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Abstract

The focus of this research was twofold, such as development of defect free fabrication
parameters for laser powder bed fusion (LPBF) processing of crack prone or difficult to process
metallic materials, and study of the temperature dependence of emissivity for some commonly
used metal alloy powders in LPBF process. The later objective extends to the implementation of
multiwavelength (MW) pyrometer technology for in situ true surface temperature measurement in
LPBF process. LPBF is an additive manufacturing (AM) process capable of layer-by-layer
manufacturing by successive laser melting of each layer according to CAD data. AM
manufacturing has the inherent advantages of fabricating optimally designed geometry with least
required material and the shortest lead time that would not be possible all at once by more
conventional manufacturing techniques such as machining, casting, welding, etc. Tendency to
crack during LPBF fabrication of some of the widely used aluminum alloys with large
solidification range, such as AA6061, AA7075, etc. created a bottleneck where AM specific
advantages of these materials important for aerospace and automotive industry could not be
realized. An open architecture LPBF machine AcontyONE (Aconity3D, Aachen, Germany)
enabled with powder bed heating up to 1000 °C was used for fabrication of aluminum 6061 alloy
(AA6061) test coupons, such as cubes and cylindrical tensile specimens in the XY plane. Variation
of processing parameters such as laser power, scanning speed, hatch spacing, layer thickness, and
powder bed heating temperature was carried out to find a combination of parameters that allowed
crack free fabrication of AA6061. The following parameters such as 450 W laser power, 1400
mm/s scan speed, 100 um layer thickness, 80 to 100 pm hatch spacing, and 500 °C powder bed
heating resulted in crack free specimens as confirmed by visual inspection, optical microscopy,

and tensile testing. In scanning electron microscopy (SEM), coarsening of grains and precipitates
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was observed due to high temperature preheating, and a preferential growth in [100] direction was
also evident from X-ray diffraction (XRD) analysis. The heat treated, and as-fabricated tensile
tested specimens showed equivalent ultimate tensile strength and yield strengths when compared
to their wrought counterpart; however, loss in elongation at breakpoint was observed in the LPBF
fabricated specimens. This part of the research showcased the potential of high temperature
powder bed heating for LPBF processing of crack prone metallic materials without the need for
additional preparation of the precursor metal powders.

Unlike the commercial LPBF systems currently in use, the open architecture experimental
LPBF system used in this study had the capability of achieving controlled high temperature at the
powder bed. Whether this high set temperature that proved to deter visible crack formation in
AA6061 fabrication, would be carried throughout the height of a build- required true in situ surface
temperature measurement of the powder bed. Therefore, an important aspect of the current
research was to evaluate the thermal environment of the build area in LPBF process. Changing
emissivity of metallic materials is a major difficulty in evaluation of true temperature during LPBF
processes. The existing in situ monitoring systems relied on single or dual wavelength pyrometers,
raw sensor data, high-speed visual cameras, and infrared (IR) thermography for monitoring and
surface temperature measurements; but, without the emissivity information of the target materials,
these systems output a qualitative measurement of temperature instead of an accurate surface
temperature. The changing emissivity resulting from the non-grey nature of radiation from
metallic materials upsets the assumptions of single and dual-wavelength pyrometry, and thereby,
renders the measurements inaccurate. On the other hand, Multiwavelength (MW) pyrometer
technology would not require any prior information of the target emissivity for accurate

temperature measurement and provided a real-time value of emissivity of the target material by
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analyzing the IR spectra it would receive from the target. During the LPBF process, on a given
layer the precursor powder material in solid state would turn into molten metal tracks after
interaction with laser at selected spots, and finally, consolidate to bulk solid state when the rest of
the powder on the bed would not go through phase change. At least three different metal states
with potentially different emissivity were identified, such as metal powder in solid state, molten
metal tracks, and solidified metal tracks. To measure this emissivity for different materials and
study their variation with temperature, a Whipmix Pro 200 (Whipmix Inc., Louisville, KY) furnace
was modified for optical access to a SpectroPyrometer (FAR Associates, OH, USA) MW
pyrometer system. These emissivity measurements could serve as input for IR thermography for
extending accurate surface temperature measurements capability from a pointwise measurement
using pyrometer to the accurate temperature mapping of an area using the IR thermography. Also,
for demonstrating in situ temperature measurement in LPBF system using MW pyrometry,
processing laser window and the viewing window of the AconityONE system situated on the top
and the front side of the machine, respectively were redesigned and fabricated with the facility of
quartz and ZnSe viewing ports through which a SpectroPyrometer (FAR Associates, Ohio, USA)
MW pyrometer system and a FLIR SC645 IR camera (FLIR Systems, NM, USA) could operate.
Metal powders such as AA6061, AlSi10Mg, Ti-6Al-4V with two different particle size
distributions, and Cu were heated in quartz crucibles inside the modified furnace at different
temperatures. Argon gas at a pressure of 3 psi and 20 cubic-feet-per-hour were introduced to the
heating chamber of the furnace. Despite the use of argon to create inert environment, oxidation of
the metallic materials occurred and essentially the measurements made using this setup reflected
the properties of the oxidized top layer instead of the intended powder material in its pristine form.

However, the effect of powder particle size distribution on emissivity could still be observed as

X



larger particle size resulted in higher emissivity. Also, two different trends of emissivity changes
were identified for the heating and the cooling portion of the furnace operation. Inserting the setup
inside a glovebox, use of designed inert gas flow path inside the furnace, and use of better sealing
materials for the instrument pass-throughs were recommended for improvement of the
experimental setup for future research. On the other occasion of in situ measurements, the data
obtained by using the MW pyrometer through the modified AconityONE window was affected by
the 1070 nm processing laser since the measuring range of the MW pyrometer was 850 nm to 1650
nm. This problem could be overcome by filtering out the processing laser from the spectra that
reaches the MW pyrometer system. Overall, the application of MW pyrometer technology in
combination with IR thermography could be a viable option for in situ temperature mapping of the

powder bed in LPBF systems.
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contrast. The layer that had been scanned once, appeared darker in the visual observation system

Figure 2.8 Signals from the pyrometer in arbitrary units showing the effect of change in hatch
spacing on temperature as observed by Debenskaia et al. [44] Curves 1 through 6 represents builds
with different hatch spacings when all the other scanning parameters were kept unchanged. Curve
1 represents the build with 1 mm hatch spacing and 6 represents a build with 70 pm layer hatch
spacing. Layer temperature with smaller hatch spacing was considerably higher because of the
higher energy input within the same area in the latter Case ..........coeceeiiieiiienieeiiienie e, 27
Figure 2.9 (a) the effect of laser power on the maximum temperature of laser and powder
interaction zone as reported by Furumoto ef al. [45]. However, caution should be maintained
before considering the temperatures as true surface temperature since the effect of emissivity could
was not considered. Also, the measured area was greater than the process interaction zone
Temperature of the substrate plate was also captured (b) shows the scheme of temperature
calculation from the signals of the photodiode detectors. Rise in signal levels in the detectors
reflect the moment of laser irradiation and corresponding increase in temperature..................... 29
Figure 2.10 Set up devised by Furumoto et a/.[48] for investigating the consolidation behavior of
metal powder upon laser Irradiation ...........ccoeeviiriiiiiiiiniee e e 30
Figure 2.11 The change of temperature of the melt area with change in energy density during the
melting of stainless steel powder by laser irradiation as reported by Furumoto et al.[48]. Caution
should be maintained before considering the reported temperature as the true surface temperature
since this study did not consider the effect of emissivity change as a function of temperature ... 31
Figure 2.13 Zavalov et al. [49] reported brightness temperature and corresponding signal intensity

are shown for channels 1, 3, and 5 i.e. 0, 0.6, and 1.2 mm away from the laser and powder bed
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interaction zone. Curves in black denote brightness temperatures, the colored graphs denote
intensity values at the channel 1 (red), channel 2 (green), and channel 3 (blue).........ccccceeeneee. 33
Figure 2.14 (a) Plots of normalized histogram of line to continuum ratio occurring at different
disks i.e. different processing conditions (b) percent void, a measure of porosity at different
processing conditions (¢) Experimental set up used by Nassar ef al.[53] .cccccoovvvevivievcieiicieennnen. 36
Figure 3.1 (a) and (b) depict different build file preparation parameters [55].......cccccvveeveeeennenne 42
Figure 3.2 A uniform power density could be ensured by introducing a moving lens to consistently
adjust the beam focus and hence spot diameter. (a) Moving lens is kept static to depict that the
focal plane could curve out of build surface (b) Movement of the lens ensures dynamic focus
change and therefore, uniform power distribution throughout the build area. [56]...................... 43
Figure 3.3 Image showing measurements made on a single layer scanning of four 10 x 10 x 10 mm
cubes on the build platform using one of the 100 kHz pyrometers. AISi10Mg powder was used

for the fabrication. The color-coded bar shows the mV readings from the thermocouple detector

that was used to create the pseudo-temperature plots. ..........ccccevveveriiniiniiniinieneccecee 44
Figure 3.4 Single and dual stage operation of the Whipmix Pro 200 furnace..........ccccceceeuennene. 47
Figure 3.5 Cross section of the modified Whipmix Pro 200 furnace ..........ccccoceeveevenieneenennene. 48
Figure 3.6 Modified Whipmix Pro 200 furnace with pyrometer assembly ...........ccccceceereenennene. 49

Figure 3.7 A top view of part of the modifications made to the Whipmix Pro 200 furnace. The

modified top window of the furnace is shown in the picture and a closer view is presented in the

Figure 3.8 Picture of the interior of the modified furnace. Heating coil, the quartz viewing port for

providing optical access to the MW pyrometer and the thermocouples are visible ..................... 51
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Figure 3.9 To maintain inert gas atmosphere inside the furnace argon was continuously introduced

inside the furnace chamber. Before purging with argon, the chamber would be vacuumed at 200

Figure 3.10 Different components of the FMPI SpectroPyrometer (FAR Associate, OH, USA)
Y A 0% () 10 1SS G A1 1) 4 SRS 54

Figure 3.11 Different components of the thermocouple data acquisition system used in the current

Figure 3.12 The top window of AconityONE after modification to incorporate MW pyrometer and
an IR camera for in situ monitoring of the build. The original laser window of the AconityONE
machine was replaced with this modified WiIndOW ...........c..cociiieiiiiiiiiiicccecce e 56
Figure 3.13 CAD model of the modified top window with the laser enclosure bottom part of which
was made transparent (only in CAD model) for better visual. The transparent laser enclosure gives
visual to the reduce size laser processing WindOoW............cceeriierieriiieiieiieerie e 57
Figure 3.10 /n situ monitoring setup including MW pyrometer mounted to the side window of
AconityONE machine. The spectro-pyrometer box contains the means for dividing the incoming
radiation in with a spectral resolution of close t0 1 MM .c...cceiiiriiiiiiiiiiice 58
Figure 3.15 An inclusive CAD of in situ monitoring set up where both the front and top monitoring
windows are shown. The components were identified in the previous Figures ...........ccccccuenee. 59
Figure 4.1 Electromagnetic spectrum showing the visible and IR radiation ranges that are usually
utilized in PYTOMEITY [61] ..ccviiiiiiiieie ettt ettt e et estae et eesaaeenbeenenas 64

Figure 4.2 Classification of pyrometers based on spectral response and method of operation [62]
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Figure 4.4 Schematic of a two-wavelength pyrometer circuit [68] ........ccceevvivieeiiieeniieeeiieeeiene 72

Figure 4.5 (a) Blackbody radiation characteristics based on temperature. (b) Transmittance of

typical IR WINAOW [02] ..cocueiiieiiiieiiie ettt e et e e ve e et e e e saeessaaaesssaeesaseeesseesnaeeans 77
Figure 4.6 1/d designation of lenses used in PYTOMELIY .......ccccveeeriiieeiiieeeiiieeeiieeeieeesreeeevee e 78
Figure 4.7 Basic construction of a micro-bolometer (Wikipedia) .........cccceeevveeeciieencieeniieeieene 81

Figure 4.8 (a) Pulse type detection system schematic (b) a typical signal as detected in a pulse-
[T B 1<) oo B S USSR 83
Figure 4.9 Spectral response of photovoltaic (PV) detectors made of MCT structures with and
WIthOUL COOLINE [96] ...t ettt sttt e ettt e et e e et e eabeeneeas 86
Figure 4.10 Comparison of directivity between HgCdTe or MCT and GaAs/AlGaAs based QWIPs
PhOtOAELECLOTS [D08] .einneiieeiiiieeee ettt e e et e s sta e e s e e e e taeeeaaeeeabaeessseeessseeensseeesseennneeas 87
Figure 4.11 (a) bandpass filters (b) notch filters (c) short-pass filters (d) long-pass filters [100] 88

Figure 4.12 Schematic representation of a dichroic mirror placed at 45° with the incoming radiation

Figure 4.13 Schematic of an arrayed waveguide grating in demultiplexing (splitting a spectral
signal into discrete bands) [103]....ccc.oo i 91
Figure 4.14 Long wavelength could result in peak broadening and subsequent inaccurate output of
EEMPETATUTE [ 1]ttt ettt e et e e st e e st e e st e snbeesbaeeeas 94
Figure 4.15 Basic construction of a fiber optic cable with cladding to provide total internal
reflection of the light signal that falls within angle of acceptance [106]........c.cccoceeveriiniinennene. 95
Figure 5.1 (a) SEM images of AA6061 gas atomized powder. Powder particles were spherical, and
semi-spherical with satellites. Some irregular shaped powder was also observed.............c......... 99

Figure 5.1 (b) Histogram of AA6061 powder size diStribution.............cecceeeveeenieeiieneeenieenneene. 100
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Figure 5. 2 (a) Scan-head of the AconityONE system consisting of the Galvo mirrors and f-0 lens.
The optical fiber receives the 1030 nm wavelength, near infrared laser from the laser module where
Nd:YAG crystals were used for solid state amplification. The scan-head is capable of rastering
over an area of 400 mm in diameter. However, during heated bed configuration a reduced scan
area with 200 mm in diameter 1S COVETEA. .......uiruiiriiiiiiiiieiie ettt e 101
Figure 5.2 (b) A schematic representation of the AconityONE LPBF system used for the study. (i)
Solid state Nd:YAG laser of 1030nm wavelength and 1kW capacity and an induction heater (not
shown in figure) underneath the build platform that can raise the powder bed temperature to
1000°C are featured. (ii) The re-coater brush is made of carbon fiber to impart flexibility and high
NEAL TESISTANICE. .....tieutieiieeiie ettt ettt ettt e b e et e shb e st e e beeeebeebeeeateeebeeenbeesseeenbeenneaenne 103
Figure 5.3 Relative density of AA6061 cube coupons fabricated using different laser power and
scanning speed with and without heating of the powder bed ............ccoooeiniiiiiiniiiiie, 108
Figure 5.4 Microstructure of AA6061 specimens fabricated on unheated powder bed. Figure 5.4
(a) and (b) illustrate the XY plane (perpendicular to build direction). Figure 5.4 (c) and (d) show
the ZX plane (build direction). Cracks, porosity, melt-pool, and melt-track banding are evident in
the TNICTOSTIUCTULE ......iiitiiiinteiitenteete ettt ettt ettt et et sb et satesbe et e bt esbeetesaeenaeentens 112
Figure 5.5 Microstructure of AA6061 specimens fabricated on powder bed heated to 500 °C.
Figure 5.5 (a) and (b) illustrate the XY plane (perpendicular to build direction). Figure 5.5 (c¢) and
(d) show the ZX plane (build direction). Cracks, porosity, melt pool, and melt-track banding

removed from the microstructure, and a columnar grain growth is observed in the build direction
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Figure 5.6 SEM (a) and STEM (b) images of primarily Al-Si-O noncoherent precipitates shown in

Figure 5.5. The same area is imaged in (a) and (b) and the magnification for both is given in (a).

Figure 5.7 Representative stress-strain diagram of LPBF fabricated AA6061 specimens as
fabricated and T6 heat treated. Figure 5.7(b) Solid cylinders built in X direction and still on build
plate; tensile specimens were machined out of these cylinders. Figure 5.7(c) LPBF fabricated
AA6061 tensile testing specimen after fractured............occveeeiieeiiiicciieceeee e 116
Figure 5.8 XRD spectra for AA6061 fabricated with and without heating of the powder bed (a)
and (b) show XRD spectra in unheated XY and ZX reference planes. (c) and (d) show XRD spectra
in heated XY and ZX 1reference plane...........cccueeeiiieiiiieiiie it e 118
Figure 6.1 (a) Particle size distribution of Cu powder (b) SEM image of the Cu powder used for
the current study showing spherical powder with a lot of satellites and irregular shape powder123
Figure 6.2 (a) Particle size distribution of Ti-6Al-4V powder of EBM grade (b) SEM image of the
Ti-6Al-4V powder of EBM grade used for the current study showing spherical powder.......... 125
Figure 6.3 (a) Particle size distribution of Ti-6Al-4V powder of LPBF grade (b) SEM image of the
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Figure 6.4 Comparison of temperature measured by the pyrometer and the thermocouple when
EBM grade Ti-6Al-4V was heated up to 950 °C Figure 6.4 (a) and (b) demonstrates the comparison
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Figure 6.5 Comparison of measured temperature, that was obtained as an output from the MW
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Chapter 1: Introduction

1.1 Research Motivation

Additive manufacturing (AM) is a freeform fabrication technology where end user parts
are manufactured directly from the 3D models created using computer aided design (CAD)
software. The requirement for part specific tooling and multiple manufacturing steps involved in
the conventional manufacturing processes that account for a long lead time and added costs, could
be avoided in AM technologies. For example, the production of a gas turbine blade require four
main process steps such as casting, forging, different types or machining, and coating along an
array of sub-processing steps [1]. On the other hand, a single step process of manufacturing similar
turbine blade directly from CAD was experimentally shown by Fabrizia ef al. [2]. This is only a
single example of cost effectiveness realized by AM processes. Among the different AM
technologies, laser powder bed fusion (LPBF) is used for manufacturing of metal parts by selective
melting of thin layer of metal powders spread on a solid surface for the first layer and on the
previous consolidated surfaces for the subsequent layers.

One of the restricting factors that inhibits the realization of metal AM advantages on an
industrial scale is the lack of developed processing parameters for the range of metal alloys used
across different industries, such as aerospace, automotive, biomedical, etc. Despite being one of
the most widely used aluminum alloys for the automotive and aerospace industries, aluminum
6061 alloy (AA6061) processing parameters have not been developed for fabrication using LPBF
AM process due to crack formation [3] [4] [5]. Such a shortcoming deterred the application of
LPBF in fabrication of AA6061 and resulting advantages of the process. Also, there are alloys

such as AA7075 and AA2024 with cooling characteristics like AA6061 that could not be processed



