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Abstract

In-situ process monitoring in Electron Beam Melting (EBM) is critical in certifying build
quality, by identifying contamination from the feedstock and condensate spallation from
within the build area. The chamber condition in an EBM machine is different from a typical
electron microscope. Therefore this study explores in-situ EBM material characterisation
with a custom electronic imaging prototype. Typical contamination elements found in a
popular EBM material (Ti-6Al-4V) were electronically imaged at room temperature. Material
contrast is observed in the electronic images generated by the prototype. This trial is thought

to serve as a baseline study for future EBM monitoring system development.
1. Introduction

1.1 Electron Beam Melting monitoring

Electron Beam Melting (EBM) is a metal Additive Manufacturing (AM) technique which
uses an electron beam to process metallic powder in a layer-wise fashion [1]. The EBM
process offers various benefits, including: a reduction in thermal residual stress within
components [2], and a high level of design freedom [3,4]. Nevertheless, the EBM process is
prone to quality issues such as in-layer porosity [5] and layer-delamination [6]. Current
monitoring techniques being investigated include optical cameras [7], thermal cameras [8—
10], and electronic imaging systems [11, 12]. Arnold et al [12, 13] developed an electronic
imaging system for a modified Arcam S12 EBM machine, and Wong et al [11, 14-16]
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developed a custom electronic imaging prototype for an Arcam Al EBM machine. Despite
the research efforts made by Arnold et al and Wong et al, no information is available
regarding the material characterisation ability of such electronic imaging systems. The ability
to differentiate materials in-situ could enable Quality Control (QC) over issues such as,

powder feedstock contamination and metallisation.
1.2 Research gap: in-situ EBM material characterisation with electronic imaging

With regard to powder contamination, firstly, an AM machine in industry often needs to
handle multiple feedstock materials to maintain shop-floor efficiency [17]. For example,
tungsten [18] and Ti-6Al-4V [19] are two popular AM materials in the aerospace industry.
Tungsten is used as balancing weights in rotor blades due to its high density [20], whilst Ti-
6AIl-4V is used for fracture-critical parts including airframe and compressor blades due to its
suitable strength-toughness combinations [21]. A prior study on cross-contamination between
tungsten and Ti-6Al-4V powder shows that contamination affects mechanical strength of
components [22]. Secondly, the production of AM powder is another contamination source. It
has been reported that the tungsten electrode used in typical powder production equipment
wears out and leads to tungsten particles mingled in the powder batch [22].

Regarding metallisation, high vapour pressure and low melting point elements in the powder
feedstock vaporise and condense onto the interior surface of the EBM machine chamber
during material processing [23]. These condensates forms metallised layers during the EBM
build cycle, and at times crack and fall off onto the processing area [23]. Metallisation flakes
on the processing area affects material processing and the integrity of the components being
made [24], whilst metallisation condensing onto optical camera lens / protective Kapton®
film affects the quality of in-situ process inspection [8, 25]. Metallisation has been reported
to have different compositions when compared to its powder feedstock. Metallisation from a
Ti-6Al-4V build has for instance been reported to be rich in TiAlz [23].

In-situ material characterisation via electronic imaging has the potential to detect powder
contamination and metallisation contamination of the bed. A typical Scanning Electron
Microscope (SEM) can be used to study and characterise materials in specimens [26].
Common techniques include, Backscattered Electrons (BSE) imaging, X-ray analysis, and
electron channelling patterns [26]. These techniques all require the use of sophisticated

sensors, which are too delicate to operate inside an EBM machine for monitoring purposes.



When compared to a typical SEM, a standard EBM machine operates at: (1) higher
processing area temperature, i.e. up to 700 °C [27, 28], (2) higher electron gun accelerating
voltage, i.e. 60 kV [29, 30], (3) lower chamber pressure level, i.e. 2 x 107 mbar [29, 31], (4)
greater working distance, i.e. 400 mm [27, 32], and (5) larger imaging area, i.e. 200 mm X
200 mm [29, 33]. These differences affect the following aspects in feedback electron signal
collection during imaging: (1) electron yield is sensitive to the electron beam accelerating
voltage, (2) the increase in imaging area amplifies the surface-tilt variation in the signal, (3)
signal noise might be induced by thermionic emission due to high temperature, and electron-
gas amplification due to low vacuum in the machine chamber. This study aims to investigate
in-situ EBM material characterisation with electronic imaging. As a precursor to more
elaborated studies in the future, the main goal of this pilot study is to explore if the imaging
prototype developed by Wong et al [11] is capable of discerning different materials when

conducting electronic imaging in an Arcam A1 EBM machine at room temperature.
2. Materials and Methods

Fig. 1 describes an electronic imaging prototype [11, 13] used in this study. The prototype
consists of a feedback electron sensor (modified Arcam heat-shield frame and plates), a data
logger (Arduino DUE microcontroller break-out board), signal amplifier and electronic image
generation software. The prototype is designed to interface with the Arcam A1 EBM machine
to generate digital electronic images from the feedback electrons collected, i.e. Secondary
Electrons (SE) and BSE. These feedback electrons originate from the interactions between

the machine electron beam and the area being imaged.
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Fig. 1 Custom imaging prototype interfaced with a commercial EBM machine [11, 14]



Fig. 2 illustrates the imaging target plate, herein referred to as the “plate”, and the inserts
involved in this study. The 210 mm x 210 mm x 5 mm plate was machined from a 316L
stainless steel plate (The Metal Store, UK) with a waterjet cutting machine (OMAX, USA).
Nine location markers and 27 pockets, as shown in Fig. 2 (a), were machined across the plate
with a computer numerical control machine (HAAS, USA). Three materials were chosen to
be investigated in this pilot study: silicon (to represent aluminium as: 1. They have similar
atomic numbers, 2. Silicon has a higher melting temperature), Ti-6Al-4V, and tungsten, due
to their presence in EBM powder feedstock contamination and metallisation, as described in
Section 1.2. Figs. 2 (b) and (c) show the inserts in position and the critical dimensions in the
setup. The 5 mm x 5 mm x 0.3 mm silicon inserts were cleaved from a typical silicon wafer
(PI-KEM, UK); the $10 mm x 5 mm Ti-6Al-4V inserts were machined from a Ti-6Al-4V rod
(GoodFellow, UK) with a conventional lathe; and the $10 mm x 5 mm tungsten inserts were
machined from a tungsten rod (GoodFellow, UK) with a wire electrical discharged machine
(ONA, Spain). Table 1 details the experimental configurations of the imaging prototype and
the Arcam A1 EBM machine used in this in-situ material characterisation pilot study.
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Fig. 2 Imaging experimental setup



Table 1 Experimental configuration

Parameter Value

Imaging Prototype

Imaging area 60 mm x 60 mm
Imaging location 1

Image size 1800 x 1800 pixels
Image bit depth 8-bit, 256 levels
Data logger sampling frequency 118.8 kHz

Arcam Al EBM Machine

Beam accelerating voltage 60 kV
Beam current 1 mA
Beam speed 3960 mms™?
Beam focus offset 0 mA

3. Results

Fig. 3 (a) is a typical raw electronic image generated from one of the off-centre locations (an
extreme case to showcase independence from signal shadowing effect), i.e. “location 17, of
the plate with three different inserts in place. The pixel row indicated by the dotted line in the
image was extracted for data analysis. Fig. 3(b) shows the pixel value profile of the extracted
pixel row. As the image is in 8-bit greyscale, a pixel value of “0” represents the colour black,
whilst a value of “255” represents the colour white. The pixel value is directly proportional to
the signal strength of the feedback electrons sampled. The pixel value profile shown in Fig. 3
(b) illustrates that the electronic image generated by the imaging prototype is material
sensitive. Silicon, Ti-6Al-4V, 316L steel, and tungsten all have different pixel values.

Moreover, sharp troughs are observed between different material sections in the profile plot.
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Fig. 3 Electronic image demonstrating material contrast
4. Discussion

Difference in image contrast can be seen when comparing Fig. 2 (b), an optical image, with
Fig. 3 (a), an electronic image. Material contrast stands out in the electron image. The atomic
numbers of the materials investigated in this study are as follows: silicon (14) — representing
aluminium-rich aluminides (e.g. TiAlz), titanium (22) - representing Ti-6Al-4V, iron (26) -
representing 316L steel, and tungsten (74). It can be seen from Fig. 3 (b) that the pixel value
(feedback electron signal strength) is dependent of the atomic number of the materials being

imaged.

Sharp troughs are observed in Fig. 3 (b) as the inserts involved in this study all have a
diameter of 10 mm, whilst the pockets on the plate have a diameter of 11 mm. There are gaps
between the pockets and the inserts. During imaging, the feedback electron signal strength is
at its minimum at these gaps, as the SE and BSE emitted are more likely to be re-absorbed by

their surroundings and therefore could not reach the sensor.

Within each material section in Fig. 3 (b), shot noise presents itself as spikes. Shot noise
comes from the current fluctuation due to the discrete transfer of charges [34]. The electron
beam has a statistical distribution when hitting the specimen during a given image pixel time.

As SE and BSE are generated from the interaction between the primary electrons and the



specimen, they too show similar distribution, which manifests itself as shot noise in the

feedback electron signal [34].
5. Conclusions

This study investigates in-situ material characterisation for the EBM process. Electronic
imaging was carried out with a custom imaging prototype operating inside a commercial
EBM machine at room temperature. Despite the differences in the chamber environment
between a typical SEM and a standard EBM machine, the raw electronic images generated in
this study display material contrast between the materials investigated (silicon, Ti-6Al-4V,
316L stainless steel, and tungsten). This material characterisation capability could open up
new opportunities in custom-built EBM monitoring systems for QC purposes. In order to
realise this potential, the authors have planned further studies to investigate other factors
which might obscure the image material contrast. These include: high in-situ EBM
temperature (>650°C), resolving power of the EBM electron beam, packing density of the
powder feedstock, location-dependence in feedback electrons sampling, and the influence of
electron-gas ionisation induced signal noise. This pilot trial serves as a precursor, setting a

baseline and laying the foundation for further investigations.
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