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Abstract

Recycling metal powders in the Additive Manufacturing (AM) process is an important consideration in
affordability with reference to traditional manufacturing. Metal powder recyclability has been studied
before with respect to change in chemical composition of powders, effect on mechanical properties of
produced parts, effect on flowability of powders and powder morphology of parts. However, these studies
involve ex situ characterization of powders after many use cycles. In this paper, we propose a data-driven
method to understand in sifu behavior of recycled powder on the build platform. Our method is based on
comprehensive analysis of log file data from various sensors used in the process of printing metal parts in
the Arcam Electron Beam Melting (EBM) ® system. Using rake position data and rake sensor pulse data
collected during Arcam builds, we found that Inconel 718 powders exhibit additional powder spreading
operations with increased reuse cycles compared to Ti-6Al-4V powders. We substantiate differences
found in in situ behavior of Ti-6Al-4V and Inconel 718 powders using known sintering behavior of the
two powders. The novelty of this work lies in the new approach to understanding powder behavior
especially spreadability using in situ log file data that is regularly collected in Arcam EBM® builds rather
than physical testing of parts and powders post build. In addition to studying powder recyclability, the
proposed methodology has potential to be extended generically to monitor powder behavior in AM

processes.
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Electron beam Powder Bed Fusion (E-PBF); Ti-6Al-4V; Inconel 718; Data-driven analysis; Powder
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1. Introduction

Additive Manufacturing (AM) has evolved to become a viable option for industrial production of parts
with complex geometry, especially in the aerospace, medical and nuclear industries [1-3]. This is
primarily because of reduced waste generated in the AM process, the ability to manufacture parts that
have intricate and complex geometric features for specific functions, and aerospace parts that have high
buy-to-fly ratio compared to traditional manufacturing [2]. These enablers are especially desirable for
parts made of expensive metals like titanium where waste reduction leads directly to cost savings. In this
context, the affordability of material feedstock used in AM can be further improved with recycling of
metal powders used in the process. However, given the critical function performed by the AM parts,
particularly in safety-critical applications like aerospace and nuclear power, it is important to ensure

quality of parts made by recycled powders is equivalent to that of fresh powders.

Many studies have been performed to understand powder recyclability with regard to its effect on particle
morphology [4], flowability [4—6], particle size distribution [2,4,7], and oxygen pickup [2,4,6—8]. A brief
review of powder recyclability studies in the Electron beam- Powder Bed Fusion (E-PBF) process and
Selective Laser Melting (SLM) process literature is given here. Common trends emerge since both
processes are powder bed fusion processes. Recycling of Ti-6Al-4V powders led to an increase in oxygen
content [2,4,6—8], which was the limiting factor in powder reuse for various applications [2,8]. The effect
of increased oxygen content on mechanical properties of titanium parts has been studied by various
groups with the conclusion that oxygen increased part strength but lowered ductility and toughness [9—
12]. These conclusions were shown to hold for parts made of recycled titanium powder [7] due to the

increase in oxygen content in powder. Contradictory conclusions were reached by research groups [4,5]
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on effect of recycling on flowability of powder. A study on the effect of recycling on fatigue life [13]
indicates that recycled Ti-6Al-4V powder led to parts with lower elongation and reduced breakage area
even after Hot Isostatic Pressing that typically closes pores and improves properties. In summary, effects
of recycling Ti-6Al-4V powder on part and powder properties have been studied using ex sifu analysis

methods by different research groups.

There is limited literature on recycling of Inconel718 powder. In general, research papers [8,14,15] report
an increase in powder agglomeration and particles becoming less spherical in shape with increased

recycling of Inconel718 powder.

Recyclability studies cited above have varied in their approach but a general framework was proposed by
Cordova et al. [16]. The framework consisted of tests to decide whether a powder can be reused in the
SLM process based on measured properties like particle shape, powder flowability, chemical
composition, and density. It can potentially be extended to the E-PBF process too. Standards developed
for characterization of metal powders for AM and their systematic use has been provided by Slotwinski et

al. [17]

The above mentioned studies around recyclability have focused on ex situ characterization to understand
the effect of recycling Ti-6Al-4V and Inconel718 powders in the E-PBF or SLM processes. Ex situ
characterization can be time consuming and expensive. We propose in situ characterization of powder
behavior using data stored in log files, i.e. data from in-built sensors in the Arcam Electron Beam Melting
(EBM)® system. Information about Arcam EBM ® software and log files can be found in chapter 5 of
[18]. To our knowledge, only one other published work i.e. Grasso et al. [19] has focused on using log
file data to understand build characteristics. While Grasso et al. focused on distinguishing between in-

control and out of control builds, our work is focused on understanding powder behavior using log file
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data.In this paper, we demonstrate a data analysis method to study powder behavior, especially
spreadability, in the E-PBF process. Our hypothesis is that data collected in the log file of the Arcam
EBM® system can be used to understand rake motion and thereby powder spreading during the build
process. We expect powder behavior on the build table to change due to reuse of powder and want to
explore whether the change can be detected using log file data. We therefore use data collected during

powder recyclability tests of Inconel 718 and Ti-6Al-4V alloy powders that has been published earlier [8].

The paper is organized as follows: Section 2 contains a brief description of E-PBF builds used in this
study. Section 3 presents an overview of the relevant mechanics of the Arcam machine and outlines the
data available in log files used in this study. Section 4 describes the data analysis approach in detail.
Section 5 contains results of this data analysis method on recycled powder build log files. Conclusions

drawn from this study and potential areas of future work are summarized in Section 6.

2. Experimental details

Experimental data in this paper is based on log files, generated by the Arcam EBM® system, of builds
used to study powder recyclability by Nandwana et al. [8]. The Arcam EBM® system is an E-PBF system
to build metallic parts layer-by-layer. In their work, Nandwana et al. studied recyclability of Inconel 718
and Ti-6Al1-4V alloy powders in the EBM® process using an Arcam A2 machine. They built six builds
using Inconel 718 and five builds using Ti-6Al1-4V powder. The build geometry is shown in Figure 1.
The first two Ti-6Al-4V builds reached >88% of planned build height but failed to complete due to arc
trip issues. They are therefore excluded from recyclability analysis but presented for completeness by

Nandwana et al. [8]. We consider log file data from all five builds of Ti-6Al-4V in our analysis to aid
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comparison with results presented by Nandwana et al. [8]. Similarly, the fifth build of Inconel 718 failed

to complete but is included for completeness in comparison with Nandwana et al. [8].

The recycling process is depicted schematically in Figure 2 and described here. The build process started
with approximately 100 kg of the alloy powder. The first build was intended to be the tallest and its
height was designed to target complete emptying of powder hoppers at the end of the build. This was
done to ensure that all powder would be exposed to electron beam before being recycled. Build heights
did not line up in descending order due to powder spillage and failed builds, as described in the results
section of this paper. Once completed, the build was removed from the Arcam build chamber (dotted red
arrows in Figure 2) and leftover powder in the chamber was vacuumed (dashed blue arrows in Figure 2)
and collected. A small quantity of powder fell through the powder sensors as required by the Arcam EBM
® rake control system. This will be explained in the following section of the paper. Powder in powder
sensors was discarded from the study. Partially sintered powder from the external surface of the build was
recovered using the Powder Recovery System (PRS) in the Arcam EBM® system. The vacuumed powder
was mixed with recovered powder from PRS and sieved on a vibratory sieve through a 100-mesh (150
microns). Powder particles remaining in the sieve, i.e. particles bigger than 150 micron, were discarded.
A sample was collected from the sieved powder for ex situ analysis. The sieved, recycled powder (dot-
dash green arrow in Figure 2) was then emptied into the two powder hoppers and the next build was
printed. This process was repeated till the target number of builds had been built. As a part of the
qualification and validation of AM processes, the underlying log files were stored, but never analyzed.
This research focuses on using these data to understand powder behavior, specifically powder

spreadabuility, during the build process.
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(a) o Each Build

Figure 1: (a) Schematic of build design used in recyclability study [s]. After each build, the
height of the next build was reduced to allow for the reduction in the total available powder, (b)
Partially sintered powder can be seen on the exterior surface of the build before the powder
recovery operation. (c) Final finished builds are shown with 1 failed build
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Figure 2: Schematic of powder recycling process used in recyclability study. Adapted from [s].
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3. Operation of Arcam EBM ® and rake control logic

A brief description of the working of the Arcam EBM® system is presented here. The Arcam EBM ®
system is shown schematically in Figure 3, Figure 4 and Figure 7. The system consists of a vacuum
chamber which contains an electron beam generation and deflection system, two powder hoppers, a build
platform, a rake and two powder sensor collection bins beneath the build table. The powder hoppers are
gravity driven and deposit powder as mounds at the two ends of the build platform. The rake starts the
build process by spreading a preset thickness of powder across the build platform. Some powder on the
build plate falls through the powder sensor at either end and is used as a control signal for rake movement
as described later in this section. A de-focused electron beam pre-heats powder that has been spread on
the build table at the start of the build. The aim of pre-heating is to partially sinter powder so that these
powders melt without issues like “smoking” [20] during the build process. After the pre-heat step, a
focused electron beam traces a path along the powder bed that corresponds to the cross-section to be built.
Powder along the beam path melts and forms a layer of the part being built. Once a layer is completed, the

build platform is lowered by a preset height and the steps above are repeated to build the next layer.

For each of the builds described in Section 2, log file data were generated by Arcam EBM® and stored.
Arcam log files record process parameters over the course of the build. The parameters used in this paper
are rake position, rake sensor pulse and layer height, all recorded with corresponding time stamps. Rake
position is the horizontal position of the rake along the build platform. Rake position changes as a
function of time when powder is being spread on the build platform. Rake sensor pulse signal measures

the time for which powder falls through the powder sensor as the rake spreads powder. It is an indirect
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measure of quantity of powder that falls through the powder sensors. Layer height records the height of

the build after each layer is completed.

The data associated with analysis in this paper has been archived and is available at the link provided in

the appendix.
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Figure 3: Arcam EBM® system schematic (Source: http://www.arcam.com/technology/electron-
beam-melting/hardware/)
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Figure 4: Inside view of Arcam EBM ® system. Powder hoppers, powder sensors, build platform
and heat shield are seen.. Adapted from: http.//www.arcam.com/technology/electron-beam-
melting/hardware/

The analysis in this research focuses on rake motion as an in sifu indicator of powder characteristics,
specifically powder spreadability. For ease of reference, we define terms associated with data analysis. A
“layer print” is the period over which the electron beam is turned on and a layer is being printed. “Rake
event” refers to the motion of the rake across the build platform. This occurs between successive layer
prints. Figure 5 shows two rake events and a layer print in between. During a layer print, the rake position
remains constant as the rake is stationary at one end of the build platform. A “rake pass” refers to motion
of the rake from one end of the build platform to the other. The set of rake passes that occur between two

layer prints comprise the rake event.
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Our analysis is based on data collected during rake events i.e. when the rake is in motion and interacting
with the powder. Rake motion may proceed under default or abnormal conditions depending on rake
sensor pulse values. Under normal conditions, the rake event consists of three rake passes, shown in
Figure 5. In the first pass, the “fetch powder” pass, the rake moves into the powder mound closest to it,
fetches powder and spreads it across the build platform. The next two passes are “spread powder” passes
where the rake does not fetch additional powder but only spreads existing powder across the build
platform. In an abnormal condition, also shown in Figure 5, the rake carries out additional fetch powder
passes till a stopping criterion is met and then spreads powder in two spread powder passes. The

additional fetch powder passes are referred to as “re-raking” passes.
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Figure 5: Two rake events are shown alongside position on the build platform. A normal rake
event has three rake passes whereas an abnormal rake event has more than three rake passes.

The decision to re-rake or not is based on rake sensor pulse values measured during the fetch powder pass
[21]. This is described in Figure 6. Each rake sensor pulse is only labeled as left or right sensor pulse in
the log file. To understand rake control logic, we re-label this as near end or far end pulse depending on
rake position at the start of the rake event. As the names indicate, near end pulse refers to pulse of rake
sensor nearer to the rake starting position while far end pulse is the pulse of rake sensor farther from the
rake starting position. Each rake sensor has a minimum and maximum acceptable pulse value associated
with it. It also has a maximum allowable count of invalid pulses. If the far end rake sensor pulse during
the fetch powder pass is outside acceptable rake pulse values, an invalid pulse is generated. Additional

fetch powder passes are carried out till one of two conditions is met : The far rake sensor pulse value is
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within prescribed limits OR number of far end invalid pulses exceeds set threshold. When this happens,
the system determines that the far end sensor is temporarily broken and proceeds with two spread powder
passes to complete the rake event. Interestingly, the invalid pulse count is carried over between layers and
reset only when a valid pulse is encountered. Upon checking log files, it was found that re-raking control
logic described in Arcam EBM ® manual did not hold for 4 out of more than 20000 layers that were
analyzed. These layers do not change results of the study in any way since we analyze gross re-raking

trends and not layer-specific ones (see results section).

Fetch powder pass:

1. Rake fetches powder and moves from one end of
build platform (near end) to the other end (far end)

2. Anear end pulse and a far end pulse are generated
in the corresponding rake sensors

4
d

Y

Is far end
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Increment far
» end invalid
pulse count by 1

No

|s count of far end,
invalid pulses
greater than
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allowable value?

Carry out 2 spread
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A

Figure 6: Rake control regulation logic based on rake pulse values
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Figure 7: Schematic showing rake near end and far end corresponding to the current rake
position
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4. Data analysis approach

This section describes the data analysis approach used in this paper. A flowchart that depicts data analysis
of rake position and rake sensor pulses is given in Figure 8. The details of each step of the flowchart are

explained in the following subsections.

A. Extract data and divide into individual Rake
Log Files ] Events

B. Does Rake No No evidence of powder

Event i exhibit re-
raking ?

degradation in this layer

C. Did either or both
powder hoppers
empty out?

D. Poor powder spreadability due to sintering of
powder. Analyze sintering kinetics during build.

Figure 8: Flowchart showing data analysis steps in analyzing log files from Arcam EBM®
System

Step A:

Step A extracts rake position data from the build log files. The rake position data are divided into separate

rake events by indexing rake position off the time stamp associated with build platform height. Build

Notice: This manuscript has been authored in part by UT-Battelle, LLC, under contract DE-ACO5-
000R22725 with the US Department of Energy (DOE). The US government retains and the publisher, by
accepting the article for publication, acknowledges that the US government retains a nonexclusive, paid-
up, irrevocable, worldwide license to publish or reproduce the published form of this manuscript, or allow
others to do so, for US government purposes. DOE will provide public access to these results of federally
sponsored research in accordance with the DOE Public Access Plan
(https://www.energy.gov/downloads/doe-public-access-plan).



https://www.energy.gov/downloads/doe-public-access-plan

Page 18 of 37

platform height is a variable in the log file that gets updated when the build platform is lowered at the end
of each layer print. Its time stamp can be used as an indicator commencement of a rake event based on
which rake position data can be indexed by layer. After the log file data are divided into individual rake
events, each rake event i is evaluated in turn to determine if each layer (a) exhibits evidence of powder
problems, or (b) indicates that one or both hoppers have emptied and insufficient powder is available, in

which case analysis is halted. These steps are explained in detail below.

Step B:

Step B analyzes rake position data for a specific layer to compute the total number of rake passes and
determine if re-raking has occurred. The number of rake passes per rake event can be computed by
counting rake position data points, which are collected at fairly regular intervals of time during rake
motion, and thus the number of rake position data points per fetch powder pass or spread powder pass is
roughly constant. The number of rake passes, N,, can be calculated according to equation (1) after
determining the average number of data points per spread powder pass, N;, and fetch powder pass, Ny,

manually from the first few layers.

N — 2N,
where N is number of data points in rake event and || .|| indicates rounding to nearest integer. This method

of calculating the number of rake passes has been verified by plotting rake position over time from the log
file for ten randomly selected rake events per build to ensure that the method calculates the correct

number of rake passes per rake event. Across theavailable builds, Inconel 718 builds and Ti-6Al-4V
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builds have different frequency of data collection of rake position and therefore have different numbers of
data points, N, and N;, per spread powder and fetch powder pass, respectively; however, the consistency

of data collection within builds of each material type remains.

Figure 9 shows the number of data points for each rake event (i.e. at the end of each build layer) in the
first build of Ti-6Al-4V as indicated in the primary y-axis (on the left) while the secondary y-axis (on the
right) indicates the number of rake passes per rake event. The color and shape also indicate the number of
rake passes. A “normal” rake event would have 3 rake passes. Figure 9 shows that, in this build, mostly
normal raking (3 passes) or 1 additional pass (4 passes in all) occurred prior to layer 1500. After layer
1500, the number of layers with 1 additional pass increased significantly. After layer 2500, the number of
rake passes began to increase beyond 4 until all additional raking stopped at layer 2729. The cause of this

behavior is explored in step C.
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Figure 9: Rake position data point count plotted against layer number for Ti-6A1-4V Build 1
shows a rapid increase in re-rake events at around layer number 2500

If rake position data are collected at irregular intervals of time, this method of computing number of rake
passes would not be appropriate. In that case, the number of rake passes could be determined by

calculating the total distance traveled by the rake in each rake event:
d=3lri—r_l @)

where r; is the rake position at the i data point. The distance traveled would be proportional to number of

fetch and spread powder passes per rake event.
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If analysis of rake position indicates there are no additional rake passes beyond 3, then there is no
evidence of powder problems in the current layer i and the analysis moves to the next layer i+/. If

additional passes occured, potential causes are investigated in steps C and D.

Step C:

In step C, analysis of rake position and rake sensor pulse data determines if additional rake passes are a
result of one or both hoppers emptying. Hopper emptying can be identified by evaluating the extreme
rake position for the fetch powder pass of each rake event. Figure 10 shows plots of the extreme rake
position during fetch powder passes of rake events for a given build. The corresponding positions on the
build platform are shown schematically on the left. In other words, Figure 10 shows the position inside
the powder mound where the rake moved to fetch powder. The plot on the left shows the left and right
fetch powder positions while the two sides are zoomed in on the right. In the initial layers of the build, the
rake does not go deep into the powder mound to fetch powder. As the part is printed, the rake moves
further into the powder mound to fetch powder because the rake finds insufficient powder close to its
resting position. The Arcam EBM® system uses rake sensor pulse as a control signal to compute the
depth inside the powder mound to which the rake must move to “fetch” powder [21]. A characteristic sign
of powder hopper emptying is that the rake moves to the maximum allowable position on the build
platform to fetch powder. This is referred to as “rake position max out” and has been observed
consistently across a variety of builds when either hopper empties. When the rake finds that no more
powder is available, it moves to the other end of the platform to fetch powder. When both hoppers empty,
the rake re-rakes repeatedly until the maximum allowable invalid pulse count is reached (as seen at layer
2729 in Figure 9). At this point, the rake sensor is deemed temporarily broken by the system and the layer
is completed with 2 spread powder passes. It is important to note that even after hoppers empty out as
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indicated by extreme end positions of the rake, the Arcam EBM ® system continues building the part.

This may be because the system accounts for the possibility of a broken rake sensor. When part build

occurs beyond hopper emptying, the part may be prone to defects due to insufficient powder availability

during final build layers. Figure 10 illustrates extreme rake positions across layers of the build for which

rake passes are shown in Figure 9. Figure 10 exhibits insufficient powder due to hopper emptying. As

inferred from Figure 10, the right hopper empties out approximately at layer 1500 while the left hopper

empties out approximately at layer 2500.
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Figure 10: Rake extreme positions shown for each fetch powder pass in each rake event for the

first build of Ti-6A1-4V

Notice: This manuscript has been authored in part by UT-Battelle, LLC, under contract DE-ACO5-
000R22725 with the US Department of Energy (DOE). The US government retains and the publisher, by
accepting the article for publication, acknowledges that the US government retains a nonexclusive, paid-
up, irrevocable, worldwide license to publish or reproduce the published form of this manuscript, or allow
others to do so, for US government purposes. DOE will provide public access to these results of federally

sponsored research in accordance with the DOE Public Access Plan
(https://www.energy.gov/downloads/doe-public-access-plan).



https://www.energy.gov/downloads/doe-public-access-plan

Page 23 of 37

Rake position analysis described above indicates if either (or both) hopper(s) emptied. If log files indicate
that rake hoppers did not empty out during the build, then additional rake passes detected in Step B were

caused by other reasons of low rake sensor pulse. This is investigated in Step D.

Step D:

If hoppers did not empty but additional rake passes occurred, we hypothesize that particle sintering
occurred on the build platform, leading to low rake sensor pulse. Particle sintering can lead to powder
agglomeration, resulting in poor powder spreadability on the build platform and therefore insufficient
powder flowing through the rake sensor. There is no existing metric to evaluate in situ powder
spreadability [22] but we can use basic sintering kinetics to analyze if our hypothesis points in the
direction of powder agglomeration. We can also use ex situ SEM images of powder samples to check for
powder agglomeration. A note of caution with SEM images is that ex situ powder analysis is done on
powder after it is put through the PRS system and the sieve. So, signs of particle sintering and
agglomeration may not be seen clearly. Ultimately, the effects of poor powder spreadability on part
quality must be understood. Particle sintering and part quality analysis are beyond the scope of the current

research and are potential areas of future work.

5. Results

Results from data analysis described in the previous section are presented for all builds described in

Section 2 and included in previous work by Nandwana et al [8].
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We start with Inconel 718 builds, which had five successful builds (build 5 failed at less than 35% of
intended build height). Figure 11 shows the rake position-based analysis results for the number of rake
passes in Inconel 718 builds. Build 1 was made with virgin powder while Build 6 has powder that has
been recycled four times (Build 5 failed, and powder was not exposed to the electron beam from that
build). Build 1 did not have pulse data recorded in the log file due to lack of positional orientation
between powder sensors and build platform, resulting in default rake passes. Results presented in this
section do not change when we exclude build 1 from the discussion; we have included it for ease of
comparison with Nandwana et al. [8]. Following the steps in the data analysis flowchart (Figure 8), there
is evidence of hopper emptying in all Inconel718 builds except build 5. Ignoring layers built after either
hopper started emptying, we are left with fewer layers to analyze powder behavior change due to
recycling. Table 1 summarizes the percentage of layers that had additional rake passes due to powder-
related issues and not due to hopper-emptying issues for Inconel 718 builds. From Table 1, we observe
that increased powder recycling led to increased rake passes after build 3, and this increase cannot be
attributed to hopper emptying. We use sintering kinetics to explain powder agglomeration that may have
happened and support our hypothesis using SEM images. Sintering kinetics are presented later in this
section. SEM images published by Nandwana et al. [8] (reproduced in Figure 12) indicate powder particle
agglomeration in Inconel718 powder with multiple reuse cycles. Since SEM images were taken after
recycling powder through the PRS and sieve, they are not completely representative of changes in powder
on the build plate but indicate broad trends. From the PSD (Figure 12), we observe an increase in large-
sized particles with increased powder recycling and an accompanying increase in average powder particle
diameter. The PSD indicates that virgin powder had many large particles but, after Build 1, the PSD

changed significantly, hinting that large particles present in virgin powder may have been sieved out. Our
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finding of powder agglomeration in recycled powder is in agreement with findings of other research

groups [8,14,15,23,24] who studied Inconel 718 powder recycling in the SLM and E-PBF processes.
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Table 1: Re-raking in Inconel 718 before hoppers empty out

Build serial Number of | Layer number at Number of re- Percentage of layers
number layers which first raked layers prior | before hopper
printed hopper showed to hopper emptying with re-
evidence of emptying raking
emptying
1 (excluded from 1618 1300 1 0.1 %
analysis due to
improper

alignment of
powder sensor)

2 1733 1500 1 0.1%
3 1467 900 2 0.2%
4 1333 700 62 8.9 %
5 (excluded from 214 No clear trend - -
analysis since it seen due to

failed early) erratic build

6 800 550 143 26 %
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Figure 12: (left) SEM images showing particle shape of Inconel 718 powder after each reuse
cycle and (vight) particle size distribution of Inconel 718 powder after each powder reuse cycle
(reproduced from [8] with permission)

The results of analysis of the five Ti-6Al-4V builds are shown in Figure 13. It is to be noted that builds 1
and 2 were failed builds as mentioned by Nandwana et al. [8] and are included only for comparison and

completeness. They do not affect our conclusions in any way.

Only builds 1 and 4 indicate emptying of both powder hoppers. The percentage of layers experiencing re-
raking not attributable to hopper emptying, summarized in Table 2, remains roughly constant across Ti-
6Al-4V builds after the first build. This is in contrast to the results seen in Inconel 718 builds. We
examine sintering kinetics of Ti-6Al-4V later in this section to reason out this behavior. SEM images of

powder samples and resulting Powder Size Distributions (PSDs) are shown in Figure 14 (reproduced
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from Nandwana et al. [8]). The PSDs were analyzed using a Horiba LA-950 Laser Diffraction Particle
Analyzer [8]. The SEM images look similar across reuse cycles and all of them indicate the presence of a
few satellite particles as shown by red arrows on most large powder particles. The PSD also indicates that
powder sampled after Builds 2, 3, and 5 all have very similar size distributions. The PSD in Figure 14
suggests that Ti-6Al-4V powder does not exhibit an appreciable and persistent change in particle size that
persists across powder with increased reuse cycles. This finding is in agreement with results in [16]where

Ti-6Al1-4V powder size distribution showed little variation after eleven cycles of reuse in a SLM process.
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Figure 13: Data analysis results for Ti-6A1-4V builds
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Table 2: Re-raking in Ti-6Al-4V before hoppers empty out

Build Number of | Layer number at Number of re- Percentage of layers

serial layers which first hopper raked layers prior before hopper

number printed showed evidence of to hopper emptying with re-
emptying emptying raking

1 3858 1500 45 3%

2 1854 1500 174 11.6 %

3 4500 4000 516 12.9 %

4 3500 2000 298 14.9 %

5 2500 1500 225 15.0 %
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Figure 14: SEM images showing Ti-6Al-4V particle shapes after each recycling cycle and (right) particle size distribution of Ti- ,
6A1-4V powder after different number of powder recycling cycles (reproduced from [8] with permission)
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Comparing the effect of recycling on Ti-6Al-4V powder and Inconel 718 powder, we note that Inconel
718 powder exhibits increased rake passes with increase in powder recycling after build 3 whereas Ti-
6Al-4V powder exhibits nearly constant re-raking from the second build itself. Following the data
analysis framework proposed in this paper, we reach conclusions about the in situ powder spreadability of

Inconel 718 and Ti-6Al-4V powders based on their sintering.

The sintering kinetics of powders depend on the particle size distribution, surface, boundary and volume
diffusivities [25,26]. In this paper, we focus on the diffusivity effects alone to rationalize the observed
behavior. The processing temperature of Ti-6Al-4V builds range from 500 to 700°C. At this temperature,
both BCC (B-phase) and HCP (a-phase) structures are expected in this alloy. Because the diffusivity of
elements in B-phase is higher than that of the a-phase, we can assume that the sintering kinetics may be
accelerated by the presence of B-phase. The self-diffusivity of titanium in B-phase is on the order of 10-1°
m?/s at 700°C [27]. From the build log files, we found that the median build time for Ti-6Al-4V builds is
38 seconds per layer and while for Inconel 718 builds, it is 84 seconds per layer. This can be considered
the median residence time for powder in the powder mound, waiting to be spread on the build platform.
During this wait time, the powder could be sintered due to contact with the heated build plate. Using the
residence time, we can calculate the random walk diffusion distance (2 X \/m) to be 39 um
for titanium. In contrast, the processing temperature of Inconel 718 build ranges from 850°C to 1000°C.
At these temperatures, the stable phase is FCC structure and the self-diffusivity of nickel in FCC-phase is
on the order of 10-'® m?/s at 850°C [28]. By using the measured residence time for each layer in Inconel
718 (84 seconds), the diffusion distance is 18 um. It is indeed clear from the calculations that the

sintering kinetics of Ti-6Al-4V will be at least twice as fast as Inconel 718 for every layer.
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The calculated sintering kinetics and observed rake behavior may explain in situ powder spreadability: In
the first few layers of a Ti-6Al-4V build, mostly fresh, un-sintered powder is spread across the powder
bed and therefore there is minimal re-raking. We hypothesize that over time the powder deposited from
the hopper -as a mound on either end of the powder bed- sinters due to heat from the powder bed. After
sufficient time has passed, partially sintered powder from either end of the powder bed is being spread on
the bed. This leads to short rake sensor pulses due to poor spreadability of powder with sintered
agglomerates. Since this behavior is not dependent on powder recycling but on the sintering kinetics of
Ti-6Al-4V itself, we expect to observe re-raking in the early builds itself; re-raking is seen from build 2
(i.e. after 1 reuse cycle). However, fast sintering would also lead to large particles that get sieved out at
the end of each build and thus sintered agglomerates would not persist across builds. This conclusion is
supported by SEM images in Figure 14. In Inconel 718, sintering in powder mound is expected to be
sluggish in the time between replenishment of the powder mounds, compared to Ti-6A1-4V. But, slow
sintering of all the Inconel 718 powder is expected to sustain across reuse cycles since slow sintering
leads to particles that are small enough to pass through the sieve. This explains why powder sintering is
seen in later builds of Inconel 718 (after Build 3) and increases visibly with recycling beyond three cycles

(see red arrows in Figure 12).

In the series of Ti-6Al-4V builds, the first build exhibits significantly lower re-raking compared to other
builds. We believe that this is because of the dryness of fresh powders and lack of oxygen pickup in fresh
powder. With just one cycle of reuse, sufficient moisture and oxygen pickup may have occurred during
the build process and during powder recovery and that may have led to significant increase in sintering in

Build 2 and in further recycled powders.
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Understanding in situ powder behavior during powder recycling of two commonly used alloys Ti-6Al-4V
and Inconel 718 is an important result of log file data analysis as done in this paper. In terms of additional
build time due to re-raking: each re-rake pass takes ~3-4 seconds of time. For a 21 hour build (Inconel
718- build 6) that had maximum re-raking (276 re-rake passes), the additional time due to re-raking is ~
10-18 minutes which is less than 2% of the total build time. So, time taken by itself may not indicate
build abnormalities. Using log file data analysis demonstrates a non-invasive method to understand in situ

powder spreadability which can lead to build quality issues.

6. Conclusions

In this paper, the effect of powder recycling on in sifu powder spreadability in the E-PBF process was
studied. This study demonstrated that it is possible to extract value from log file data by using it to infer

powder particle behavior during a build.

Based on data analysis of parts built using recycled powder, we found that Inconel 718 powder tends to
agglomerate over multiple cycles of recycling. This is in contrast to Ti-6Al-4V powder where the powder
seems to sinter quickly, irrespective of recycling. This indicates that additive manufacturing of Ti-6A1-4V
powders needs different process conditions to account for its quick sintering behavior compared to
Inconel 718. This study can also be extended by using the data analysis methodology described here to
understand in situ powder spreadability in E-PBF process for other powders. This makes log file analysis

a valuable tool for analysis of Arcam EBM ® builds.

Further validation of results about in situ powder behavior and spreadability in this paper could be done

using Discrete Element Method (DEM) simulations of powder behavior [29-33], though this is beyond
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the scope of the current work. Integrating sintering kinetics with a DEM based approach could enable
better appreciation for the physics involved in AM and translate into better parameter choice for AM

builds.
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Appendix:

The log file data used for analysis in this paper is available at: https://doi.org/10.7290/n81x7b8
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