is not to say that
the measurements obtained are incorrect, but rather that the values may not represent what
is intuitively derived through physically interacting with the sample surfaces — in this
case, the AISi10Mg would be evaluated by a human as having a higher surface roughness
and overall lower quality surface finish than that of the HX samples. What is important
is the effect the surface roughness has on component performance; the link between
measured surface roughness and convective heat transfer performance will be explored

later in Chapter 8.

Isometric AlSil10Mg - YZ Plane Top

(b) mm

Figure 4.24 - Focus variation microscopy false-colour images of the AlISil0Mg YZ

plane.
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Table 4.7 — Surface roughness parameters for the AlISil0Mg as-LPBF YZ plane (side

surface) as measured using focus variation microscopy.

Material ~ Sq (um) Ssk Sp(m) Sv(um) Sz (um)  Sa(um)

AlSi10Mg 13.9 1.95 123.7 36.6 160.3 9.8

4.6 CONCLUSIONS

A new scan strategy using fractal patterns was introduced for LPBF, yielding solid
samples with good material properties. However, this method could not alleviate the
propensity of CM247LC for cracking under high thermal gradients during cooling. New
methods such as high-temperature build volumes or controlled heating using a secondary
laser beam may be required to achieve a crack-free material without the need for HIP.
Therefore, a Hastelloy-X was chosen for manufacture of samples for the remainder of
this thesis. It was demonstrated that HX is a good candidate for LPBF with overall bulk
density values of >99.9 %, before HIP + HT. The microstructure of the HX in all
conditions of supply was also given and will be referred to in section 5.2 onwards in
relation to mechanical performance. Surface roughness values for the samples were also
obtained using focus variation microscopy as these will have an effect on the convective

heat transfer performance of the lattice structures in later experiments (section 8.3).
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5 EVALUATING MECHANICAL
PERFORMANCE OF LATTICE
STRUCTURES
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5.1 INTRODUCTION
This Chapter details the methods and results associated with evaluating the

mechanical properties of the bulk Ni-base superalloys manufactured via LPBF and the
mechanical performance of a range of lattice structures manufactured by the same. Micro-
hardness testing is used to evaluate material properties of the bulk alloys on the micro-
scale. Compressive testing evaluated the macro-scale properties of both the bulk alloys
and the lattice structures. In addition, the effect of a HIP + HT cycle on the mechanical
properties of Hastelloy-X was studied. Stills taken from videos of testing were used to
analyse the failure modes of the lattice structures where possible, with one sample
investigated further using X-ray micro-CT. Whilst heat treatment will be performed on
end-use components as a matter of course in the majority of cases, some beneficial
mechanical properties can be obtained by retaining the fine-grained microstructure
inherent to as-LPBF material. Therefore, it is important to understand the performance of

lattice structures both with and without heat treatment.

The data included here is for Hastelloy-X across two conditions of supply, the details
of which were provided earlier. Throughout this Chapter, the following colour and
shading convention will be used to allow for simple and quick identification of samples

and patterns within the data:

Colour — Cell type Shading — Cell size Line style — Cell size | | Marker style — Cell size
[all] [bar charts] [line plots] [scatter plots]

GYR M . 10 mm 10 mm 10 mm O
DIAM 5 mm 5mm ---| | 5mm H
SCHP 3.3 mm 33mm e 3.3 mm A
GYRN . 2.5 mm ””Hm 2.5 mm -=||2.5mm [ |
DIAN ||
BCC
BCC AN. ]
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5.2 MICRO HARDNESS
Micro hardness indentations were performed on the HX samples at each condition
of supply. A grid of indentations was made with 500 um spacing between each
indentation, sufficient spacing to prevent distortion of the hardness results due to local
strain hardening caused by neighbouring indentations. The values obtained from these
grids was plot as a colour map as shown in Figure 5.1, and numerical data for mean,

maximum, minimum and standard deviation of hardness values is given in Table 5.1.

(a) as-LPBF (b) HIP
mm mm
00 05 10 15 20 25 30 00 05 10 15 20 25 30
-y
0.5- -
1.0- >
€ 15-

2.0 ‘
) 1
3.0-

(c) HIP+ HT (d)
m Hardness
0.0 0.5 1.0 15 20 Vickers

0.0

270

0.5 255

240

1.0
225

mm

1.5 210

195
2.0
180
25

1 mm

165

3.0 150
Figure 5.1 — Micro-hardness grid results displayed as colour contour plots. HX
material in (a) as-LPBF, (b) HIP and (c) HIP + HT conditions. Scale bar is common

between all plots. Placement of indents on HIP + HT sample shown in (d).
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Table 5.1 - Hardness data for HX at each condition of supply, giving mean,

minimum, maximum and standard deviation results.

Condition Mean HV Min. HV Max. HV Std. Dev.

as-LPBF 243.5 224.9 269.0 7.3
HIP 185.7 152.7 206.3 9.9
HIP + HT 182.8 169.9 202.4 8.9

The hardness of the HX drops by approximately 25 % after HIP, with the subsequent
HT cycle resulting in no significant change in hardness (within the measurement standard
deviation). This is due to the change in grain structure seen in the micrographs in section
4.5.2 — the small grains characteristic of the as-LPBF material are conducive to high
hardness due to grain boundary strengthening [200]. The Hall-Petch relationship states
that yield strength is inversely proportional to the grain size of the alloy (above a critical
grain size, ~10 nm). Grain boundaries act to impede dislocation motion and therefore
dislocation motion in a bulk material with a high grain boundary density (number of grain
boundaries per unit area) will require more energy than in a material with low grain
boundary density. In the larger grains present after HIP + HT, dislocations can move
through the grain area for a longer distance before encountering a grain boundary and
therefore lower energy input is required to deform the material. The load applied and
therefore energy input to the material during hardness testing is constant and so this
mechanism manifests as a larger deformation in the HIP + HT samples; the measurement
of this deformation is what is used to calculate the material hardness and deformation size
is inversely proportional to hardness The as-LPBF hardness is aligned with that seen by
Tomus et al. [201], however the HIP + HT samples fall approximately 10 % lower (200
— 220 reported by Tomus et al.). This may be a result of the lower pressure and longer
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soak time during the HIP cycle for the samples in this thesis (100 MPa for 240 mins vs.

150 MPa for 120 mins), resulting in a larger grain size of the HIP + HT material.

5.3 COMPRESSIVE PERFORMANCE
5.3.1 BULK SAMPLE COMPRESSIVE TESTING

Solid 20x20x20 mm cubes of Hastelloy-X were tested to determine the bulk
compressive modulus and strength. The stress-strain curves are given in Figure 5.2, it can
be seen that the as-LPBF sample did not yield before the maximum compressive load of
the machine was reached (220 kN). This corresponds to an applied stress of 518 MPa
without plastic deformation. Therefore, no compressive strength value could be obtained
for the as-LPBF sample using the available compressive testing apparatus. The HIP + HT
sample began to yield at approximately 315 MPa, with a resulting 0.2 % offset yield
strength of 326 MPa. The Young’s modulus of the two conditions was similar, with the
modulus of 66.5 GPa of the as-LPBF exceeding that of the HIP+HT at 63.1 GPa by 5.4 %

(Figure 5.3).

The yield strength of the alloy is directly related to the grain size as discussed
previously. The large grain structure of the HIP + HT sample exhibits lower yield strength
as dislocations within the material can move more freely, allowing plastic deformation to
occur with a lower energy input. However, the Young’s modulus does not exhibit any
significant change after HIP + HT. Modulus is an elastic regime material property, the
mechanism of which is dominated by deformation of atomic bonds [202]. Under elastic
strain, insufficient energy has been supplied to result in dislocation motion and all strain
energy is stored in compression, elongation or rotation of atomic bonds. This property is
related to the chemical composition of the alloy and hence modulus is relatively
insensitive to the microstructure and is typically unchanged after heat treatment, as

demonstrated here.
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Figure 5.2 - Stress-strain curves for the Hastelloy-X solid samples, used to evaluate

the bulk mechanical properties. The as-LPBF sample exceeded the load limit of the

testing machine before onset of plastic deformation.
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Figure 5.3 - Young's modulus values for the bulk samples in both conditions of

supply. The modulus of as-LPBF exceeds that of HIP+HT by 5.4 %
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5.3.2 LATTICE STRUCTURE SAMPLES
The full set of lattice samples under investigation for compressive testing are given

in Table 5.2. The samples discussed in the majority of this section had a designed volume
fraction of 0.2 (20 %), except those in section 5.3.2.6 which had a designed volume
fraction of 0.5 (50 %). For the as-LPBF data set, the sample ‘DIA M 3.3” was omitted
after repeated build failures due to material expansion above the build plane, leading to
collision with the re-coater. A sample with sufficient quality for evaluation could not be
manufactured due to the wall thickness being too low, resulting in separation of some

layers due to incomplete fusion with previous layers.

Table 5.2 - Unit cell types and cell sizes under investigation. 'X" denotes sample is

included in the compressive testing.

as-LPBF HIP + HT
Unit cell 10 5 33 10 5 33
GYRM X X X X X
DIAM X X X X
SCHP X X X X X
GYRN X
DIAN X X
BCC X X
BCC AN. X X

5.3.2.1 LATTICE YOUNG’S MODULUS

The lattice Young’s modulus of the lattice samples ranged 1.4 — 10.01 GPa, with an
overall positive correlation between modulus and volume fraction (Figure 5.4). No
correlation could be made between cell size and modulus. There are clear differences

between the as-LPBF and HIP+HT matrix phase samples (Figure 5.4, red and blue
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regions respectively), demonstrating reduction in lattice modulus after heat treatment.
Whilst the modulus of the bulk material was previously discussed to be unaffected by HT,
this is not true for the lattice samples as a combination of geometry and material
phenomena determine the lattice modulus. Performance of each geometry was similar
between the sample sets despite the HIP+HT set having an average of 7.5 % higher
volume fraction. The sample with the highest lattice modulus in both conditions of supply,
DIA M 5 mm, showed a 17 % reduction in lattice modulus after heat treatment. The
microstructural changes that give rise to the reduction in strength have been discussed
previously. It is clear that the lattice modulus is driven by material and structural
phenomena, therefore care must also be taken to choose an appropriate alloy and heat
treatment cycle to obtain the desired material properties alongside choosing an

appropriate geometry.

The network phase, BCC and BCC AN. showed significantly lower lattice modulus
than the matrix phase samples (Figure 5.4, green region). The matrix phase geometries
consist of walls with near-constant thickness that divide the cell volume into a series of
voids. The network phase consists of a geometry more analogous to the BCC, with thin
elements spanning voids within the cell volume that thicken in the regions where elements
combine. As a result, the geometry of the matrix phase lattices naturally provides a higher
stiffness, whilst the network phase geometry includes vulnerable regions that undergo

premature bending and buckling within the otherwise ‘elastic’ region.
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Figure 5.4 - Lattice Young's modulus against volume fraction for the full set of

samples. As-LPBF are highlighted in red, HIP+HT matrix phase in blue, HIP+HT

network phase and BCC in green.

Sorting the as-LPBF results by increasing volume fraction (Figure 5.5 (a)) the SCH
P can be clearly identified as the lowest performance geometry at 20 % volume fraction,
particularly the 3.3 mm sample which had half the lattice modulus of the DIA M 10 mm,
despite a 0.9 % volume fraction advantage. Further, the lattice modulus of the SCH P
5 mm at 24.8 % measured volume fraction did not exceed that of the DIA M 10 mm at
19.5 % volume fraction. It is clear that at ~20 % volume fraction, the SCH P geometry
would not be chosen for applications where high stiffness is required. However, it may
be of use in crash structures where energy absorption through deformation of the lattice

structure is desirable.
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Figure 5.5 - Lattice Young's modulus results for the as-LPBF (a) and HIP + HT (b)

samples, sorted by ascending volume fraction as shown on the secondary y-axis.
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Results for the HIP + HT samples sorted by ascending volume fraction are given in
Figure 5.5 (b). This further demonstrates the high performance of the matrix phase TPMS
lattice structures in comparison with the network phase TPMS and BCC-type geometries.
Again, the DIA M and GYR M outperformed the SCH P by up to 64 % (SCH P 3.3 mm
vs DIA M 5 mm). Both pre- and post-heat treatment, the DIA M 5 mm had the highest
performance but was also measured at the highest volume fraction. The CAD model for
this sample was verified at 20 % designed volume fraction, therefore the oversizing seen

after manufacture was a result of the LPBF process itself.

The network phase TPMS showed improvement in modulus over the classic BCC-
type structures, further strengthening the case for adoption of TPMS lattices over strut-
type lattices. The DIA N 5 mm showed a 120 % increase in modulus over the BCC 5 mm,
indicating that equal performance could be achieved with lower mass through use of DIA
N over BCC. Network phase TPMS lattices can be manufactured reliably at lower volume
fractions than the matrix phase due to the way material is distributed within the structure
— minimum feature size limits of the LPBF process are reached sooner with the matrix
phase. Therefore, for applications where minimum weight is the optimisation goal,

network phase TPMS lattices may be the most desirable.

5.3.2.2 YIELD STRENGTH
The reduction in performance from the larger grain structure after heat treatment was

also apparent in the lattice yield strength results (Figure 5.6). Overall, samples with a
higher lattice modulus also had a higher lattice yield strength. The scatter in lattice yield
strength performance was narrowed compared to the modulus data. Again, no correlation
between cell size and strength could be determined. The DIA M 5 mm provided the
highest lattice yield strength for both conditions of supply (as-LPBF: 88 MPa, HIP+HT:
44 MPa). However, heat treatment resulted in a 50 % decrease in lattice yield strength for
this sample. Comparing Figure 5.4 and Figure 5.6, it can be seen that the heat treatment
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had a greater effect on the lattice yield strength performance than on the modulus, with

the blue region shifting downwards significantly in Figure 5.6.

At each cell size and condition of supply, the SCH P unit cell had the lowest lattice
modulus and lattice yield strength of the three matrix-phase unit cells. This is due to the
large internal void present in the SCH P unit cell, combined with the lack of material
aligned directly in the Z-direction (the axis of loading). This is in comparison with GYR
M and DIA M which both have walls that run at least partially along the Z-direction,

resulting in increased stiffness and strength.
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Figure 5.6 - Lattice yield strength (0.2 % offset method) against volume fraction for
the full set of samples. As-LPBF are highlighted in red, HIP+HT matrix phase in

blue, HIP+HT network phase and BCC in green.

The lattice yield strength data was sorted by volume fraction for the as-LPBF (Figure
5.7 (a)) and HIP + HT (Figure 5.7 (b)) samples. The 10 mm cell size as-LPBF GYR M
and SCH P samples have a higher lattice yield strength than the 3.3 mm samples (GYR

M: +51 %; SCH P: +24 %), despite less than +4 % deviation in volume fraction from the
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group mean. This suggests that at a 0.2 volume fraction, larger unit cells have a higher
mechanical integrity. This may be driven by the change in surface area to volume ratio
between 10 mm and 3.3 mm cells (GYR M: 3.31 —9.52; SCH P: 2.55 — 7.15) and hence
decreasing wall thickness as cell size decreases. The surface roughness and thickness of
the contour laser scan region remains constant. Consequently, at smaller cell sizes a
higher proportion of the mass of the material is comprised of a network of partially fused,
low strength powder particles at the surface. As discussed previously, the 5 mm cell size
samples were manufactured with a higher volume fraction than the design intent, hence
the strength of these samples is greater than the 10 mm and 3.3 mm cell size samples.
This pattern of the 5 mm unit cell having the highest strength follows across all three unit
cell types, but cannot be directly compared to the 10 mm and 3.3 mm cell size samples

due to the volume fraction mismatch.

The decrease in performance seen after HIP + HT also applies to lattice yield
strength, where for example the DIA M 5 mm sample saw a 50 % drop in lattice yield
strength (88 MPa — 44 MPa). Again, the DIA M and GYR M had the highest performance,
with the SCH P being the worst matrix phase TPMS lattice. The network phase lattices
showed lower lattice yield strength as expected from the modulus results. However, the
performance increase over the BCC-type samples was not as significant. This is a result
of the similar bending-dominated deformation modes of these unit cells, with point-to-
point connections between cells made at 45 ° to the compressive loading axis rather than
the continuous walls, sometimes aligned with the loading direction, seen in the matrix
phase lattices. Therefore, compression of these samples occurs at relatively low stress and

the geometry collapses in on itself before densifying.
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+ HT (b) samples, sorted by ascending volume fraction as shown on the secondary

y-axis.

134 Sam Catchpole-Smith - March 2020



Chapter 5: Evaluating mechanical performance of lattice structures

5.3.2.3 SPECIFIC MECHANICAL PROPERTIES
Specific mechanical properties are important as they allow selection of materials or

geometries that will provide the required performance for the minimum mass. Here, the
lattice Young’s modulus and lattice yield strength results were divided by the effective
density (kg/m®) of each sample, as measured after manufacture. The highest performance
region (upper-right of the plot) is dominated by the as-LPBF sample set, with the HIP+HT
set showing decreased performance particularly in specific modulus. This would suggest
that the case for implementing lattice structures in the as-LPBF condition is clear.
However, the small-grain microstructure that provides this enhanced modulus and yield
strength is not desirable in all applications; creep and fatigue performance of as-LPBF
components is typically compromised, resulting in reduced component life. Therefore,
HT would still be regarded as necessary and the resulting decrease in mechanical
performance would need to be accounted for in another way, for example a slight increase

in the designed volume fraction of the lattice structure.

Figure 5.8 demonstrates the enhanced performance available using matrix phase
TPMS geometries over the conventional strut-type (BCC) lattice structures. A five factor
increase in specific lattice yield strength and three factor increase in specific lattice
modulus was achieved using as DIA M 5 mm over BCC 5 mm in the HIP+HT condition.
This rises to a 5.7 and six factor increase respectively for the as-LPBF condition. The
network phase TPMS geometries showed poor performance in specific mechanical
properties when compared to the matrix phase, however, still provided a 25 — 125 %
increase in specific yield strength over the BCC samples. Specific Young’s modulus
showed a maximum of 25 % improvement over BCC, demonstrating that the node and
element topology of the network phase TPMS results in a significantly lower stiffness

than the surface-based topology of the matrix phase.
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Figure 5.8 - Specific lattice mechanical properties for the full sample set. Highest

performance is found in the upper-right corner of the plot.

5.3.2.4 DEFORMATION AND FAILURE MODES
The stress-strain plots for the as-LPBF 10 mm samples are given in Figure 5.9, with

the corresponding still images taken during testing in Figure 5.10 (row 1 and 2). Both
demonstrate the ductile deformation seen throughout all samples and conditions of
supply. The GYR M unit cell geometry contains sinusoidal-type curved walls than run
parallel with the compression direction, aiding in stiffness and strength. As the lattice
strain increased in the GYR M 10 mm sample, the sinusoidal wall shapes increased in
amplitude and decreased in wavelength until approximately 20 % lattice strain (Figure
5.10, top row), beyond which the stress plateaued and began to decrease as the walls
buckled. Between 30 — 40 % lattice strain, the geometry underwent a concertina-like
buckling where the walls collapsed into the void space within the cells. At approximately

40 % lattice strain, the walls came into contact and the sample began to densify with a
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sharp increase in stress as seen in the stress-strain plot. This is in contrast to the
compressive failure mode seen in a GYR M 9 mm sample tested by Maskery et al. [124]
in as-LPBF AISi10Mg material, where the cell walls underwent brittle fracture and
structural failure occurred due to crack propagation through the lattice. This indicates that
the failure mode of the lattice is highly dependent on the ductility of the material chosen

for manufacture.
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Figure 5.9 - Stress-strain plots for each of the as-LPBF 0.2 10 m cell size lattice
samples. All data beyond 50 % lattice strain is truncated. Similar loading response
is observed across all unit cell types and sizes. No evidence of sudden failure typical

of cracking can be seen.

Deformation of the SCH M 10 mm sample began via bending of the cell walls at
approximately 10 % lattice strain (Figure 5.10, row 2). Thereon, the lattice stress value
decreased as the walls of the lattice were plastically deformed, with collapse of the lower
cells occurring first. At 37 % lattice strain, the stress began to rise again as the internal

void closed and the lattice began to densify. The bending at specific points on the SCH P
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geometry results in onset of significant plastic deformation soon after the elastic limit
(approximately 5 % lattice strain), as seen in the stress-strain plot. In contrast, the stress
is more evenly distributed in the GYR M and DIA M geometry, where applied stress
increases until 20 % lattice strain. This pattern follows across all cell sizes and highlights

an intrinsic mechanical weakness of the SCH P geometry.

The 5mm and 3.3 mm GYR M and DIA M samples exhibited an extended, flat
stress-strain plot when compared to the stress plateau followed by decreasing stress
exhibited by the 10 mm cell size samples. This is attributed to the unconstrained walls of
the samples — at 10 mm cell size [2 x 2 x 2 cells], 100 % of the cells have three
unconstrained sides, allowing for a high degree of deformation to occur in the plane
normal to the compression axis. This is particularly evident in Figure 5.10 (top row) for
the GYR M 10 mm sample, where the bottom corners of the sample began to bend and
deflect outwards beyond 20 % lattice strain. This causes the downward stress trend in the
stress-strain plot. For 5 mm [4 x 4 x 4 cells] and 3.3 mm [6 x 6 x 6 cells] cell sizes, only
12.5 % and 3.7 % respectively of the total cells in the sample have three unconstrained
sides. Consequently, the samples remained geometrically stable in the plane normal to
the compression axis, with minimal deformation resulting from unconstrained features.
As aresult, the stress-strain curve does not have a negative trend beyond the stress plateau
for these samples in Figure 5.9. The SCH P geometry is self-supporting in this regard as
its circular cross-section prevents any geometry in contact with the compression ram from
deforming relative to the whole sample. Therefore, the stress-strain plot flattens quickly

after onset of plastic deformation.
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e=0% e=10% €=20% e=30% €=40 % €=50%

DIAN S SCHP 10 GYRM 10

BCC5

Figure 5.10 - Images captured during compressive testing at lattice strain values of 0 % - 50 %. Sample name is given on the left
side of each row. The failure mode of the SCH P unit cell is bending, whilst buckling failure dominates for the GYR M unit cell. The

DIA N buckles and layers collapse along a 45 ° plane. The BCC struts bend with the nodes acting as pivot points.
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The HIP+HT network phase and BCC lattices also show ductile deformation in the
stress-strain plots (Figure 5.11) and still images from testing (Figure 5.10, row 3 and 4).
The DIA N geometry had the highest performance but also suffered failures at high lattice
strain which are discussed in the following section. The GYR N sample performed in
much the same way as the other TPMS lattices with an extended plateau region after the
elastic region, followed by densification of the structure. The BCC geometries reached
the elastic limit at the lowest compressive stress of all geometries under investigation.
The structure deformed via bending of the struts with the nodes as pivot points, with the

lower layers collapsing first.
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Figure 5.11 - Stress-strain plots for a selection of the HIP+HT lattice samples. All

data beyond 50 % lattice strain is truncated. Structural failure of the DIA N 3.3
sample occurs in stages up to 40 % lattice strain (a). At 47 % lattice strain (b), the

structure undergoes a significant failure leading to a large drop in applied stress.
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Onset of densification occurs at approximately 45 % lattice strain, sooner than the
network phase TPMS geometries, as the nodes stack to form a column in the loading
direction. The DIA N and GYR N structures collapse in a way that effectively fills in the
void space within the cells, leading to densification occurring at a higher lattice strain
value (beyond 50 %). For the BCC sample, onset of plastic deformation occurred around
13 MPa and the stress-strain curve remained flat until 40 % lattice strain. This indicates
a constant bending deformation as can be seen in Figure 5.10 (bottom row). Maskery et
al. [125] observed shear deformation along a plane 45 ° to the compression direction in
as-LPBF and heat treated AlSi10Mg BCC samples, followed by failure of the struts and
collapse in this same plane. Here, the bending deformation demonstrates the dominance
of material properties over geometry effects; a more ductile material such as Hastelloy-X
collapses in a controlled manner without fracture as its material properties can

accommodate bending. This was not the case for the brittle AISi10Mg.

5.3.2.5 DIA N FRACTURE FAILURE
The DIA N unit cell type was the only sample to exhibit catastrophic failure of

elements within the lattice, defined as complete fracture and loss of mechanical integrity
of an element. This was indicated as ripples in the stress-strain curves (Figure 5.11 (a)
and (b)) as discussed in section 2.4.2.The stress-strain curve for DIA N 5 mm ends after
the sharp drop in lattice compressive stress seen at approximately 40 % lattice strain as
the test was aborted in attempt to preserve the failure site for micro-CT analysis. For the
DIA N 3.3 mm cell, the test was continued after the initial failure to capture further failure
points. Small failures occurred sequentially until approximately 40 % lattice strain,
shown as ripples in the stress-strain curve, after which compressive stress rises as
collapsed layers densify. Fractures were audible during testing. At 47 % lattice strain, a
large failure occurred where a drop in compressive stress indicates a more significant

structural failure (Figure 5.11, (b)). X-ray micro-CT analysis of the DIA N 3.3 sample
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was used to determine the position and topology of the failures. For each failure
highlighted in Figure 5.12 (b), fracture occurred across the thinnest section of an element.
The scan resolution is not high enough to evaluate the fracture surface directly. However,
the deformation of the lattice and failure at 45 ° planes to the loading direction (Figure
5.10, row 3) suggests that the elements have failed under tension due to shear-type loading
as the unit cells are sliding relative to their neighbour. This theory is corroborated by the
wide fractures formed in the elements in Figure 5.12 (b) and the misalignment of the

element across the fracture in Figure 5.12 (d).

(a) DIA N 3.3 TOP VIEW

Figure 5.12 - X-ray pCT scans of the DIA N 3.3 sample showing (a) a slice in the top
view and (b) an enlarged region with numerous fracture sites highlighted. 3D
reconstruction of a fracture site (c) and (d) demonstrates the failure location within
the DIA N geometry.
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A further site of failure was analysed from the side view of the DIA N 3.3 mm sample
(Figure 5.13 (a)). This region also appeared to have failed under shear, with the fracture
surfaces showing a high degree of misalignment after failure (Figure 5.13 (b)). A thin
section was taken from the 3D reconstruction to demonstrate the appearance of this failure
in the context of a lattice unit cell (Figure 5.13 (c)). This single strut has failed whilst
neighbouring struts remain intact. It is hypothesised that a small fragment of the strut
became detached during the sudden failure (region highlighted in red). This is
corroborated by the audible fracture and sample debris on the compressive test apparatus

after conclusion of the testing.

DIA N 3.3 SIDE VIEW

Figure 5.13 - X-ray UCT scans of the DIA N 3.3 sample from the side view (a)
showing an enlarged view of further sites of failure (b) and 3D representation of the
shear failure (c).
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5.3.2.6 50% VOLUME FRACTION SAMPLES

Hastelloy-X as-LPBF samples were also manufactured at 0.5 volume fraction and
tested for lattice compressive modulus and yield strength. The lattice Young’s modulus
results are given in Figure 5.14, sorted by ascending volume fraction. Across all samples,
the measured volume fraction remained mostly constant (+1.5 / -0.8 % from the group
mean), allowing direct comparison between the samples. As with the 0.2 volume fraction
group, no real correlation could be made between cell size and lattice modulus. There was
no correlation between the small volume fraction variation and lattice modulus. Further,
the unit cell types performed similarly, with the exception of GYR M 3.3 and 5 mm,
which had a lower than expected lattice modulus. This may be due to the deformation of
unconstrained areas touching the compression plates as described earlier. Overall, the
SCH P 5mm had the highest lattice modulus, taking this geometry from the worst

performance at 0.2 volume fraction, to the best performance at 0.5.
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Figure 5.14 - Lattice Young's modulus results for the as-LPBF 0.5 volume fraction

samples sorted by ascending volume fraction as shown on the secondary y-axis.
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Lattice yield strength is also relatively constant across the various unit cell types and
unit cell sizes (Figure 5.15). The SCH P 5 mm again has the highest performance, with
the GYR M 3.3 and 5 mm being below expectations. Beyond this, there is little
differentiation between the samples, with an average lattice yield strength of 170 MPa.
Increasing the volume fraction to 0.5 appears to have desensitised the mechanical
properties to unit cell type and size — there is less variation in the results than with the 0.2
volume fraction. The SCH P in particular appears to densify early during compression
(Figure 5.16 bottom row) and the thick walls prevent the onset of bending, the method of
deformation which prevented the SCH P from high performance under compression at

0.2 volume fraction.

200 ~06
& - 05
=
= 150~
@
E s
° ©
R o
N i L L
S, 100 0.3
£ 5
o

é 0.2 =
» 50
T
£ - 0.1
p

0 - -0.0

Figure 5.15 - Lattice yield strength [0.2 % offset] results for the as-LPBF 0.5 volume
fraction samples sorted by ascending volume fraction as shown on the secondary y-

axis
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GYR M 10 50%

DIA M 10 50%

SCH P 10 50%

Figure 5.16 - Images captured during compressive testing of the as-LPBF 0.5 volume fraction samples at lattice strain values of 0 % - 50 %.

Sample name is given on the left side of each row.
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Plotting the 0.5 volume fraction samples on the specific mechanical properties graph

(Figure 5.17) it is clear that by increasing the volume fraction, performance can be

improved. Therefore, it would be intuitive to assume that a design should incorporate the

highest volume fraction possible for the best specific strength. However, with

lightweighting being the primary aim of lattice structures in mechanical applications, this

would result in a dense, high mass component. Alternatively, solid volumes that do not

require the mechanical properties that high material density provides should be replaced

with a lattice that has sufficient strength or modulus, but also enables mass to be

minimised. A computational optimisation can determine the required volume fraction, in

some cases even grading the lattice to provide the strength or stiffness where it is required,

whilst minimising mass in areas that are not under high stress or loading.
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Figure 5.17 - Specific lattice mechanical properties for the full sample set including

as-LPBF 0.5 volume fraction. 0.2 volume fraction samples are shaded in grey.
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5.4 CONCLUSIONS
Mechanical testing of the HX bulk material and lattice structures was performed in
both as-LPBF and HIP + HT conditions of supply. The hardness measurements obtained
for the HX as-LPBF bulk material was in line with that seen in the literature, and the
hardness in the HIP + HT condition was slightly below that expected, due to the increased

HT cycle duration.

After compressive testing, the TPMS lattice structures show clear potential for
application in components under compressive loading. The specific strength and modulus
improvement over BCC strut-type lattice structures effectively eliminated the use case
for the BCC geometry. This is with the exception of applications such as crash structures,
where lower stiffness may be desirable. It has been demonstrated that DIA and GYR
matrix phase TPMS geometries provide the highest mechanical performance, up to six

times that of the BCC, over a range of cell sizes.

For the highest strength and modulus, HX lattice structures should be used in as-
LPBF state, but only where microstructures resistant to creep and fatigue are of minimal
importance. Optimisation of heat treatment may retain some of the mechanical
performance that is lost through the HIP+HT routine used in this study and is ultimately
the more desirable method than using components in the as-LPBF condition from a

microstructure perspective.

Whilst Hastelloy-X is a ductile material under compression in either condition of
supply, certain geometries can result in regions with high stress that lead to fracture, as
in the case of DIA N. This is also important to consider for fatigue life as fatigue cracks
can quickly propagate from surface roughness defects of LPBF components if stress

concentrations are present. However, this is not unique to the TPMS structures but rather
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a design consideration whenever component complexity is increased or small features are

introduced.

Overall, the TPMS structures exhibit high specific mechanical properties that are
desirable for component lightweighting and are an attractive choice for a variety of
mechanical loading applications. Care must be taken to ensure the correct combination of
geometry and material properties are chosen for the required performance — particularly
when HT will be performed. The data given in this Chapter will enable design engineers
to filter out certain geometries before selecting those most suitable to conduct their own
application-specific performance evaluation. As a result, time and cost will be saved as a

more comprehensive performance evaluation will not be required.
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6 A NEW APPROACH TO
EVALUATION OF LATTICE
THERMAL PERFORMANCE

150 Sam Catchpole-Smith - March 2020



Chapter 6: A new approach to evaluation of lattice thermal performance

6.1 INTRODUCTION

Before lattice structures can be implemented in heat transfer components, their heat
transfer performance under typical operating conditions must be characterised.
Evaluation of thermal performance of materials is usually performed to calculate bulk
material properties, for example where the thermal conductivity of a material is required.
The apparatus used to calculate these properties typically requires a thin slice of solid
material or a small quantity of powder feedstock, as in the case of the laser flash thermal
conductivity and diffusivity method [135]. Such methods are not suitable for determining
the thermal properties of macro scale structures or geometries such as lattice structures,
however. The performance of these is dependent both upon material composition but also
structure since this is implicit to the manufacturing process. This Chapter provides the
design methodology, apparatus schematic and standard operating procedure for two

custom thermal property apparatus that are tailored for evaluating lattice structures.

The most basic requirement for characterisation of lattice structure thermal
properties is to understand the 1-D thermal conductivity. To experimentally determine
this, a custom thermal conductivity testing apparatus was developed from ASTM
standards. This enabled the nuances of thermal conductivity in the lattice structures to be
understood beyond the correlation with volume fraction which simply states that thermal
conductivity is proportional to the percentage of material present in the sample by
volume. Therefore, true values for apparent thermal conductivity of each geometry could
be calculated that account for internal natural convection currents. The convective
element that contributes to the apparent thermal conductivity cannot be simply captured
using computational finite element analysis (FEA). An approximation may be made but

will require validation using experimental methods.

The next stage was to determine the performance of the lattice structures under

convective heat transfer, including pressure drop of the working fluid due to interaction
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with the geometry. The geometrical complexity makes simulation of convective heat
transfer via computational fluid dynamics (CFD) complex and computationally
expensive. Further, the behaviour of fluid flows in such geometries cannot be directly
inferred from existing models due to the role of surface roughness of AM parts on the
heat transfer. The surface roughness structure is different to that seen on conventionally
manufactured components and it is difficult to ascribe a representative surface roughness
parameter and value that can be used for CFD model input. Experimental methods are
therefore seen as the most viable and cost-effective method to study the performance of
lattice structure heat transfer devices. This required additional custom testing apparatus
to be developed for which no applicable standards documentation exists. The design of
this apparatus was based on design requirements drawn from the required output data and
from similar equipment described in the literature review. This apparatus enabled
thorough understanding of how each lattice structure performs as a convective heat
transfer device. This data is key to implementing lattice structures in high-performance

heatsink applications such as in a gas turbine NGV.
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6.2 THERMAL CONDUCTIVITY TESTING
6.2.1 APPARATUS DESIGN AND OPERATION

The testing apparatus was designed to conform with ASTM E1225-13 for
measurement of the thermal conductivity of a sample using the comparative-longitudinal
heat flow technique [132]. A schematic layout of the apparatus is given in Figure 6.1 and
the full engineering drawings are provided in the Appendix Section 1. The test stack is
comprised of a lattice sample, the specimen, placed between two reference blocks of AISI
304 stainless steel (thermal conductivity, Am = 16.2 W.m2.K? at 293 K) under 5 kg of
axial load. Silver sheets (0.5 mm thick) with two metallurgically bonded T-type
thermocouples were placed at every interface as shown in Figure 6.1 (b). A layer of
thermal grease was applied between each interface to ensure good thermal coupling. The
bottom side of the test stack was heated by a PID regulated positive temperature
coefficient (PTC) element to a constant 443 +0.5 K, and the top side was cooled to 295
+1.0 K using a water-cooled copper heatsink. The aluminium guard cylinder surrounding
the test stack was heated to the mean temperature between the hot and cold sides of the
stack, 369 +1.0 K. A fibre blanket (A = 0.04 W.m™*.K' at 473 K) was placed between the
test stack and the guard cylinder for insulation and to prevent convective heat transfer

currents establishing around the test stack.

After assembling the test stack, heating was undertaken, and the test rig was left for
a minimum of 60 minutes to reach steady state (defined as < 0.1 K/min drift from the
prescribed temperatures). The temperatures at each reference block and sample interface
were logged using a Pico TC-08 (Pico Technology, UK) thermocouple data logger at 1

second intervals and stored on a PC.
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Figure 6.1 — (a) Schematic of the thermal conductivity testing apparatus used to
measure the thermal conductivity of the lattice samples using the ASTM E1225-13
comparative-longitudinal heat flow technique. (b) Enlarged view of the test stack
indicating the position of the measurements taken for the calculation of apparent

thermal conductivity of the sample
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6.2.2 CALCULATION OF THERMAL CONDUCTIVITY
The thermal conductivity of the lattice samples was calculated from the temperature

gradients set up in the test stack. As the thermal conductivity of the reference blocks is
known, it is possible to calculate the thermal conductivity of the sample (As) from the
temperature drop across the sample and reference blocks when the system is at thermal

steady state, using the following equation taken from ASTM E1225-13 [132]:

As

Ly~ 7\_M<TLM_TB TT_TUM>
Tom—Tim 2 \ 2, =2,  Z¢—1s

The nomenclature used in this equation can be drawn from Figure 6.1 (b). The
contribution of the silver sheets to the temperature drop across the stack is assumed to be
negligible due to the relatively high thermal conductivity of silver (A = 420 W.m1.K! at
293 K) which is approximately 20 — 60 times that of the base alloys used to manufacture
the specimens tested using the apparatus (Hastelloy-X: A = 11.2 W/m.K* at 373 K). It
should be noted here that this standard and the calculation above generally relates to
conduction in a solid material. In this case we have a geometric structure consisting of air
and metal. Whilst the high conductivity of the metal would indicate that this would be the
main heat flow path in the test, heat flow is also possible through conduction and
convection in the air. Another factor with the lattice geometry is that it will affect the heat
flow path in the metal. For this reason, the test should be considered as measuring an
‘apparent conductivity’ that is a measure of both material and geometry rather than a pure

material property.
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6.2.3 UNCERTAINTY ANALYSIS
For this experiment, errors that arise from heat exchange between the test stack and

the guard, and heat shunting through the insulation surrounding the test stack, were
assumed to be negligible. This assumption was tested by altering the temperature of the
guard cylinder from room temperature (~294 K) to 373 K, noting that minimal change of

measured conductivity for the test specimen was obtained.

For error calculation, the following values were used - maximum uncertainty in
thermocouple temperature reading: +0.2 % of the reading +0.5 K; uncertainty in the
thermal conductivity of the reference blocks: + 5 %. Indeterminate errors caused by heat
exchange between stack and surroundings, heat shunting through insulation, non-uniform
interfacial resistance and random uncertainty were minimised by repeating experiments,
and were evaluated to be less than £3 % of the measured value. Therefore, the uncertainty
in the measurement of the thermal conductivity of the samples using this method was

determined to be a maximum of £7.0 % for the Hastelloy-X samples.
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6.3 CONVECTIVE HEAT TRANSFER TESTING APPARATUS
The convective heat transfer testing apparatus outlined in the literature review
demonstrates the varied approaches that are taken to convective heat transfer.
Furthermore, they highlight the importance of experimental work over pure computer
modelling; the complex geometries under investigation require significant in-depth
knowledge of CFD modelling parameters and the calculations are computationally

expensive.

There are no applicable standards for the development of a testing apparatus for
evaluating the thermal performance of geometries such as lattice structures. Therefore, a
suitable apparatus was developed from review of those found in the literature. It is
important to define the correct operating procedure to accurately determine convective
heat transfer characteristics and other related outputs. This section details the testing
apparatus including the methodology of data capture and the processing of the data to

obtain the relevant lattice performance metrics.

6.3.1 SPECIMEN DESIGN

The apparatus presented here was developed specifically for testing lattice structure
samples that are manufactured via powder bed fusion methods. The sample geometry is
shown in Figure 6.2. This is an example of a lattice structure sample, however there are
no restrictions to the type or geometry of the sample providing that the sample conforms
to the dimensional limits and that the blue shaded ‘region of interest’ occupies the central
10 mm in the z-direction. The overall dimensions were chosen to allow sufficient volume
to test a range of unit cell sizes. A ‘region of interest’ height of 10 mm allows for cell
sizes in the range of 2.5 mm to 10 mm. Smaller unit cells would result in features that are
too small to manufacture current class PBF; larger unit cells are beyond the size scale of

the potential end-use components for these structures.
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Figure 6.2 - Dimensions of the sample used in the convective heat transfer testing
rig. The sandwich design places a 1 mm skin on the top and bottom of the ‘region of
interest’, shown in blue; the cooling air is forced through the centre of the sandwich

structure along the x- and y-direction.

Square samples were chosen so that geometries with directionality, i.e. those with a
different fluid flow path through the structure in perpendicular directions, can be tested
in both directions with a single sample. For additively manufactured samples, the build
orientation influences the surface roughness; down-skin regions, those that are facing
towards the build plate, are typically rougher than the up-skin regions facing upwards.
This variation in roughness can also be tested using the square sample geometry, rotating
the sample by 90° between each test. Providing that the geometry of the ‘region of
interest’ is self-supporting, the samples can be manufactured in an XZ or YZ orientation
on the PBF machine build plate, providing a high component packing density and hence

cost-efficient manufacture.
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6.3.2 THE TESTING APPARATUS
The main body of the testing apparatus is a machined aluminium section that houses

the sample and the sensors used to collect pressure and temperature readings, the layout
of which is shown in Figure 6.3 and the full engineering drawing are provided in the
Appendix Section 2. In-line flow meters (SMC PFMC7202, 20-2000 L.min* range and
* 1% full-scale range accuracy) monitor the volumetric flow rate of dry compressed air
that is fed through the main body, acting as the coolant fluid for the forced convection
testing. A total of six piezoresistive pressure transducers with integrated ASIC signal
conditioning and amplification (Honeywell PX3 1-50 bar and + 0.25% full-scale range
accuracy) provide real-time absolute pressure measurements along the length of the
channel. A silicon differential pressure sensor with on-chip signal conditioning and
temperature compensation (NXP MPX-series) is used to measure the pressure drop across
the sample. The model chosen is dependent on the pressure differential range expected
for each sample (MPX5010DP [0-10 kPa], MPX5050DP [0-50 kPa] and MPX5100DP
[0-100 kPa], all 2.5% full-scale range accuracy). This ensures the maximum resolution
and hence accuracy of the measurement. Four K-type (x 0.5 K accuracy) thermocouples
are positioned in the coolant flow at the inlet and outlet of the sample to determine the
coolant temperature. Heat is applied to the base of the sample by a wire-wound mica
heater that is PID temperature controlled. Four thermocouples are embedded in the copper
heat spreading block, between the heater and the sample base, to provide temperature

readings at regular intervals along the direction of the coolant flow.
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The sample sits on a 6 mm thick copper block used to distribute the heat from the

mica heater below. This heater stack is placed in a PTFE block, chosen for its low thermal

conductivity (0.25 W.m.K™1), which acts to minimise thermal conduction losses into the

aluminium main body. Above the sample is an acrylic viewing window which can be

removed to change the sample using eight machine screws. A controlled torque is applied

to the screws to ensure that an equal clamping force is applied to each sample under test.
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Figure 6.3 - Exploded view of the main body of the test apparatus showing the

assembly of the sample within the test stack and the position of the pressure

transducers along the flow direction. The components are named in the attached

table.
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6.3.3 DATA CAPTURE
A flow chart of the data capture and processing methodology for the experimental

apparatus is given in Figure 3. The thermocouple data is recorded using a PicoLog TC-
08 USB thermocouple data logger with integrated cold junction compensation and the
data from the remaining sensors is recorded using a PicoLog 1216 data acquisition (DAQ)
unit. The multiple channels are recorded consecutively in real-time to a PC via USB. The
data recorded during the experiments is saved as a text file and later processed using
MATLAB (scripts written by Richard Selo, PhD student at the Centre for Additive
Manufacturing, University of Nottingham). The processing performs the conversion from
raw voltage data output from the data loggers into the correct units for the measurement,
before calculating outputs such as Reynolds number and AP. The data is averaged to
provide a smoothed fit for each of the factors that are then plot to explore the effect of

sample and flow conditions on the heatsink performance.

The apparatus has the option for logging the temperature of the sample top surface
using thermochromic liquid crystal (TLC) sheets since the upper enclosure is transparent.
No data using TLC measurement is included in this thesis, however the apparatus was
designed to have many possible data acquisition methods for further research activities.
When the TLC temperature measurement is in use, a DSLR camera with an on-axis LED
ring light is used to capture RAW images of the TLC surface. The ring light and camera
lens have opposing direction linear polarising filters attached to minimise the capture of
reflections from the acrylic window surface. As the light reflected from the TLC surface
is circularly polarised, the TLC information is retained, and the highest image quality is
captured. The RAW images are converted to uncompressed TIF images using the Canon
Utility, before being converted to hue-saturation-intensity (HSI) colour space in
MATLAB. Calibration equations relating HSI values to temperatures are applied to

enable a 2D temperature distribution of the sample top surface to be plotted.
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6.3.4 TESTING METHODOLOGY

6.3.4.1 PRESSURE DROP TESTING
This test was performed at ambient temperature without the heater activated due to

temperature dependence of many air properties, for example, air density and specific heat
capacity. The temperature of the air is monitored using the thermocouples described
previously to ensure that the air properties can be accurately calculated in the data
processing step. After each sample is placed in the test rig, the valve at the outlet of the
main body is closed and the rig is pressurised to 1 bar to test for air leaks that may occur
due to improperly seated gaskets. If no leaks are found, the rig is de-pressurised by

opening the outlet valve and the air flow is ramped down to zero.

To begin testing, the DAQ software is initiated, recording data from thermocouples
and sensors at a frequency of 100 Hz. A first record is made without any airflow for one
minute to provide a baseline for each sensor at ambient conditions. Using the flow
regulator, the air flow rate through the rig is increased from 100 L.min* to 700 L.min!
in 100 L.mint increments. A three-minute wait period at each measurement point allows
the flow conditions to reach steady state. Steady state conditions are verified during the
data processing step by calculating the gradient of AP against time via linear regression.
This gradient is theoretically zero at perfect steady state conditions. During the
experiment, however, if the gradient coefficient is within one standard error of the mean
from zero, the regime is considered steady state. If the stationary hypothesis is rejected,
the experiment is continued for a further three minutes to allow the system to reach steady
state. As the entire apparatus is at thermal steady state for the duration of the testing, it is
not necessary to record data for more than 1000 points at each flow rate. After recording

1000 samples, the DAQ is stopped before the air flow rate is ramped down to zero.
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Figure 6.4 - Flow chart showing the method of data acquisition and processing for

the convective heat transfer experiments.
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6.3.4.2 CONVECTIVE HEAT TRANSFER TESTING
The procedure for convective heat transfer testing is similar to pressure drop testing

but now the heater is activated. The regulator is used to set the flow rate at 100 L.min*
before the heater is switched on to prevent the top surface of the sample from becoming
too hot and damaging the acrylic window. The heater PID controller is set to 373 K (100
°C), which typically requires constant full power operation at 80 W. Before DAQ is
initiated, the heater and sample are left to reach thermal steady state for 15 minutes at the
lowest flow rate. Steady state is verified using the same method as for pressure drop,
using linear regression to calculate the gradient of air outlet temperature against time. The
system is considered to be steady state if the gradient coefficient of the outlet temperature
is < 5x10°%. At steady state, DAQ is initiated at a sample rate of 1 Hz and 100 samples are
recorded. The flow rate is increased through the range at the increments described in the
pressure drop testing method. At each increment there is a pause to allow thermal steady
state to be reached, which requires 10 minutes. As the change in flow conditions and
sample base temperature is relatively small at subsequent test points, the time to reach
steady state at these test flow rates is reduced. In each case, 100 samples are recorded
once the steady state condition has been reached. At the end of the test sequence, the DAQ

is stopped before the air flow is cut off to prevent anomalous data from being captured.

6.3.4.3 APPARATUS UNCERTAINTY ANALYSIS
Measurement uncertainty was calculated using root sum of the squares and was not

constant across each dataset. Relative combined uncertainty in the friction factor varied
from 50% for the lowest flow rate (100 L.min™) and decreased to 5% at highest flow rate
(700 L.min'Y). Reynolds number uncertainty ranged from 21% to 3% for the lowest to the
highest flow rate respectively. The main contributor to uncertainty for Reynolds and
friction factor at low flow rate was the = 1% full-scale range measurement error of the

flow rate meter. Error analysis on the heat transfer testing determined a relative combined
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uncertainty of Nusselt number ranged between at 100 L.min" 7% and 24% at 700 L.min"
! The main contribution to error in the Nusselt number was the low temperature

difference between the inlet and the outlet at high flow rates.

6.3.5 DATA PROCESSING AND CALCULATIONS
The experiments involve transfer of energy to air as it passes through the samples,

hence there is a variation in air temperature and pressure. If air property values are static,
large errors will accumulate during calculation of sample performance. The air properties
are calculated for each measurement point based upon the mean air temperature and
pressure across the sample, Tave and Pave. As the operating pressures of the testing are
considered ‘low pressure’ (< 0.25 MPa above ambient), the effect of changing pressure
on the air properties is <0.5 % and hence pressure is omitted from the calculations in most
cases. It is included, however, when the dependence upon pressure for a particular

property is considered significant.

To calculate air density, the ideal gas law can be used as follows, where Rspecific IS

the specific gas constant for dry air:

Pave
p = (1)
Rspecific " Tave

As the testing all operates at low pressures, i.e. less than 0.2 MPa above ambient, air
dynamic viscosity can be approximated using the power law and a reference value of po

taken at a reference temperature To, in this case 273 K:
ﬁ — (Tave)
Ho Ty

0.7

T,
p= 17.15E7° - (2“7”5) (2)

0.7
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Air kinematic viscosity can be directly calculated from p and p:

I
V=2 (3)

The power law can also be used to calculate the air thermal conductivity with
temperature dependence at low pressures, using a reference value of ko at a given

temperature To, 300 K:

T,
k - Toe =ko = To - ( ave) (4)

Specific heat capacity of air in the temperature range 273 — 573 K (0 — 300 °C) is

calculated using the empirical formula derived by Xiao et al. [203]:

¢p = 1.0026 + 5.1E™* + (Tape — 273) (5)

The flow and heat transfer values can be calculated now that the air properties are
known. The most important of these is Reynolds number as it describes the air flow
regime through the system and is used to compare heat transfer and pressure drop

characteristics of the samples:

U'Dh
v

(6)

Repp =

Friction factor, a measure of the proportion of energy of the fluid flow lost to
frictional effects, is proportional to the first power of velocity and increases with
increasing surface roughness. For a fixed sample size, friction factor is also proportional
to surface area to volume ratio of the sample, where a larger ratio results in increased
fluid-wall interaction and hence higher losses due to friction. The friction factor can be

calculated as shown in Equation 7:

_ AP - D, 2
L p V2

(7)
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The friction factor of an empty channel, fo, is used to identify the magnitude by which
a geometry increases the frictional effects experienced by the fluid compared to a
hydraulically smooth empty channel. In this case, fo is assumed to be described by the

Blasius smooth wall, fully developed, turbulent flow correlation:

fy =0.316- Re™025 (8)

The convective heat transfer coefficient, h, is calculated based on the heated surface
area of the sample, Anase. It is @ mean value for the entire geometry as the convective heat
transfer coefficient of a single point cannot be determined. Using this area allows for
different geometries to be directly compared without the need to derive geometric
descriptors such as mean ‘pin diameter’ or ‘strut width’ that are generally not applicable

to complex surface type lattice geometries.

7= m - Cp - (Tout - Tin) (9)
A . (T _ Tout + Tin)
base base 2

From this, the Nusselt number, representing the ratio between heat transfer from
convection to that from conduction alone, can be calculated. The Nusselt number is
important as a design metric to compare heat transfer between the different sample
geometries as it removes the effect of size scaling. It is the Nu/Nup ratio plot against
Reynolds number that is most commonly used when selecting an appropriate geometry

for cooling a component.

Nu = (10)

In the same way that fo describes the friction factor for an equivalent smooth wall
empty channel, Nuo describes the Nusselt number of the same channel. This is used to

determine the increase in effectiveness of convective heat transfer achieved using a
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specific geometry over that possible using an empty channel. This is calculated using the
Gnielinski correlation for fully developed, turbulent flow:
(%) - (Re —1000) - Pr

Nuy = - (11)
14127 (%)0 - (Pr?/3 — 1)

In order to compare the overall performance of each sample, a thermal performance

(TP) index derived from the Nusselt number and friction factor is calculated [144]:

Nu
TPiorm = —

7 (12)

This index allows comparison of the heat transfer per unit of pumping power for each
of the samples. In this simple form, it places equal weighting on heat transfer and pressure
drop to determine overall TPnorm. This penalises geometries with a high pressure drop,
however — in some cases a geometry that has excellent heat transfer but a high pressure
drop would have a poor overall TPnorm, resulting in such a geometry being disregarded.
A modified version of the TPnorm index, TPmod, Was therefore calculated, as introduced by
Han et al. [152] [204], which places an exponent on the friction factor term to reduce the

weight of friction factor on the overall thermal performance.

Nu/Nuo

TPioa = £ \/3 (13)

/%)
6.4 SUMMARY

Thermal characterisation of lattice structures is challenging to achieve using
commercial apparatus. FEA and CFD simulations are complicated and computationally
expensive on such geometries, and furthermore, simulation may not capture the range of
second order heat transfer effects that are acting in real components. This drove the
development of the custom thermal conductivity and convective heat transfer testing

apparatus detailed in this Chapter.
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7.1 INTRODUCTION
In this Chapter, the testing apparatus outlined in Chapter 6 (section 6.2.1) is used for
characterising the pure conductive heat transfer properties for TPMS lattice types
including gyroid, diamond and Schwarz primitives. Unit cell size and volume fraction are

varied and thermal conduction performance is analysed.

Thermal conductivity through the solid material can be easily modelled using FEA.
Natural convection currents are also set up within the free volume inside each cell,
contributing to the effective thermal conductivity of the lattice. Further, some effects of
the geometry, such as surface area to volume ratio and surface roughness, may play a role
in the thermal conductivity values that cannot be easily predicted in simulations. For these
reasons, experimental determination of thermal conductivity properties was deemed to be

the most comprehensive method of investigation.

The experimental results were used to generate design equations that enable the
manufacture of a component with a custom thermal profile through varying the volume
fraction of the lattice. This idea was used to model thermal conductivity grading in both
1D and 2D models. Finally, a sample was designed with the University of Nottingham
logo imbedded in the lattice, which was then manufactured, heated and viewed with an

IR camera, where the logo was revealed.
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7.2 UNIT CELLS UNDER INVESTIGATION

Gyroid Diamond Schwarz
Primitive
- a i °
2 cell e
4 cell LR J
6 cell

Figure 7.1 - Single unit-cell models with lattice dimensions [1, 1, 1] for each of the

three unit-cell types used in this study.

Three different TPMS unit-cell types were investigated in this study: gyroid,
diamond and Schwarz primitive. The lattice models were generated using in-house
software, ‘FLatt Pack’, and output as .stl files. A single unit-cell is described as having a
cell number of 1; this corresponds to an array of [1, 1, 1] unit-cells in the direction [X, y,

z], as illustrated in Figure 7.1.
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7.3 GEOMETRIC PROPERTIES OF THE SAMPLES

A total of 18 lattice samples were manufactured over three unit-cell types as shown
in Table 7.1. Sample dimensions are 20 x 20 x 20mm with cell numbers of 2, 4 and 6,
where a cell number of 4 corresponds to a [4, 4, 4] unit-cell array using the notation
described in Figure 7.1. This equates to cell sizes of 10, 5 and 3.3 mm respectively to
achieve a cube with side lengths of 20 mm. It is important to understand any effects that
size scale may have on the thermal conductivity performance of lattice structures. This
range of unit cell sizes is chosen to cover different potential component size scales —
10 mm cells may be used in components with void thicknesses > 50 mm, whilst 3.3 mm

cells may be used in components with void thicknesses of < 10 mm.

The TPMS equations [116] define a mathematical surface with zero thickness. To
create a sample with volume, the surface is ‘thickened’ to provide a proportion of solid
material per volume, termed the ‘volume fraction’. In this study, 0.2 and 0.5 volume
fraction variants were manufactured for each unit-cell type and cell number combination.
This represents the typical range of volume fractions at which lattice structures are used
as below 0.2 volume fraction at 3.3 mm cell size, the features become too small to
manufacture via LPBF; greater than 0.5 volume fraction, lattice structures become too
dense for use as a method of lightweighting and the drawbacks of the increased design

complexity outweigh the performance benefits.

Table 7.1 - Parameters used for the manufacture of a total of 18 lattice test samples

Unit-cell type Gyroid; Diamond; Schwarz P
VVolume fraction 0.2;0.5
Cell size (mm) 0.33; 5; 10

172 Sam Catchpole-Smith - March 2020



Chapter 7: Evaluating the thermal conductivity of lattice structures

Thermal conductivity is governed by the volume fraction, i.e. the amount of material
available to enable heat transfer. It is expected that thermal conductivity will also be a
function of geometry in complex structures such as the TPMS lattice types, this
constituting a second order effect that must be understood for lattice implementation in
components. Parameters were chosen to investigate the effect of the lattice type and XYZ
dimensions on the thermal conductivity of the sample, as well as to check the relative

weighting of these effects in comparison to the volume fraction.

Initial results from this range of samples were used to generate design equations that
allow samples with custom thermal conductivity to be manufactured. These equations
take into account the effect that each lattice geometry has on its thermal conductivity,
allowing calculation of the volume fraction required for the particular application. This
technique was used to manufacture three further samples, one of each unit cell type, with
the target thermal conductivity values of 3.0, 3.5 and 4.0 W.m. K%, The experimentally
measured performance of these designed lattices was compared with the predicted

performance.

The developed design equations were then used to propose some graded lattice
structures in both 2-D and 3-D, with example cases given for each. To demonstrate the
design concept visually, a sample with the University of Nottingham logo displayed in
graded lattice was manufactured in Hastelloy-X, with the aim of producing a distinct

thermal profile when viewed with a thermal camera.
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7.4 SAMPLE PREPARATION AND TESTING
After manufacturing, the samples were removed from the build plate using a SiC
abrasive cut-off disk and ground flat to within £ 0.1 mm of the nominal 20 x 20 x 20 mm
sample dimensions using SiC grinding paper, measured using digital Vernier calipers. A
final grinding step using P1200 SiC was undertaken to enhance thermal coupling and
hence heat transfer. All samples were ultrasonically cleaned to remove loose powder,

dried and then measured and weighed to enable the measurement of volume fraction.

The standard operating procedure for the thermal conductivity testing apparatus is

outlined in section 6.2.1 and was followed for all samples presented in this Chapter.

7.5 RESULTS AND DISCUSSION
7.5.1 SOLID SAMPLES

Hastelloy-X solid samples were evaluated to determine the thermal conductivity of
the bulk alloy. The expected conductivity varies with temperature as shown by the line in
Figure 7.2. As the testing method uses a thermal gradient to measure conductivity, the
sample is not a homogeneous temperature. The sample temperature was therefore taken
as the mean temperature between the hot and cold faces of the sample, 97.2 °C. The
measured conductivity for the solid as-LPBF HX sample was 11.36 W.m™.K?, a 2%
deviation from the expected thermal conductivity at the mean temperature. In Figure 7.2,
with the error bars consistent with an error of 7 % as described earlier in section 6.2.3, it
can be seen that the measured thermal conductivity for the bulk sample is well aligned
with the linear relationship between thermal conductivity and temperature of Hastelloy-

X given in the material specification data [185].
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Figure 7.2 - Thermal conductivity of Hastelloy-X bulk material across the
temperature range 25 - 120 °C as taken from the material data sheet [185], with the

measured conductivity of the as-LPBF HX sample shown. 7 % error shown.

7.5.2 LATTICE STRUCTURE SAMPLES
Figure 7.3 shows the apparent thermal conductivity measured from the experiments

as a function of actual volume fraction (volume fraction as measured from manufactured
samples) and lattice cell type for the two different metal alloys. It can be seen that there
is a linear relationship between the volume fraction and the thermal conductivity for all
lattice types within the volume fraction range tested. This is regardless of the unit cell
size. The diamond and gyroid unit cells perform similarly for both materials, whilst the
Schwarz primitive unit cell has a higher thermal conductivity per volume fraction at
higher volume fractions. This effect is attributed to the increase in wall thickness (or
decrease in surface area to volume ratio, as evidenced in Table 7.2) seen in this unit cell
compared to the gyroid and diamond unit cells. This has the effect of providing fewer but

wider conduction pathways for the heat, with a lower proportion of heat energy lost due
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to radiation and conduction into the air contained within the unit cell. Further, the thicker
wall provides better thermal contact between the lattice sample and the reference blocks

when assembled in the test stack.

] Hastelloy-X
< 5.0
X ]
E 454 r
E _
> 4.0 -
= 1
S 35-
T J
c
Q 3.0-
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Figure 7.3 - Apparent thermal conductivity against actual volume fraction for all
Hastelloy-X lattices. The unit cell type is denoted, but the cell size is ignored for this
plot. The star markers are the results of the ‘specified conductivity’ test. Error bars

consistent with 7 %o.
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Table 7.2 - Surface area and volume data for each lattice sample tested based upon the
computer models. Note the large variation in surface area to volume ratio between the

unit cell types, giving rise to the differences in conductivity seen in Figure 7.3

Min. wall
Unit Vol.  Cellsize  Surface  Volume Aol thickness
cell frac. (mm) area(mm?) (mm3)
(um)
0.2 3.33 14960 1572 9.52 230
0.2 5 10128 1591 6.37 355
g 0.2 10 5252 1584 3.31 695
% 0.5 3.33 14109 3994 3.53 610
0.5 5 9790 3986 2.46 910
0.5 10 5429 4008 1.35 1820
0.2 3.33 18583 1509 12.31 190
0.2 5 12485 1584 7.88 275
% 0.2 10 6412 1584 4.05 555
% 0.5 3.33 17131 4004 4.28 490
0.5 5 11793 3995 2.95 730
0.5 10 6379 4006 1.59 1480
0.2 3.33 11399 1595 7.15 265
N 0.2 5 1744 1590 4.87 400
% 02 10 4050 1590 255 795
({E_) 0.5 3.33 10584 4005 2.64 685
” 0.5 5 7406 3999 1.85 1030
0.5 10 4210 4000 1.05 2070
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The data in Figure 7.3 was fit to a linear line:
Ka = C1Vf + C2 (14)

Where K, is apparent thermal conductivity, Vr is volume fraction and C; are the fitting
constants relating to a particular lattice cell type and material. The curve fit constants are
provided in Table 7.3. To validate this linear fit, some samples with a specified thermal
conductivity were manufactured and tested. The samples were varied in unit cell and cell
size, and the required volume fraction was calculated from equation (14) using the
constants in Table 7.3. A description of the samples manufactured in this exercise and the
corresponding geometrical data is given in Table 7.4. The data from the samples
manufactured at a specified thermal conductivity were also added to Figure 7.3 (star data
points); it is clear that there is a good correlation between these samples and the linear fit
from which the volume fractions are calculated (within 3 % of target values for Schwarz
primitive and diamond, and within 10 % for gyroid). This gives confidence that the design
equations can be used to manufacture lattice structures with a specific thermal
conductivity. The lattice samples had a high accuracy in manufactured volume fraction
with a deviation from designed value of -3.0 —-0.8 %, with correspondingly accurate
thermal conductivity results to that of the design intent — the diamond 10 mm cell sample
came within 1 % of the designed value. This relationship between designed volume
fraction and actual volume fraction after manufacture is dependent upon geometry,
material and process parameters. It is a further optimisation parameter that needs to be
taken into account when designing lattice structures for a specified load, whether the load
is mechanical or thermal. There is no simple correction that can be applied to all TPMS
lattices to achieve 100 % accuracy between the .stl model and the manufactured sample
due to variance in the LPBF manufacturing process; corrections must be developed on a

case-by-case basis. These corrections may be made directly to the .stl file, such as

178 Sam Catchpole-Smith - March 2020



Chapter 7: Evaluating the thermal conductivity of lattice structures
applying a scaling factor, or to the processing parameters to ensure the manufactured part

Is accurate to the digital model.

Table 7.3 - Curve fitting parameters for the linear equations relating apparent

thermal conductivity to actual volume fraction for each of the unit cell types

Ci C2
GYR 8.631 -0.039
HX SCH 9.415 -0.174
DIA 8.507 +0.032

Design rules such as the linear fit developed here are vital for components where a
load bearing wall may also be required to provide a thermally insulating layer by using
lattice structures in a sandwich construction. If there is no coolant fluid passing through
this layer, thermal conductivity dominates and hence it must be possible to accurately
control the thermal conductivity of the structure used. Such lattice structures can
alternatively be used as a heatsink to conduct heat away from high-temperature
components. Whilst the materials shown in this paper may not be ideal for high-
performance conductive heat transfer, they are commonly preferred for gas turbine
applications. This is an application where materials with a higher thermal conductivity,
aluminium or copper alloys, cannot provide adequate performance at the high operating

temperatures.
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Table 7.4 - Design parameters and experimental test data for the three target

thermal conductivity lattice samples manufactured in Hastelloy-X.

) ) ) Actual A Vol. A
Unit Cellsize Targetcond. Design App. cond.
vol. frac. Cond.
cell (mm)  (W.miK?) vol. frac. (W.miK?)
frac. (%) (%0).
GYR 3.3 3.00 0.350 0.340 2.72 -3.0 -10.4
SCH 5 4.00 0.440 0.436 3.89 -0.8 -2.7
DIA 10 3.50 0.415 0.409 3.47 -1.6 -0.7

To aid analysis of unit cell type and size, the parameter ‘normalised conductivity’
was used. This was calculated by dividing the thermal conductivity by the actual volume
fraction for each sample. This removes the effect of the volume fraction from the data set
and hence allows for any cell size effect to be studied. The results were grouped by
designed volume fraction, as presented in Figure 7.4. It can be seen that the Schwarz
primitive lattice samples had a greater conductivity than gyroid or diamond based samples
of the same cell size and volume fraction in 92 % of the applicable test cases, mirroring
the results from Figure 7.3. This is independent of material and is attributed to the lower

surface area to volume ratio seen in the Schwarz primitive cell type.

The relationship between lattice sample and the thermal conductivity is dominated
by the volume fraction. However, if this was the only factor in the relationship, then the
value of normalised conductivity in Figure 7.4 would be equal across all cell sizes. It can
be seen however that the normalised conductivity changes across the 0.2 volume fraction
samples; at 3.33 mm cell size, the normalised conductivity is typically 8 — 20 % lower
than for the same unit cell type at 10 mm cell size. At small cell sizes, the wall thicknesses
are significantly lower than for larger cell sizes at the same volume fraction. This
geometrical relationship is clear when considering a cross-sectional area of a particular

unit cell across a range of unit cell sizes whilst keeping the volume fraction
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a) Hastelloy-X - 0.2 volume fraction
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Figure 7.4 - Normalised conductivity vs cell size for Hastelloy-X lattice samples with

(@) 0.2 volume fraction and (b) 0.5 volume fraction.
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equal, as seen in Figure 7.5. A reduced wall thickness results in a decreased heat transfer
efficiency and an increased probability of poor thermal coupling between the lattice
sample and the reference blocks. Further, surface roughness of LPBF components
remains relatively constant across all wall thicknesses (for each build angle relative to the
build plane). For thin walls, surface roughness occupies a greater proportion of the total
wall thickness than for thicker walls. Surface roughness consists of partially fused powder
particles that will have limited thermal transport ability due to a lack of metallurgical
bond or physical contact, effectively reducing the thermal conductivity. The geometries
with a lower average wall thickness may therefore show reduced thermal conductivity.

These effects act to decrease the apparent thermal conductivity of the sample.

Throughout this experiment, the contribution of convective heat transfer between
cells was assumed to be negligible. This is true for the smaller cell sizes, where the tightly
spaced cells prevent air currents from moving large distances in the z-direction; at larger
cell sizes, the path for convection is wider, enabling easier flow of air, and so convection
between the cells may increase the apparent thermal conductivity of the samples. Thermal
conductivity measurement error due to natural convection is discussed in ASTM E1225-
13 [132] with regards to heat flow external to solid samples. Whilst this standard does not
deal with porous samples, the principles of measurement error due to natural convection
can be applied to the lattice samples. This is seen particularly in the 0.2 volume fraction
samples (Figure 7.4 (a)). At 0.5 volume fraction, the increase in material reduces the free
volume inside each cell and constricts the pathways for convection between cells. Hence,
this is why an increased cell size does not have as great an impact on the thermal
conductivity for these samples (Figure 7.4 (b)). As such, if it is desirable to design a lattice
that acts as a natural convection heatsink, it is important to ensure a cell size and volume
fraction is chosen that allows for sufficient convection between cells and hence flow of

fluid out of the heatsink structure.
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Increasing effective conductivity despite constant volume fraction
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Figure 7.5 - An illustration of the change in wall thickness across different unit cell

sizes despite a constant volume fraction (0.2 in this case).
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7.6 DEVELOPMENT OF SAMPLES WITH GRADED THERMAL
CONDUCTIVITY

The design equations previously provided were fed back into the lattice design
software to create sample models with prescribed variations in thermal conductivity. As
the TPMS lattices shown here are not based on nodes and elements, but instead are
mathematically represented surfaces, the volume fraction can be continuously varied in
3-dimensions. This avoids the step change in volume fraction and hence thermal
conductivity that would be seen if a discrete cell-by-cell variation was used. Figure 7.6
(@) illustrates a simple 1D variation in volume fraction, and hence apparent thermal
conductivity, in the z-direction of the sample based on a shallow gradient parabolic
function. The range of 1.875 — 4.5 W.m™.K™! in Hastelloy-X corresponds to 0.22 — 0.5
volume fraction and hence covers the majority of the volume fraction range tested
experimentally. The effect of volume fraction on wall thickness is clearly seen by
observing the expansion and contraction of the hole in the side wall of the Schwarz
primitive unit cell type used in this sample. Figure 7.6 (b) introduces further complexity

into the grading by using a cosine squared function.
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Figure 7.6 - Demonstration of 1D functional grading of Hastelloy-X lattice
structures to sweep through a prescribed range of apparent thermal conductivities
through variation of volume fraction following (a) a simple gradient and (b) a cosine

squared gradient.
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Similar design methods can be applied to generate a sample that has a 2D graded
structure. Figure 7.7 illustrates a gradient based upon a 2D function, creating a sinusoidal
variation in volume fraction, and hence thermal conductivity, that resonates out from the
centre of the sample. Such a structure could be placed on top of a flat plate heater, with
the heat being conducted through the lattice structure. Therefore, a heating device with a
very specific heat distribution can be produced without requiring a custom resistive
element or filament to be manufactured. Designing a conventional heating element that
can vary the temperature profile with sub millimetre-scale precision is trivial to produce

using graded lattice structures via LPBF.

2D variation in apparent conductivity

ISO view

Y distance (mm)
Apparent conductivity (W/m.K)

0 5 10 15
Front view X distance (mm)

Figure 7.7 - A demonstration of 2D functional grading of Hastelloy-X lattice
structures based on the sin(x? + y?)* function, showing prescribed apparent thermal
conductivity within the range 1.875 - 4.5 W.m1.K'1). On the left is the digital model
of the lattice structure generated and the 2D volume fraction map is shown on the

right.
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Using this method of varying volume fraction, a custom lattice was designed that
included the University of Nottingham castle logo and ‘UoN’ text. The .stl model and
manufactured sample, the latter coated in matt black paint to aid in capturing a thermal
image, can be seen in Figure 7.8. This custom lattice sample was then placed on a heater
plate and a FLIR T400 infrared camera was used to capture images as the plate heated
up. Despite appearing as a near-uniform lattice sample to the naked eye, the logo and text
can be distinguished from the background using the infrared imaging method (Figure 7.8,
c). The high resolution and sharp definition between the logo and the background was
achieved due to the continuous cell grading. This image was captured before the
temperature of the sample reached steady state; the lower temperature seen in the logo
region is a consequence of the higher thermal mass of this area due to the higher volume
fraction. At steady state, the temperature profile would be uniform across the sample. If
this sample was to be used as an interface between the heater plate and a component, heat
would be conducted at a higher rate through the logo and text area (higher volume fraction

areas) than the surrounding lattice.
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c)<or

Y distance (mm)
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Figure 7.8 - University of Nottingham logo and text embedded into a lattice sample
using variation in volume fraction. The .stl file can be seen in (a) along with the
manufactured sample in (b) after spraying matt black. The logo is barely visible to
the naked eye until it is heated and the variation in temperature due to the volume

fraction grading is captured with an infrared camera, (c). Temperatures shown in

°C.
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7.7 CONCLUSIONS

In this Chapter, the 1D thermal conductivity for a range of lattice samples was
experimentally measured using a custom-built test rig conforming to ASTM E1225-13.
The measured results were then used to develop a set of design rules, or equations, that
govern the relationship between thermal conductivity and the lattice parameters of
volume fraction, unit cell type and unit cell size. From these design rules, it was possible
to generate a number of demonstration models with a prescribed variation in conductivity
using 1D and 2D mathematical functions. A sample was manufactured, using the
University of Nottingham logo to demonstrate how varying the lattice volume fraction
results in a distinct thermal profile. As a result of the experiments, heatsinks or thermal
insulation layers can be developed that are optimised for thermal conductivity whilst
retaining the advantages in weight reduction that lattice structures provide. Example
applications across electronics, automotive and aerospace are given in the results and

discussion section.

The key findings of the experimental work were as follows:

e For the lattice structures tested, thermal conductivity is primarily a function
of the volume fraction, or ratio of solid material to free space inside the lattice

e Unit cell types with higher minimum wall thickness have a greater thermal
conductivity than those with lower minimum wall thickness, at the same
volume fraction (i.e. thermal conductivity is inversely proportional to surface
area to volume ratio). It is important to note that for convective heat transfer,
thermal performance is typically proportional to surface area, so thin walls
are likely to be more beneficial under convection.

e Surface roughness may have a greater effect on thermal conductivity for

samples with a higher surface area to volume ratio. Partially fused material
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at the surface has reduced thermal conductivity, therefore does not effectively
contribute to the thermal conductivity of the sample.

e Smaller unit cell sizes may constrain the air within the cells, preventing
natural convection heat transfer between the cells from increasing the
measured thermal conductivity.

e Larger unit cells may allow air to flow freely between cells, increasing the
measured thermal conductivity. This effect is greater for unit cell types with

a lower surface area to volume ratio such as Schwarz primitive

Typically, heatsinks used to cool electronics or mechanical components are
independent components or assemblies. This creates complexity in manufacture and
assembly, where components are joined using mechanical methods. Further, the packing
of components is not optimised. This is a particular issue in aerospace and automotive
components, where both volume and mass are at a premium. But most importantly, the
weight of the assembly is increased by the necessity for manufacturing each component
separately. Through simulation of the thermal loads, a thermal profile for the components
can be derived. From this, a heatsink can be incorporated into the component itself. This
design can be optimised for: minimal weight; defined thermal properties to cool hot
components; structural strength if load bearing; external volume and shape for efficient
packaging. In more advanced applications, a coolant flow such as compressed air can be
forced through the structure. Operating as heat transfer surfaces under forced convection,
lattice structures are capable of adding value to components in multiple ways. With proper
design knowledge, such features can be incorporated into components via LPBF without
incurring significant material cost or manufacturing time penalties. The experimental
study of lattice structures as convective heat transfer devices is therefore the next research

challenge.
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8.1 INTRODUCTION

The thermal conductivity of LPBF manufactured lattice structures are now known,
however the maximum benefit of these geometries will come from their application in
convective heat transfer. In this Chapter, the results obtained from experimental testing
of the lattice structures using the apparatus described in Chapter 6 (section 6.3.2) will be

presented an analysed.

Due to constraints in manufacturing these larger samples, it was decided to only
manufacture a full sample set in AISi10Mg. This material is lower cost than Hastelloy-X
and was routinely available and loaded into a Renishaw AM250 LPBF machine at the
University of Nottingham. This enabled trial builds be run in-house to determine optimum
build orientations and parameters before final builds were performed, of which a
minimum of three were required. In contrast, all Hastelloy-X samples were manufactured
by Siemens Industrial Turbomachinery in Sweden and required cost estimations, budget
allocation, machine scheduling and delivery lead-times, amongst other hurdles.
Therefore, after initial testing was completed on the AlSi10Mg samples, a smaller batch
of Hastelloy-X samples were manufactured to determine the effect of material properties

on the pressure drop and convective heat transfer performance.

In this Chapter, pressure drop characteristics for the geometries are initially
described. This does not include any heat transfer, however it is a key component in the
overall performance of geometries for heat exchangers. The heat transfer characteristics
are then given and discussed. From these, thermal performance metrics are calculated,
which allow the selection of suitable geometries for the type of convective heat transfer
performance required. Finally, design guidelines are provided for effective

implementation of lattice structures into components under thermal loading.

192 Sam Catchpole-Smith - March 2020



Chapter 8: Enhancing convective heat transfer using lattice structures

For clarity: the work surrounding the AlSi10Mg samples in this thesis was performed
in collaboration with Richard Sélo (PhD student at the Centre for Additive
Manufacturing, University of Nottingham). Richard was responsible for the following:
operation of the Renishaw AM250 LPBF machine for manufacture of the AISi10Mg
samples; writing of the Matlab script for processing of the experimental data; and
performing <50 % of the AISi10Mg experiments. Sam Catchpole-Smith was responsible
for: 100 % of the design and manufacture of the convective heat transfer rig; performing
>50 % of the experiments using AlSi10Mg samples; and 100 % of the work related to the
HX samples. All graphs and associated results and discussion text was written wholly by
Sam Catchpole-Smith with exception of some work surrounding error analysis of the

experimental apparatus.

8.2 EXPERIMENTAL SETUP

This section details the setup for the experiment used to determine the convective

heat transfer performance of lattice structure samples manufactured via LPBF.

8.2.1 LATTICE STRUCTURES UNDER INVESTIGATION

The full range of lattice unit cell types under investigation is given in Figure 8.1.
Here, each illustration represents a 10 mm cube sectioned from the convective heat
transfer samples. Each 10 mm cube contains a 2x2x2 array of unit cells, for a unit cell
size of 5 mm. The top row in Figure 8.1 shows the isometric view of the unit cell to
demonstrate the variation seen in the unit cells in 3D. The bottom row shows the frontal
area seen by the flow, where the flow direction is in to the page. This aids in understanding
the geometric features that result in a large variation in both pressure drop and heat
transfer performance across the sample set as given later. Bar charts in Figure 8.1 provide

geometrical data for all of the lattice structure samples under investigation. As cell size

Sam Catchpole-Smith - March 2020 193



Laser powder bed fusion of lattice structures for thermomechanical applications

decreases, the SA:vol increases exponentially. This has an impact on the flow capabilities

and heat transfer performance of the samples which will be discussed in the later sections.
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Figure 8.1 - Full set of unit cells under investigation in this study. One unit cell is
shown per column, with the isometric view on the top row and the frontal view as
seen by the fluid flow on the bottom row. Each represents a 10 x 10 x 10 mm section
with 5 mm unit cell size. Surface area to volume ratio (SA:vol) is given in the bar

charts and relates to the volume of solid material within each cell.
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8.2.2 PIN-FIN BENCHMARK SAMPLE
To compare the pressure drop and heat transfer performance of the lattice structures,

a classic pin-fin geometry was designed and manufactured via LPBF alongside the lattice
structure samples. The pin-fin spacing and geometry can be seen in Figure 8.2. This
geometry was chosen to be 20 % volume fraction, matching that of the lattice structure
samples to ensure the thermal performance per unit volume can be directly compared.
Throughout the following results, the data corresponding to the pin-fin benchmark is

displayed as a black line.

TOP VIEW
S, =5 mm D=2 mm

-
< >

O

Figure 8.2 - Geometry data for the pin-fin benchmark coupon with spanwise spacing
Ss =5 mm, streamwise spacing Sx = 5 mm, pin diameter D = 2 mm and pin length L
= 10 mm. This provides a ratio L/D = 5. This layout can be seen in 3D on the right-

hand side (top wall removed for clarity).
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8.3 EXPERIMENTAL RESULTS
8.3.1 PRESSURE DROP — AlSi10Mg

Figure 8.3 shows the friction factor augmentation results for the matrix phase lattice
samples across the full Reynolds range. All samples shown here had approximately 2 —
15 times increase in friction factor augmentation compared to the pin-fin sample. There
is a clear negative correlation between cell size and friction factor augmentation; large
cells resulted in the lowest frictional losses and reducing cell size progressively increased
the frictional losses. This was true across all matrix phase cell types. For each cell size,
the GYR M cell type had the lowest friction factor augmentation of the three matrix phase
unit cell types tested, whilst the SCH M cell type had the highest frictional losses.
However, an interesting trend was seen for the SCH M cell type: the friction factor
augmentation performance disparity compared to GYR M and DIA M decreased as cell
size decreased. At 2.5 mm cell size, the SCH M performance was near parity with the
other samples at higher Reynolds number flows. The SCH M may visually appear to
provide an easy path for fluid through the holes in the geometry (Figure 8.1, column 3).
However, this entrance region is actually highly restrictive as the fluid is forced through
these holes only, whereas a more constant but meandering path is possible in the GYR M
(Figure 8.1, column 2) and DIA M (Figure 8.1, column 1) unit cells. At 2.5 mm cell size,
the high SA:vol of the GYR M and DIA M compared to the SCH M (Figure 8.1, bar
chart) counteracts the benefits of a geometry that is less restrictive to flow, equalising the

friction factor augmentation across the three unit cell types.
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Figure 8.3 - Friction factor augmentation (f/fo) across the Reynolds number range
for all matrix phase lattice samples. Note the negative correlation between cell size

and friction factor augmentation.

By extracting the results for GYR M and DIA M 2.5 mm and 10 mm cells at Re =
20,000 and plotting without the visual compression present using logarithmic scale, the
impact of cell size is evident (Figure 8.4). Simply by decreasing the cell size by 75 %,
there was an associated increase in friction factor augmentation of approximately four
times, or an order of magnitude at low Reynolds conditions. This effect was driven by the
increase in SA:vol with decreasing cell size. As the LPBF manufactured samples can be
considered high roughness when compared to conventionally manufactured heat
exchanger geometries, the associated fouling of the flow can be significant when the flow
is forced through narrow passages or around fine features. This absolute surface

roughness is improving as process understanding and optimisation is developed.
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However, manufacturing process induced surface roughness will still remain constant
across feature size scales in LPBF, i.e. the surface roughness will be the same for a5 mm
thick wall as it will be for a 500 um thick wall. If the surface roughness and flow
conditions remain constant, the boundary layer thickness at the surface will remain
constant, occupying a larger proportion of the flow area as cell size decreases. A loss of
approximately 10 % of the free flow area is seen in the GYR M example in Figure 8.5.
Therefore, the relationship between feature size and friction factor augmentation is not

linear.

1600

= 20,000

iff, @ Re

DIAM 10 DIAM2.5 GYRM 10 GYRM25

Figure 8.4 - Friction factor augmentation (f/fo) at Re = 20,000 for the GYR M and
DIA M 2.5 mm and 10 mm cells only. This demonstrates the effect on frictional losses

as cell size is decreased.
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(a) GYRM 10mm

GYRM
10 mm 2.5 mm
Boundary (%) 4.4 12.6
Flow area (%) 79.4 72.6

2.5 mm (c)

() | GYRM 25mm

2.5 mm

Figure 8.5 - lllustration of the change in boundary layer area (red) and free flow

area (blue) when moving from 10 mm (a) to 2.5 mm (b) cell size.

The network phase samples followed the same negative correlation between friction
factor augmentation and cell size (Figure 8.6). Importantly, the 10 mm cell size network
lattice samples provided lower friction factor augmentation than the pin-fin benchmark
across the full Re range. This indicates that despite the complex appearance of the
network lattice structures, the flow path through the geometry can be relatively free,
providing that a large cell size and hence low SA:vol is chosen. The GYR N had a better
performance than the DIA N across all cell sizes and the performance delta between these
two unit cell types was greater in the case of the network phase than for the matrix phase.
Further, the performance delta remained at 2.5 mm cell size whereas in the matrix phase

samples, performance delta between DIA and GYR narrowed as cell size decreased. The
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DIA N 5 mm sample only provided an approximately 23 % decrease in friction factor
augmentation than the GYR N 2.5 mm sample, despite the significantly lower SA:vol
(Figure 8.1, bar chart). This demonstrates that geometry has a significant effect on the

frictional losses and it is not SA:vol alone that dictates the pressure drop performance of

a sample.
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Figure 8.6 - Friction factor augmentation (f/fo) across the Reynolds number range
for all network phase lattice samples. Colours refer to unit cell type, marker fill

refers to cell size. Note the improved frictional losses compared to the matrix phase

(Figure 8.3).
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The difference in friction factor augmentation at Re = 20,000 between the matrix and
network phase lattices at 5 mm cell size is apparent in Figure 8.7. The GYR M sample
had approximately 2.7 times greater friction factor augmentation than the equivalent GYR
N sample, which itself had approximately twice the friction factor augmentation of the
pin-fin geometry. This relationship is also true for the DIA samples but with greater
frictional losses in each case. Overall, this would indicate that for applications where
frictional losses need to be kept to a minimum, network cell types are the logical choice.
However, the friction factor augmentation performance is only one factor to consider,
with the heat transfer performance being equally as important. Once this is taken into
consideration, the choice of unit cell may move towards one with a higher friction factor,
but improved heat transfer. The relationship between friction factor and heat transfer
performance is evaluated using a range of ‘thermal performance’ indices explored later

in this Chapter.
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Figure 8.7 - Friction factor augmentation (f/fo) at Re = 20,000 comparing the
performance of the matrix phase against network phase for the GYR and DIA unit
cell type at 5 mm cell size.
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8.3.2 HEAT TRANSFER PERFORMANCE — ALSI10MG
Figure 8.8 shows the Nu for all the lattice samples tested. It illustrates the wide range

of performance possible using lattice structures, where a minimum of 5 times increase in
Nu compared to the pin-fin benchmark was seen. This indicates that the complex lattice
geometries dictate a flow path that acts to prevent a significant thermal insulation layer
of static fluid from forming at the surface of the structure. Therefore, they are highly

effective at inducing convective heat transfer from the structure to the coolant flow.
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Figure 8.8 - Nusselt number for all lattice samples tested across the full Reynolds
range. The minimum and maximum Nu of 300 and 7000 respectively demonstrates

the wide range of operation possible using lattice heat exchange geometries.

Nusselt number augmentation (Nu/Nuo) was greatly increased by moving from
10 mm to 5 mm cell size (Figure 8.9), as a larger SA:vol (Figure 8.1, bar charts) resulted

in enhanced interaction between the fluid flow and the surface of the lattice geometry.
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Little gain was seen by then decreasing cell size to 2.5 mm for the GYR M sample,
however. This suggests that there is a fundamental limit to the improvement of heat
transfer performance achievable via the reduction of feature size (or increase in SA:vol),
beyond which the proportion of boundary layer to free flow area becomes too large. As
with the friction factor augmentation results, the SCH M sample was the lowest
performing geometry at 10 mm cell size. However, performance increased relative to the
other matrix phase samples as cell size decreased, reaching performance parity at 2.5 mm
cell size. At large cell sizes, the SCH M geometry allows for a large proportion of the air
to pass directly through the structure via holes aligned with the flow direction. This
prevents turbulation and mixing of the air within the cell, therefore decreasing interaction
between the air and lattice surface resulting in a poor Nu. At smaller cell sizes, the free
path for the air is significantly reduced, forcing increased surface interaction and hence
improving Nu. Due to this relationship, the SCH M unit cell would not be chosen at cell
sizes 5 mm and above due to high friction losses and poor heat transfer performance.
However, below that size limit the SCH M can be as effective in convective heat transfer

as the other unit cell types.
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Figure 8.9 - Nusselt number augmentation plots for the matrix phase lattice samples

across all unit cell sizes

The Nu augmentation results for the network phase lattice samples (Figure 8.10)
overall followed the same trends as those seen for the matrix lattice phase, however there
was now a flat or slightly negative correlation between Nu/Nup and Re. Across all cell
sizes, DIA N achieved a higher Nu augmentation than GYR N. The GYR N lattice allows
for a low number of large diameter free-flow paths through the structure (Figure 8.1,
column 6). In contrast, the DIA N has a larger number of small diameter paths (Figure
8.1, column 5), resulting in a higher degree of interaction between the fluid and the
structure. As a result, the DIA N geometry is more effective at transferring heat into the

coolant fluid, increasing the Nu values.
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Figure 8.10 - Nusselt number augmentation for the network phase lattice structure

samples across all cell sizes

8.3.3 THERMAL PERFORMANCE INDICES — ALSI10MG
The thermal performance rating of a heat exchange geometry can be represented in

multiple ways and care must be taken to select the correct index for the heat exchanger
application. In this section, two thermal performance indices are provided for the lattice

structure dataset and the significance of each is discussed. These indices are ordered as

follows:
Nu
1 TPnorm T
Nu/N
2. TPpoq = 7 111/03
/fa)
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8.3.3.1 TPnorm INDEX

TPnorm (Figure 8.11) attaches equal weighting, and therefore equal engineering
design importance, to Nusselt number and friction factor. This TP index may be used for
applications where pressure drop across the heat exchanger needs to be kept to a minimum
and hence some convective heat transfer performance must be sacrificed. Using TPnorm,
all of the lattice structure samples provided an efficiency enhancement over the pin-fin
benchmark. The network phase samples performed particularly highly, providing
approximately 6.5 — 16.7 times TP increase at Re = 25,000. The network phase samples
had a higher thermal performance than the matrix phase due to the lower frictional losses
compared to the matrix phase. Whilst the lattices showed enhanced thermal performance,
performance gain may not be significant enough to outweigh the added complexity in
qualifying the structural integrity of lattice structures. In contrast, pin-fin geometries are

relatively simple and methods of qualification post-manufacture are well-understood.

At Re > 10,000 the 10 mm cell size samples proved to be the most efficient for the
network phase lattices (Figure 8.11) using TPnom, With the GYR N 10 mm having the
highest TPnorm Overall. At Re > 20,000, the GYR M 5 mm sample had the highest TP out
of the matrix phase group. It is important to note that despite the 2.5 mm cell size samples
providing the highest Nu augmentation, they achieved some of the lowest TPnorm Values
due to excessive pressure drop. This is a manifestation of the effects of geometry on flow
fowling: small feature sizes and large flow rates result in a significant proportion of the
flow path being lost to viscous boundary layers, leading to poor TP. TPnorm Would be ideal
for applications where coolant fluid is only available at low pressure, for example air
delivered using an axial fan in an electronics enclosure. Here, a low pressure drop heat
transfer region is required to ensure coolant can be fed through the system at high enough
mass flow rates. However, in an application where coolant is supplied at high pressure, a

geometry chosen based on TPnorm may result in a heat exchanger with too small a pressure
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drop. As a result, mass flow rates through the component may be too high and overall

system efficiency would be lost due to underutilisation of the coolant fluid.
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Figure 8.11 - Thermal performance metric TPnorm [NU/f] against Reynolds number
for the matrix phase (top) and network phase (bottom) lattice structure samples.
Note the modest performance increase between the lattice samples and the pin-fin
benchmark using this performance metric.
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8.3.3.2 TPwop INDEX
Using the modified thermal performance index (TPmod), the weight of friction factor

on thermal performance value is decreased and enhanced heat transfer performance is
promoted. It is clear that the lattice structure samples have a significant performance
advantage over the pin-fin benchmark using this index (Figure 8.12), outweighing the
added complexity involved with implementing and verifying lattice structure heat transfer
geometry. The GYR M 5 mm sample provided the highest thermal performance when Re
> 10,000 at 40 times that of the pin-fin, with the DIA M 5 mm giving slightly better
performance at Re < 10,000. SCH M 10 mm and 5 mm and DIA M 10 mm had the worst
TPmod due to poor Nusselt augmentation values (Figure 8.9) and high friction factor
augmentation. However, at 2.5 mm cell size, SCH M ranked equal in TPmoq with the other
unit cell types as its low SA:vol prevented significant fouling of the flow. The network
phase lattice structures have a relatively flat TPmog across the Re range and as a result
have a higher performance than the matrix phase at Re > 7,000 (TPmod: GYR M 10 = 4.0,
GYR N 2.5=4.4at Re = 3,400). The 2.5 mm network samples provide the highest TPmod,
showing that reducing cell size below 5 mm can improve TP when using geometries that

are less prone to flow fouling.

TPmod is an example of how analysis of thermal performance can be modified to suit
different applications — any value can be used as the exponent of friction in the equation,
as required. TPmod favours high heat transfer performance at the expense of pressure drop
through the heat transfer region. It is ideal for applications where coolant pumping energy
is not a primary system limitation and can be supplied at a high pressure. A suitable use
case is in cooling of post-combustion gas turbine components such as turbine blades and
guide vanes, where coolant air is supplied by the compression stage at a pressure typically
3 bar greater than the pressure of the hot gas path. Therefore, any coolant air exiting

component cooling channels into the hot gas path will undergo a 3 bar pressure drop,
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more than sufficient to enable effective use of any lattice structure tested here.
Consequently, geometries with the greatest thermal performance according t0 TPmod

(Figure 8.12, GYR M 5) are preferred, despite their high friction factor augmentation.
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Figure 8.12 - Thermal performance metric TPmod against Reynolds number for the
matrix phase (top) and network phase (bottom) lattice structure samples. Note the

relatively flat relationship between performance and Re using this metric.
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8.4 HASTELLOY-X LATTICE CHARACTERISATION

A selection of geometries were manufactured in Hastelloy-X (HIP + HT condition)
and tested using the same methodology. It was important to determine the performance
of the samples manufactured in this material due to differences in the as-manufactured
surface roughness (see Chapter 4 section 4.5.3) and properties of the bulk material,
particularly thermal conductivity. This section will provide the pressure drop and heat
transfer performance of the Hastelloy-X samples and also draw comparisons to the data

given previously for the AlSi10Mg samples.

8.4.1 PRESSURE DROP — HASTELLOY-X
Figure 8.13 shows the friction factor augmentation values for the HX samples across

the full Re range. As with the AISi10Mg samples, there is a negative correlation between
Re and f/fo. The DIA M and DIA N 2.5 mm samples showed the highest f/fo as expected
due to the smallest cell size tested. The GYR N 2.5 mm sample had significantly lower
f/fo despite having the same cell size, matching that seen in the AISi10Mg testing. The
BCC AN cell also showed a low f/fo as like the GYR N, it has a free flow path through
the geometry which provides a low pressure drop path for the air. As a result, there is less
interaction with the geometry and therefore it should be expected that the BCC AN will
also have a lower heat transfer performance. As seen in the AlsilOMg samples, the GYR
M 5 mm sample had similar f/fo performance to the 2.5 mm network phase samples
despite having double the cell size. This further demonstrates how the continuous wall
structure of matrix phase geometries results in a high pressure drop due to increased flow
interaction. The GYR N and DIA N 5 mm performance was equal at Re > 10,000, an
unexpected result that may suggest that the GYR N sample was manufactured slightly

oversize, or the DIA N was manufactured slightly undersize.
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Figure 8.13 - Friction factor augmentation (f/fo) across the Reynolds number range
for all Hastelloy-X samples. Note the negative correlation between cell size and

friction factor augmentation.

When comparing the f/fo to that of the AlSi10Mg samples (Figure 8.14) it can be
seen that the HX GYR M 5 mm had greater than double the frictional losses. However,
the f/fo increase for the DIA N 5 mm was not so significant. This is due to a combination
of the increase Sa value of the HX samples (HX Sa = 17.8 um, AlSi10Mg Sa = 15.5 um,
discussed in section 4.5.3.1) and the geometry, where the matrix phase is more susceptible
to increases in surface roughness due to the higher degree of interaction between the walls
of the geometry and the air. This result indicates how important surface roughness is to
frictional losses in convective heat transfer applications. For increased performance of
lattice structure heat exchangers, methods for reducing surface roughness should be
investigated. These may be in-process optimisations such as scan strategy or process
parameter modifications or may be post-processes such as abrasive particle machining.
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However, it is also important to consider that surface roughness may also increase heat
transfer and so overall performance in heat exchange may not be improved by reducing

surface roughness.
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Hastelloy-X
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AlSi10Mg
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200
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Figure 8.14 - Comparison of friction factor augmentation between HX and
AlSi10Mg for the GYR M 5 mm and DIA N 5 mm samples. All data taken at Re =

20,000.
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8.4.2 HEAT TRANSFER PERFORMANCE — HASTELLOY-X
The Nu augmentation results for the HX samples are given in Figure 8.15. As with

the AISi10Mg samples, the DIA N 2.5 mm sample had the highest Nu/Nuo. However, the
performance was reduced for the HX samples, ranging 5 — 26 compared to 16 — 40 for
the AISi10Mg. This is due to the reduced thermal conductivity of the HX bulk material
(HX: k =9.7 W.m1K? AISi10Mg: k = 103 W.m™.K? at 293 K). As the apparatus heats
the lattice sample from the bottom surface, the heat must be conducted through the lattice
geometry before it can be transferred to the air via convection. A material with a higher
thermal conductivity will be able to conduct the heat more effectively, with a more even
temperature distribution through the geometry in the direction perpendicular to the heated
surface. The HX cannot conduct heat so effectively and so there will be a steeper

temperature gradient in this direction.
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Figure 8.15 - Nusselt number augmentation for all HX samples across the full Re
range.
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Convective heat transfer is more efficient when the temperature differential between
the geometry and the air is greater; the HX sample will be cooler towards the top and
therefore less efficient at transferring heat to the air. Overall, this results in a reduced
Nu/Nuo. In a real engineering application this effect can be accounted for through design
by using a graded lattice structure. If the volume fraction is higher at the hot surface and
is gradually reduced in the direction perpendicular to this surface, effective thermal
conductivity of the geometry will be tailored in a way that enables a more even
temperature distribution. This in turn will increase the Nu (and therefore Nu/Nuo) of the
heat exchanger. This idea was explored in Chapter 6 (‘Thermal conductivity of lattice
structures’) where graded lattices with tailored effective thermal conductivity values were

modelled and manufactured.

8.4.3 THERMAL PERFORMANCE INDEX - TPyorwm
TPnorm favours low pressure drop over high heat transfer as discussed in section

8.3.3.1 and is ideal for applications requiring a low pressure drop heat transfer geometry.
As a result, the 2.5 mm cell size samples had the lowest TPnorm performance due to their
high friction factor and the larger cell size samples showed the highest performance.
TPnorm Was in the range 2 — 200 compared to the AlSi1l0Mg samples with the range 6 —
730. This greatly decreased performance rating is a result of the increased f/fo and
decreased Nu/Nuo seen previously for the HX samples. However, at Re = 20,000 the
lowest performing HX sample (DIA M 2.5 mm) was similar to that of the AISi10Mg pin-
fin benchmark sample (TPnorm = 17 and 20 respectively), showing that even when
manufactured in a material with a significantly lower thermal conductivity, the lattice
structures are an effective convective heat transfer geometry. In applications where
aluminium is chosen for high heat transfer at the expense of some mechanical
performance, lattice structures may provide the increase in heat transfer required to enable

choice of a material with higher mechanical strength that would normally be discounted
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due to poor thermal performance. This is a further degree of design freedom that can be
unlocked through AM processes that enable manufacture of complex geometries that

improve upon classical pin-fin or narrow channel heat exchangers.
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Figure 8.16 - Thermal performance metric TPnorm [Nu/f] against Reynolds number

for the HX lattice structure samples.

The performance delta in TPmod between the same geometries manufactured in HX
and AISi10Mg is made clear in Figure 8.17. The performance of the DIA M 5 mm sample
is approximately an order of magnitude greater in AlISilOMg than HX, demonstrating
why aluminium alloys or alloys with high thermal conductivity are used in heat exchange
applications. A nickel alloy such as HX would only be used in applications where its
properties such as corrosion resistance and high strength at elevated temperatures are
required. The poor TPmod performance of the matrix phase HX geometry is again a result
of the compounding high f/fo and low Nu/Nup (1000 and 17 respectively at Re = 20,000 _.

The performance delta for the GYR N 5 mm lower at 0.28 times the AISi10Mg equivalent
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due to its lower f/fo (500 at Re = 20,000). This is despite the lower Nu/Nuo than the GYR

M 5 mm (8.5 at Re = 20,000), which is an effect of the equal weighting on friction and

Nu of the performance index TPmod.
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Figure 8.17 - Comparison of thermal performance index TPnorm between HX and
AlSi10Mg for the DIA M 5 mm and GYR N 5 mm samples. All data taken at Re =

20,000.

8.4.4 THERMAL PERFORMANCE INDEX TPyop
This performance index is tailored for choosing geometries with a high heat transfer

performance where a greater degree of frictional losses are acceptable as discussed in
section 8.3.3.2. The TPmod data for the HX samples is given in Figure 8.18. Here, the DIA
N 2.5 mm sample provides the highest performance as a result of its increased Nu/Nuo
and despite its high f/fo. This geometry is also the highest performer in the AlSi10Mg
sample set. The GYR N 2.5 mm sample provides a lower than expected TPmod cOnsidering
the performance of the other 2.5 mm cell size samples and is a result of its low Nu/Nug

performance. The GYR N geometry thins substantially at certain points through the cell,
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which when coupled with the low thermal conductivity of HX, may produce areas with a
high resistance to conductivity of heat. This thinning effect is exacerbated by reducing
cell size with a constant volume fraction. As a consequence, the temperature gradient seen
in this sample is likely to be steep, with a decreased convective heat transfer efficiency in
the cells furthest away from the hot surface. This performance drop is not evident in the
AlSi10Mg samples, which may be as a result of the high thermal conductivity of this
material overcoming the bottleneck of the thin geometry. If this geometry was to be
implemented at small cell sizes, some modifications to the unit cell may be made to

increase the material thickness in these regions.
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Figure 8.18 - Thermal performance metric TPmod against Reynolds number for the

HX lattice structure samples.

When comparing TPmod results with those from the AISi10Mg sample set, it can be
seen that the performance delta is decreased compared to that for TPnorm (Figure 8.19).
The TPmod values of the HX samples are 23 % and 36 % of the AISi10Mg for GYR M
5mm and DIA N 2.5 mm respectively. Further, the HX samples all exceed the TPmod
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performance of the AISi10Mg pin-fin benchmark by a minimum factor of 3. This
demonstrates the capabilities of lattice structures for convective heat transfer in
applications where frictional losses and therefore pressure drop are of less importance.
Designers may now be able to specify a high specific strength alloy such as titanium in
place of an aluminium alloy, where otherwise this may not be possible due to the low

thermal performance of conventional heatsink designed manufactured in titanium alloys.
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Figure 8.19 - Comparison of thermal performance index TPmod between HX and
AlSi10Mg for the GYR M 5 mm and DIA N 2.5 mm samples. All data taken at Re =

20,000
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8.5 CONCLUSIONS

The convective heat transfer testing apparatus described in Chapter 6 was used to
evaluate a total of 22 lattice structure samples across six unit cell types, three unit cell
sizes, two materials and with size scales that are applicable to a wide range of components
in a variety of engineering fields. It was shown that using thermal performance index
TPmod, the lattice structures provided significantly improved performance over pin-fins
(10 — 20 times TPmog increase). For applications where TPnorm is more applicable, the
lattice structures provided a modest performance increase. The AlISilOMg sample set
showed improved performance over the HX sample set due to the high thermal

conductivity of the base alloy and reduced surface roughness.

Through appropriate geometry and cell size choice, the lattice structures can be
applied in a variety of applications irrespective of whether they require low pressure drop
or maximum heat transfer performance (with high pressure drop penalty). The thermal
performance achieved demonstrates the potential of TPMS lattice structures in high
performance heat exchange applications, particularly where a high pressure drop is
available. Here, convective heat transfer far exceeds that possible using a typical pin-fin
geometry. For applications where pressure drop must be minimised, some network phase
TPMS geometries are suitable but the argument for their implementation is less clear due
to the added complexity in qualifying components that use lattice structures. Some
practitioners may prefer to use well-understood pin-fins or straight channel heat
exchangers. If methods are developed to reduce the surface roughness of internal
geometry, it may be possible to improve the pressure drop of the geometries with the
highest Nu, enabling their use in applications where only low pressure drop is acceptable.
This may be via optimisation of LPBF process parameters for specific geometries or via

post-processing. The thermal performance data provided here can serve as a toolbox for
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design engineers in selection and implementation of lattice heat exchangers and this

capability will be explored in the next Chapter.

For convective heat transfer applications, the following design recommendations are

made:

If a higher pressure drop is acceptable, choose matrix phase GYR lattices for
enhanced heat transfer. Otherwise, choose network phase (DIA or GYR)

If a higher pressure drop is acceptable, choose a smaller cell size where
possible but be aware of system resolution limits — if cell size is designed too
small, features will be manufactured oversize and pressure drop through the
structure will increase as a result

Where only low pressure drop is acceptable, choose the largest practical cell
size for the dimensions of the region to be filled with lattice

For low pressure drop applications, other geometries may be preferable for
ease of verification. The additional benefits of lattice structures (mechanical

performance, self-supporting in LPBF) should also be considered, however

Lattice structures can also provide additional mechanical performance over

conventional heat exchange geometries, enhancing component value further if under

thermomechanical loading. This is of particular interest for the aerospace industry, where

mass of components and therefore specific properties are important. In this case, a lattice

structure that provides equivalent TP to pin-fins, but using less material may be chosen.

Alternatively, engine fuel efficiency may be increased by improving cooling performance

and adding strength or stiffness without increasing weight. These aspects must be

balanced and optimised for effective implementation of lattice structures for

thermomechanical applications.
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9 APPLICATION OF LATTICE
STRUCTURES FOR HEAT
TRANSFER
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9.1 INTRODUCTION

Lattice structures have a high potential for application in heat transfer components
as demonstrated in the previous Chapters. Practical insight regarding the introduction of
this technology into complex engineering components is currently lacking, however. The
experimental work described previously has characterised the heat transfer properties for
a range of structures. In this Chapter, the data from this work was used to design and
manufacture heat transfer components via LPBF. Lattice structures are used to
incorporate heat transfer capability into three demonstrator components: a low-profile
GPU heatsink representing applications in high-power electronics; a compact fluid-fluid
heat exchanger; and a modified gas turbine nozzle guide vane. The designs presented here
enable increases in performance alongside improved packaging, in both shape and
volume, whilst minimising mass. This capability is evaluated in the case of the GPU,
showing improved cooling performance whilst achieving a 90 % mass and 93 % volume
reduction. As the understanding of and confidence in metal AM processes such as LPBF
for manufacture of heat exchange components increases, the implementation of complex
geometries such as lattice structures can begin to proliferate. To this end, this Chapter
aims to provide a guide for the introduction of TPMS lattice structures into high value

components.
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9.2 APPLICATION CASE-STUDIES
9.2.1 LIGHTWEIGHT, SMALL-PACKAGE HEATSINK FOR ELECTRONIC CHIPS

The preface for this case study is given in the literature review, section 2.6.4.1,
illustrating how cooling of electronic chips is limited by available package size and
coolant fluid. Air cooling methods are performance limited by mass flow rates and
pressures generated by bladed fans or centrifugal blowers. By using compressed air as the
coolant, the pressure head of the supply can be increased and the performance of the
heatsink improved through increasing the surface area available for heat transfer to the

air.

In order to demonstrate the heat transfer capabilities of LPBF manufactured lattice
structures, this case study uses a computer graphical processing unit (GPU) as an example
of a high-power electronic chip. With the highest heat generation of any chip in a PC, the
GPU requires a large conventional heatsink to ensure the die temperature does not exceed
100 °C. At this temperature, software limits are imposed that throttle the performance of
the chip to reduce the temperature and prevent failure. The bulky stock heatsink (Figure
9.1) uses comparatively inefficient forced convection provided by an electronic fan with
minimal ducting to direct the airflow through the finned heatsink and into the
surroundings. The fins are manufactured from aluminium sheet, stamped into cross-
sections and then mechanically fixed together using tabs (Figure 9.1 (2)). The fin array is
in contact with heat pipes which are used to draw heat away from the GPU chip, via the
surface plate, and distribute it evenly across the length of the fins. Heat pipes utilise phase
change heat transfer, evaporating a coolant at the cold side, transporting the fluid through
the pipe via a wick, and condensing it again at the cool side. This provides a heat transfer
coefficient an order of magnitude or greater than standard forced convection heat transfer.
Importantly, there is no metallurgical bonding between the surface plate, the heat pipes
and the fin array (Figure 9.1 (b)). This impedes the efficiency of heat transfer away from
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the GPU chip and into the coolant air when compared to the LPBF manufactured heatsink.

Using LPBF, the heatsink can be formed as a solid block of aluminium with no barrier to

heat flow between the GPU and the lattice.

238 mm

Heat pipes not
metallurgically
bonded to GPU
surface plate

Fins mechanically
joined with tabs

Figure 9.1 - The stock GPU heatsink with 2x fans for forced convection. Heat pipes
draw heat away from the GPU which is in contact with the GPU surface plate. Heat
transfer efficiency is impeded by the lack of metallurgical bond between the fins (a)

and between the heat pipes and surface plate (b).

9.2.1.1 GPU HEATSINK DESIGN FOR LPBF
The stock heatsink was replaced by a low-profile aluminium block with an integrated

lattice structure (Figure 9.2). The gyroid matrix lattice structure was chosen for its high
heat transfer coefficient and fin-like structure which makes it ideal for short, wide
heatsink applications. The high pressure drop associated with this lattice is offset by using
a single channel through the heatsink rather than a snaking or S-shaped route, reducing
the overall travel length of the fluid through the heatsink and minimising pressure drop.
This parallel flow geometry also allows for a higher mass flow rate of air through the
heatsink at any given pressure, increasing the available cooling power. An advantage of

AM is the ability to grade the volume fraction (or amount of material per volume)
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according to design requirements. In a heatsink that is conducting heat away from a
surface and then transferring that heat to a fluid, the rate of heat transferred to the fluid is
proportional to the difference in temperature between the heatsink and the fluid. This
temperature difference is greatest at the hot surface, dropping as the distance from the
surface increases. As you move away from the surface, less heat remains to be removed
and hence the volume of material required to efficiently conduct this heat decreases. By
linearly reducing the volume fraction of the lattice in the Z-direction (Figure 9.2), the
mass, and therefore cost of the heatsink can be reduced whilst retaining heat transfer
performance. In this instance, volume fraction grading also reduces the average pressure
drop across the heatsink when compared to a constant volume fraction. Therefore, the

coolant pumping power requirements are also reduced.

Table 9.1 - Properties of the GPU heatsinks analysed here. Note the difference in

mass and volume between the stock and lattice heatsinks

Mass Length Width Height Volume Surface area

SA: Vol
@ (mm) (mm) (mm) (mm’) (mm?)
Stock heatsink 451 234 98 30 687960 173888 0.253
Lattice heatsink 81 71 61 10 43310 25838 0.597
Lightweight heatsink 49 71 61 10 43310 25838 0.597

The benefits of using a lattice structure heatsink in terms of mass and volume are
evident from the data in Table 9.1. The mass of the lightweight lattice heatsink is < 10 %
of that of the stock heatsink, a vast improvement for any application where mass results
in a higher fuel burn. A lighter heatsink therefore acts to reduce cost. The significantly
smaller volume, particularly the reduction in height from 30 mm to 10 mm, enables the

GPU to be packaged much more efficiently. Surface-area-to-volume ratio data illustrates
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how LPBF manufactured lattice structures can be used to create a heat transfer device that
packs a very large surface area into a small casing. This is the key to achieving high
performance for minimal mass and volume. Further, using a compressed air feed for the
coolant that vents externally to the electronics enclosure ensures that the hot air passing

through the heatsink is not directly dumped into the local environment of the GPU.

Basic lattice heatsink design Lightweight lattice heatsink design

YZ plane — cross-section XY plane — cross-section

0.27 mm 7»]?—

Graded volume
fraction

045mm —
A T |

Cool air in Warm air out

Figure 9.2 - lllustration of the lattice GPU heatsink design. A gyroid matrix lattice
is used with a graded volume fraction in the Z-direction, from 30% at the hot surface
to 15% at the top. Compressed air is supplied from a single inlet and travels across

the heatsink in the X-direction.
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9.2.1.2 GPU HEATSINK MANUFACTURE AND TESTING
The lattice heatsink was manufactured in AISilOMg via LPBF (Figure 9.3)

(Renishaw AM250, laser power 200 W, point distance 80 pum, exposure time 140 ps,
layer thickness 25 pum). To demonstrate the performance, graphical benchmark tests were
performed with simultaneous temperature logging of the GPU die. The testing package
GpuTest from Geeks3D includes GiMark geometry instancing test and PixMark Piano
pixel shader test. Each test places a 100 % load condition on the GPU, representing the
greatest possible thermal demands on the heatsink for this chip. The GPU was allowed to
reach thermal steady state at idle (29 — 31 °C for stock heatsink, 24 — 26 °C for lattice
heatsink) before each test was run for 60 s. After the test, a further 60 s period was

recorded to trace the temperature response after the 100 % load condition was removed.
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Figure 9.3 - AISi10Mg lattice GPU heatsinks after manufacture via LPBF (a), (b).
The heatsink as installed in place on the GPU is shown in (c). The small volume

occupied by the heatsink is evident when compared to the stock heatsink.
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The results of this testing can be seen in Figure 9.4, where the lattice heatsink
improved on the cooling performance in both test cases with a reduction in maximum
temperature of 2 °C in the GiMark benchmark. Further, the lattice heatsink provides
better response to changes in load as indicated by the ramp-up and ramp-down of
temperatures under switching loading conditions. At the start of each benchmark test, the
stock heatsink undergoes a sharper positive temperature gradient than the lattice heatsink.

After loading is removed, the GPU temperature returns to idle temperature within 60 s

GiMark — 60 s run time
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Figure 9.4 - Temperature vs. time plots comparing the stock heatsink (blue) to the
lattice heatsink (orange) whilst running GiMark and PixMark Piano benchmarking
tests. Throughout, ambient temperature is 21 °C.
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using the lattice heatsink, whilst the stock heatsink remains 5—7 °C above idle

temperatures.

Whilst the temperature reductions seen here are not profound, this case study
represents a non-optimised demonstration of the possibilities of using lattice structures as
heatsinks for electronic chips. The reduction in size of the heatsink is particularly valuable
for the electronics industry where packing constraints limit the performance of the cooling
solution. Further, for applications in aerospace and automotive, a lattice-based heatsink
may be useful where space is at a premium and any excess mass results in fuel efficiency
losses and therefore cost increases. Utilising thermal modelling and optimisation studies,
the geometry of the heatsink can be modified to ensure that the best performance is
achieved. For some applications, a higher mass and volume may be permitted for higher
heat transfer performance, for example if temperatures can be reduced by > 15 °C. In
other cases, mass and volume may be minimised as a means of providing sufficient
cooling power but with the smallest possible footprint for applications where component

packing density is important.
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9.2.2 GAS TURBINE NOZZLE GUIDE VANE WITH MODIFIED INTERNAL COOLING
In this case study, two base NGV geometries were explored — a single wall NGV

section with an empty core region, and a double-wall NGV section with a narrow channel
for heat transfer augmentation. The double wall example also features an open trailing
edge. It is desirable to make the trailing edge as thin as possible for aerodynamic
efficiency [205]. However, reducing the wall thickness comes at the risk of oxidisation
reaching unsafe limits in this region, effectively burning through the walls of the vane,
leading to failure. To prevent this, the thin trailing edge is protected from oxidation from
the hot combustion gases impinging on the surface by ejecting coolant air through a slot.
Addition of this slot typically requires ribs or ‘lands’ to retain the structural integrity of
the NGV, which decrease the effectiveness of the cooling. By using lattice structures in
the trailing edge region, the mechanical integrity is retained. The lattice also acts to
turbulate the air exiting the slot in the same way as the pin-fins that are conventionally
used. This use-case leverages the performance of lattice structures in heat transfer and
mechanical (thermo-mechanical) loading. A further feature of the double wall NGV
example is separation of the lattice region into sections dependent on the expected surface
temperatures. This allows for individual coolant paths through the NGV, where a higher
mass flow rate can be directed through the walls of hottest regions (leading edge, mid-
span pressure side, trailing edge) whilst reducing the mass flow rate where cooling
demands are not as high (vacuum side). Using the heat transfer performance data
presented earlier, cooling strategies are presented that can provide enhancement over
those present in classic NGV geometries. Three examples are then manufactured in a
nickel superalloy via LPBF (Xi’an Bright Laser Technologies S210, laser power 195 W,
scan speed 950 mm.s, layer thickness 40 pm), demonstrating the feasibility of applying

lattice structures in NGV designs.

230 Sam Catchpole-Smith - March 2020



Chapter 9: Application of lattice structures for heat transfer

Single wall — hollow core Double wall with open trailing edge

122 mm

Core with diamond network 2.5 mm cell lattice ‘Wall channel with gyroid network 2.5 mm cell lattice

Figure 9.5 - Demonstration nozzle guide vane models: (a) a single wall geometry with
a core region filled with diamond network lattice with constant volume fraction; (b)
a double wall geometry with gyroid network lattice region sandwiched between the

walls; (c) a trailing edge featuring a slot for film cooling.
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Figure 9.6 - Demonstrator NGV sections manufactured in Inconel 718 superalloy
via LPBF. These sections show the capability of incorporating fine lattice features

into a high-value component.

Lattice structures may play an important part in advancing the cooling capabilities
of turbine NGV. By replacing conventional features such as pin-fins that are largely
limited by investment casting, new design possibilities can be explored. The thermo-
mechanical performance of lattice structures presents the opportunity to create NGV
sections with thinner walls than normally possible, especially in the trailing edge region
where an aerodynamic advantage is gained from doing so. An important finding in this
case-study is that of applying lattice structures to thin sections — in small gas turbine
engines, the first stage NGV may well be too small to effectively implement lattice due
to the resolution limits of the LPBF process. Lattice features below 150 um are difficult
to manufacture accurately and also may have lower mechanical properties than expected

due to the inaccurate manufacture.
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9.3 CONCLUSIONS

Laser powder bed fusion enables the manufacture of complex lattice structures that
until now have mainly been utilised for mechanical performance enhancement. The case
studies given in this Chapter demonstrate how TPMS lattice structures can also be used
as heat transfer surfaces in a variety of applications. The potential for replacement of
bulky conventional heatsinks for high-power electronic chips with lightweight, low-
profile lattice heatsinks is attractive for the aerospace and automotive industry. However,
design optimisation studies must be utilised to ensure that the required performance is

achieved and the benefits of using lattice structures are fully exploited.

Gas turbine nozzle guide vanes may have significantly increased thermal and
mechanical performance with the implementation of lattice structures. Pin-fins are a
compromise based on manufacturing limits, which can be improved upon through
optimisation of lattice structures for heat transfer in these high-temperature environments.
LPBF overall is an important manufacturing advancement for this industry, but there are
many problems that must be addressed before critical components such as an NGV or
turbine blade are used in service. Overall, lattice structures present an opportunity for
improvements in a wide range of components that require heat transfer, however

optimisation will play an important role in ensuring maximum performance is obtained.
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10 CONCLUSIONS AND
FUTURE WORK
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10.1 FINAL CONCLUSIONS
The LPBF process has unique capabilities that see its increasing adoption across

high-value industries. It enables manufacture of components with a high degree of
complexity and with performance enhancing features that cannot be made in any other
way. One example of such complexity is lattice structures, that beyond proof of concept
parts, are to date mainly used to reduce component mass. Existing academic and industrial
research has developed lattice structure knowledge in the area of mechanical
performance, but their potential in heat transfer applications had not been explored. This
may be due to the non-standard apparatus required for experimental evaluation of these
structures. It was proposed that a new method for evaluating heat transfer in additively
manufactured structures was required. Both a conductive and convective heat transfer
apparatus was built for this purpose. This study has shown that through development of
such apparatus, the performance of lattice structures in thermal conductivity and
convective heat transfer can be characterised. Thermal evaluation was performed
alongside mechanical testing of samples in the Hastelloy-X, creating a toolbox of
performance characteristics that can be used for design of components under

thermomechanical loading.

The fundamentals of LPBF manufacture were explored in Chapter 4 — process
parameter development. Attempts were made to develop novel scan strategies for
manufacture of a Ni-alloys that is considered unweldable, using fractal or area filling
curves. Ultimately it was not possible to achieve acceptable material quality in this alloy.
Fractal scan strategies for metal LPBF were demonstrated experimentally and solid
samples were successfully manufactured (albeit with cracking, but this is a material-
dependent problem). Further, knowledge on the cracking phenomena in LPBF was

improved, with it being shown that the order in which a scan strategy is followed can
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result in specific areas having a higher propensity for cracking. This is an important
finding for further process development of unweldable alloys or others that also suffer
from high thermally induced stresses as a result of the rapid cooling in the LPBF process.
It can also be used to inform how scan strategies should be modified depending upon
geometrical features. For example, an intersection between two scan regions should not

be placed at sharp corners in any build layer, to prevent concentration of residual stresses.

Mechanical testing in Chapter 5 demonstrated the effect of HIP + HT on the
performance of the bulk alloy and lattice structure samples. The microstructure of as-
LPBF material is not desirable in many applications due to degraded creep and fatigue
performance that decrease the service life of a component. HT cycles are used to increase
the grain size and homogenise the grain structure of the material, but as a result, the
compressive yield strength of the bulk material was decreased by >38 %. Further, the
lattice structure modulus and yield strength values were also decreased, but importantly,
mechanical behaviour could be dictated through choice of geometry. The knowledge
gained here was that mechanical performance of lattice structures is driven by both
material condition (with or without HT) and geometry. Therefore, consideration of both

must be made for implementation of lattice structures in components.

Chapter 6 outlined the design and manufacture of custom thermal testing apparatus
to determine thermal conductivity and convective heat transfer performance of lattice
structures. ASTM standards guided the design for the thermal conductivity testing
apparatus but was the first apparatus seen in the literature for measurement of lattice
structure properties. Although it is based upon an ASTM standard, it will provide other

researchers with knowledge in how to measure similar samples in this way.

No standard was identified for convective heat transfer evaluation. Hence, a review

of the existing apparatus in the literature was used to guide the design of a new apparatus,
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but with modifications for the specific sample geometries and size scale required for this
work. The apparatus were successful and performed as expected and demonstrate a
suitable overall design for evaluation of lattice structures that can be used to inform other

researchers in designing similar apparatus.

The thermal conductivity properties of a range of lattice structures were determined
in Chapter 7. The thermal conductivity value of the material used for manufacture was
found to be the biggest driver for lattice thermal conductivity, however some interesting
geometrical effects were also discussed. The knowledge gained here was that structures
with thicker walls or struts, and larger connected internal void regions, provide a higher
effective thermal conductivity. This is due in part to internal natural convection currents,
a finding that validated the use of experimental measurement of thermal conductivity as
this second order effect could have been easily missed in computer simulations if CFD
was not implemented. Using the data from this Chapter, design engineers can specify
custom thermal profile components for either high conductivity, or for heat shielding
applications. This is a unique capability for TPMS structures that was made possible from

this work.

In Chapter 8, convective heat transfer performance of the lattice structures was
demonstrated. This is the most important work in this thesis and has the potential to enable
increased performance of heat exchange components across a range of industries. It was
shown that at nearly 100 % of the flow conditions tested, TPMS lattice structures
exceeded the performance of a pin-fin benchmark sample. This indicates that lattice
structures are a real candidate to replace conventional heat transfer geometries when
manufacturing via AM. AISilOMg and HX alloys were evaluated, showing how
performance curves for the geometries are shifted in the Y-axis when the thermal
properties of the base alloy is changed. The knowledge gained from the samples in these
alloys could then be extended to other alloys as required, enhancing the value of the
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experimental data. Further, the distinction was made between applications where pressure
drop is important, and those where pressure drop can be sacrificed for improved thermal
performance. Using performance metrics that account for this, recommendations for
TPMS geometries were made that aim to expedite the choice of lattice structure when

developing a component.

Finally, in Chapter 9, three case study components using lattice structures were
given. Despite the overall focus on the gas turbine industry in this thesis, it was important
to demonstrate how wide the applicability of lattice structures is. Hence, the case studies
focussed on a heatsink for high-power electronic chips and a gas turbine NGV with
modified internal cooling passages. Experimental evaluation of the electronic chip
heatsink resulted in an improved performance over the stock heatsink, whilst allowing
90 % reduction in mass and 94 % reduction in volume. This showcases the capabilities
of LPBF manufacture for high-performance heatsinks. The custom NGV cooling
channels would represent a complete revision of existing designs, replacing pin-fins and
ribs with a lattice structure, made possible by LPBF. The important element in this design
is that the lattice structure also aids the mechanical integrity of the component — secondary
design improvements may be possible by implementing lattice structures, such as
reduction of wall thickness that were previously required for strength. Not only can the
component be made lighter, but the surface temperatures will also be decreased as the

internal cooling effectiveness increases with proximity to the hot surface.

This thesis developed the use-case for TPMS lattice structures in thermomechanical
applications. Through demonstrating how TPMS structures are superior to strut-type
lattices in mechanical performance, and to conventional geometries such as the pin-fin in
heat transfer, it is hoped that incorporation of these structures in end-use components will
be accelerated. By evaluating the performance of these geometries experimentally, the

data now exists to build computational models of the complex TPMS structures in heat
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transfer with a higher degree of confidence. This is an important step as without a robust
digital modelling and optimisation platform, design iterations of high-value components

would not be possible.

10.2 FUTURE WORK

Several areas of future work have been identified from the work in this thesis:

Regarding the fractal scan strategies in Chapter 4, it would be interesting to process
an alloy that is more suitable for LPBF using this method to determine the effect on
residual stress. This would not be a robust experiment for the CM247LC samples as a
proportion of the residual stress is relieved through cracking. Ti6Al4V would be a good
candidate for this — existing process parameters can prevent the material from cracking
and de-laminating in LPBF, but the remaining residual stresses are sufficiently large that,
in many cases, it is mandatory for components to undergo stress relief heat treatment prior
to removal from the build platform. Cantilever specimens such as those by Kruth et al.
[97] would be a relatively trivial first step in assessing any benefit of fractal scan strategies

for stress relief.

If single crystal alloys could be manufactured successfully via LPBF then printing
of first-stage turbine blades with current-class component life expectancy would be
feasible. This may be achieved by using a single crystal seed in the LPBF machine base
plate, through controlled cooling rates via inductive cooling or with multiple lasers
dedicated to maintaining high temperatures during printing. Single crystal lattice
structures would present an ideal geometry for lightweight components in all manner of
high-temperature environments where creep is important. The type of controlled cooling
required for single crystal manufacture may also be transferrable to ceramic matrix
composites or bulk metallic glasses in LPBF. LPBF would represent a step-change in the

geometric complexity possible using these material systems.
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For thermal conductivity, targeting geometries for thermal insulation or isolation
would be of interest. This may include modification of the lattice structures to enclose
internal volumes, preventing natural convection currents from increasing the effective
thermal conductivity of the structure. The network phase TPMS structures may also be
of use here as they can be manufactured at lower volume fractions without minimum
features sizes falling below the resolution limits of LPBF. The geometries investigated
here could also be manufactured in alternative materials that are chosen for thermal
insulation properties, for example alumina or a similar ceramic. This would also require
a different manufacturing method such as ceramic loaded stereolithography (SLA) or
binder jetting as these materials are not yet manufacturable via LPBF. However, some
thermal control methods outlined above, in combination with new laser technology that
can target the peak absorptivity levels of these materials, may make LPBF a feasible
option. Applications for such structures may be high-temperature components for the
nuclear or defence industry, or low temperature components in cryogenic applications

such as storage tanks for liquid fuels in rocket propulsion.

Regarding the convective heat transfer evaluation of lattice structures, a second-
generation testing apparatus with high-temperature capability (~500 °C) would be of
interest. These structures have the most potential in high-temperature applications and
therefore it is important to characterise their performance at near the intended operating
temperature. A future application of such structures may be regeneratively cooled rocket
nozzles where the cryogenic temperature fuel loops through a lattice structure sandwich
structure that makes up the nozzle walls. Additionally, manufacture of lattice structures
in materials with high thermal conductivity, such as copper alloys, would demonstrate the
maximum performance of these structures. With the possibility of manufacturing small
components in copper alloys using binder jet processes at a far lower cost than LPBF,

lattice structure heat exchangers in the electronics industry may be economically viable

240 Sam Catchpole-Smith - March 2020



Conclusions and future work

in some applications. Further, LPBF material quality is more desirable than that of binder
jetting due to increased density (lower porosity). As a result, LPBF manufacture of a

number of lower cost components would be possible.

Evaluation of graded volume fraction lattice structures may also be of interest to
maximise thermal performance whilst minimising component mass. This was not
included in this thesis as it would add too many variables for experimentation, however
these structures are trivial to design and manufacture using existing software tools. This
work could also include optimising the wall thickness of the matrix phase TPMS
structures for maximum heat transfer performance. Further design features could be
included such as constraining flows within the structure by blocking movement of fluid
through the unit cells in one direction. This was explored somewhat in the NGV case-
study in this thesis but would require real operating condition data to enable design to
target specific performance regimes. Alongside volume fraction grading, unit cell type
grading could also be explored, moving from a high pressure drop, high performance
structure in one region, to a low pressure drop structure where heat transfer demands are
lower. Shape memory alloys may pose an interesting design possibility with lattice
structure channels, where flow of coolant may be controlled passively by ‘valves’
actuated by change in temperature. This may dynamically change the hydraulic diameter
of the structure to provide the cooling performance needed to maintain a constant

component temperature.

Development of CFD models for the lattice structure convective heat transfer work
is the logical next step from a simulation perspective. This is beyond the scope of this
thesis and hence was not explored, but the experimental data given here can be used to
validate the models. With this, the design of components using lattice structures could be
iterated at a faster rate than is possible using experimental work, and optimisation tools

can be used to automatically vary volume fraction or unit cell to provide the highest
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performance. However, development of methodologies to reduce the computational
requirements of simulating flow within complex geometries may be required; currently,
CFD of models beyond a small number of unit cells is very computationally expensive
and limits the design of components with large volumes of lattice structures that are non-

uniform.
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Laser powder bed fusion of lattice structures for thermomechanical applications

SECTION 1 — CONDUCTIVE HEAT TRANSFER APPARATUS
This section provides the set of engineering drawings required to replicate the

conductive heat transfer apparatus.
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SECTION 2 — CONVECTIVE HEAT TRANSFER APPARATUS

This section provides the set of engineering drawings required to replicate the

convective heat transfer apparatus.
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