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Abstract

The objective of this work is to mitigate flaw formation in powder and laser-based directed energy
deposition (DED) additive manufacturing process through close-loop control of the meltpool
temperature. In this work, the meltpool temperature was controlled by modulating the laser power
based on feedback signals from a coaxial two-wavelength imaging pyrometer. The utility of
closed-loop control in DED is demonstrated in the context of practically inspired trapezoid-shaped
stainless-steel parts (SS 316L). We demonstrate that parts built under closed-loop control have
reduced variation in porosity and uniform microstructure compared to parts built under open-loop
conditions. For example, post-process characterization showed that closed-loop processed parts
had a volume percent porosity ranging from 0.036% to 0.043%. In comparison, open-loop
processed parts had a larger variation in volume percent porosity ranging from 0.032% to 0.068%.
Further, parts built with closed-loop processing depicted consistent dendritic microstructure. By
contrast, parts built with open-loop processing showed microstructure heterogeneity with the
presence of both dendritic and planar grains, which in turn translated to large variation in
microhardness.

Keywords Directed Energy Deposition; Closed-loop Control; Meltpool Temperature; Dual-
wavelength Pyrometer; Microstructure, Porosity.



1 Introduction

1.1 Background and Motivation

In the directed energy deposition (DED) process, exemplified in Figure 1, metal powder is
sprayed via nozzles onto a substrate and fused (melted) using energy from a laser. The part is built
in three dimensions by relative movement of the substrate and nozzles. The DED process studied
in this work uses powder material and laser energy source, it is also termed powder-DED (P-DED)
or laser-DED (L-DED), and popularly known as Laser Engineered Net Shaping (LENS, a
trademark of Optomec). Other embodiments of the process use material in wire form — termed

wire-DED — or different energy sources such as an electron beam or an electric arc [1, 2].
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Figure 1: Schematic of the P-DED process. Material in the form of metal powder is sprayed from
the sides by four nozzles and fused onto a substrate by energy from a coaxial laser beam.

The DED process provides a new avenue for rapid repair of damaged parts, refurbishment of
legacy components, addition of complex features to stock materials, and re-engineering
(enhancement) of existing parts with protective coatings [3, 4]. However, the process has a
tendency to create flaws, such as porosity and non-uniform (heterogeneous) microstructure [5, 6].

The resulting uncertainty in the part structure leads to large variation in its properties [7]. Hence,



despite significant cost and time-to-service advantages, given its lack of consistency, safety-critical

industries, such as aerospace and defense, are reticent in adopting the DED process.

Many researchers have highlighted the lack of repeatability of parts produced by additive
manufacturing, especially DED, which has hindered its use in large scale production [8-12]. The
main cause of flaw formation in DED is linked to the temperature distribution in the part as it is
being deposited [13-16]. The temperature distribution is related to the multi-scale thermal aspects
of the process and is a function of the part geometry, material properties, and the processing
parameters; such as the laser power, scanning velocity and pattern, dwell time between layers, and
others [17-20]. For example, at the macro-scale part-level (> Imm), the uneven distribution of
temperature in the part as it is being deposited may lead to severe thermal-induced residual stresses

resulting in distortion and cracking [16].

At the meltpool-level, (i.e., the laser-powder interface, < 500 um) complex thermal, material,
and gas flow-related phenomena interact to influence pore formation, inter-granular cracking, and
microstructure-level inconsistencies [21-23]. Small disturbances (stochastic variations) in the
complex process-machine-material interactions in DED are liable to cause flaw formation [24].
Some common stochastic causes for flaw formation in DED are disturbance in the flow of powder;
anomalies in the powder feedstock material, such as contaminants; variation in shape and size of
particles; and faults in the machine, such as laser focus aberrations and motion control error leading

to uneven deposition of layers [25].

An example of a flaw formation caused due to stochasticity in DED is exemplified in Figure
2. X-ray computed tomography images of two DED parts built under identical processing
conditions are shown in Figure 2(a and b) and Figure 2(c and d). The part in Figure 2(a and b) has

near ideal geometric accuracy, and only few and small pores. In contrast the part shown in Figure



2(c and d) depicts poor geometric accuracy characterized with a wavy edge, poor surface finish,

and large lack-of-fusion pores in the interior of the part exceeding 200 um in diameter. Therefore,

to mitigate the deleterious effect of flaw formation and microstructure heterogeneity in DED, in-

process sensor-based monitoring and closed-loop control is being actively researched [26-29].
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Figure 2: An example of stochastic flaw formation in DED. X-ray CT scans of two stainless steel
parts produced under identical DED processing conditions (P= 325 W, V= 8.5 mm-s). The part
in (a) and (b) depicts near ideal surface finish and few, small pores. The part in (c) and (d) shows
poor surface finish, degraded geometry, and large pores.
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1.2 Prior Work in Closed-Loop Control of DED

A comprehensive survey of closed-loop control in DED is presented by Reutzel and Nassar
[30], and Wang et al. [31]. The representative works from the literature are summarized in Table

1, herewith we describe a select few in detail.

Song et al. [32] used an off-axis two-color pyrometer and three high-speed cameras through
a rule-based hybrid controller to improve the geometrical accuracy of the build by controlling the
laser power. The authors observed that maintaining the meltpool temperature within a specific
threshold improved the microstructure as well as the microhardness of the build. Farshidianfar et
al. [29] demonstrated closed-loop control of the DED process using an infrared thermal camera in
an off-axis configuration and a PID controller. The key idea was to maintain a fixed cooling rate
of the part by adjusting the deposition speed. The authors observed significantly less variation in
grain size and thereupon microhardness for parts produced under closed-loop conditions as

opposed to that of the open-loop conditions.

In a similar vein, Tang and Landers [33] used a coaxial non-imaging pyrometer to control the
meltpool temperature and track height measurement through a rule-based controller in a layer-by-
layer fashion. The control system was implemented by building a single-track multi-layer part,
which showed improved geometrical accuracy. The authors underscore the challenges with
controlling the meltpool temperature for a multi-hatch, multi-layer part using a single point

meltpool temperature value.

Recent commercial DED machines from Optomec are equipped with meltpool imaging
cameras, this system can monitor the meltpool shape and intensity but not the temperature. While
imaging pyrometers have been incorporated into the laser path of commercial machines, these

have not been integrated with a closed-loop control mechanism [34]. For example, the use of 2D
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imaging pyrometry for flaw monitoring in DED has been demonstrated by Bian ez al. [35]. Imaging

pyrometers have also been used in the context of process monitoring in laser powder bed fusion

additive manufacturing by Hooper et al. [36], and Jared et al. [37].

Table 1: A survey of closed-loop control in DED.
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While previous works in the literature have demonstrated the importance of closed-loop
control in DED, a key limitation that motivates the need for further research is that closed-loop
control has been demonstrated for only parts with a uniform cross-section. Typically, rectangular
parts are produced consisting of single hatch per layer and ten layers at most. However, in practical
DED applications, multiple hatches of material are deposited in a layer, and over several hundred
layers. In other words, closed-loop control in DED has yet to be demonstrated in the context of a

complex part with varying cross-section geometries consisting of multiple hatches and layers.

In the current work closed-loop control is demonstrated in the context of a practical trapezoid-
shaped part consisting of multiple hatches (4 hatches per layer) and multiple layers (198 layers).
The changing cross-section of the test part used in this work presents an additional challenge for
closed-loop control in DED. A 2D imaging pyrometer sensing system is used to control the
meltpool temperature through automatic modulation of the laser power. The pyrometer is located
coaxial to the laser path and provides a line-of-sight 2D temperature map of the meltpool at the
sampling rate of 2.5 Hz. Since, the sensor is coaxial to the laser, it is scalable to parts with complex
geometries, always in focus, and capable of collecting data over multiple hatches. To the best of
the authors’ knowledge, this is one of the first works to use coaxial dual-wavelength imaging
pyrometry for real-time, closed-loop control of meltpool temperature in the context of a large

multi-hatch DED part.



2 Methods

2.1 Test Parts and Experiments

Six trapezoid-shaped parts (Figure 3) were deposited using an Optomec MR7 LENS system.
The powder was sprayed from four nozzles carried in a stream of Argon gas, and melted by a
Ytterbium fiber laser operating in continuous mode (IPG Photonics, 1070 nm wavelength). The
powder (Praxair FE-271-4) used was stainless steel 316L with a particle size ranging between 50-

250 um. Nominal powder composition was Cr 17%, Ni 12%, Mo 2.5%, with base element Fe.

Parts were deposited under two conditions, namely, closed-loop processing and open-loop
processing. In open-loop processing, the laser power (P) is maintained constant at 410 W
throughout the build, while in closed-loop processing, the laser power (P) is automatically adjusted
in the range of 360 W to 550 W to maintain the meltpool temperature at a setpoint of 1650 + 50°C.
Rest of the process conditions are identical for the both processing conditions (Table 2). Further

details regarding the closed-loop control scheme are discussed in Sec. 2.4.

The three parts built under closed-loop conditions were labeled as C1, C2, and C3. The parts
deposited under open-loop processing conditions were labeled as O1, O2, and O3. As shown in
Figure 3, the test part has a tapering width that reduces in size from 83.75 mm (3.3 inch) to 24.6
mm (~ 1 inch) over a build height 0f49.5 mm (~ 2 inch). Two test parts were built on each substrate
(165 mm % 165 mm % 12.5 mm). There was a cooling time of two hours between each of the two
parts printed on the same substrate. The distance between the two samples was ~80 mm. While the
thermal mass of the overall part increases after the deposition of the first test part, however, the
change is negligible (~ 7,500 mm?®) in comparison with the large thermal mass of the substrate

(~340,312.5 mm?).
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Figure 3: (a) Photograph of as built SS 316L parts used in this work and (b) The dimensions of
the trapezoidal parts. (c)The deposition and scan pattern under which the parts are produced. The
substrate is stainless steel and 12.7 mm thick. The parts shown in this figure were produced under
open-loop processing conditions, burn marks are noted near the top of these parts as a
consequence of overheating.

Referring to Figure 3, the width of the part is 2.5 mm (~ 0.1 inch). Each layer is formed from
four hatches - two interior and one on each of the outside edges (contour hatch). Hatches were
spaced 500 um (0.02 inch) from each other. The height of each layer (Z-direction) remained
constant throughout the build at 250 pm (0.01 inch). A rectilinear hatch pattern that alternates at
opposite ends on the part is used. The part consists of 198 layers. No dwell time is programed
between hatches or layers, resulting in a build time of 65 minutes per part. Other processing

conditions that were held constant are reported in Table 2.

Unlike simple one-hatch thick uniform cross-section rectangular thin-wall shaped test parts,
popularly studied in the DED literature in the context of monitoring and closed-loop control [28,
29, 43], the trapezoidal part geometry used in this work creates an additional challenge. The length
of the part reduces with the build height, and hence the time between layers also decreases
proportionally (as the deposition speed is constant). The change in the cooling rate with the build

height is therefore more drastic for the trapezoidal-shaped part used in this work compared to a



uniform rectangular thin-wall geometry. The accelerated change in cooling rates is likely to
exacerbate microstructure heterogeneity if the laser power is not modulated in real-time to
maintain the meltpool temperature. To compound the challenge, the part has multiple hatches — 2
contours and 2 interior hatches — which have distinctive cooling characteristics. The contour
hatches are liable to cool faster compared to the interior hatches due to forced convection by argon

gas from the nozzle.

Table 2: Processing parameters that were held constant for the DED experiments in this work.

Powder Deposition Hatch Layer Stand-off
Dispense Rate Speed Spacing Thickness Distance
[gs7!] V[mm-s'!] H [mm] T [mm] [mm]
0.1 10.0 0.5 0.25 9.5

2.2 Sensing and Calibration

A two-wavelength imaging pyrometer (ThermaViz by Stratonics, Inc.) is used in this work to
capture the meltpool image in both open-loop and closed-loop processing conditions [37]. The
ThermaViz imaging pyrometer dimensions are ~150 mm % 150 mm x 75 mm. The pyrometer was
integrated into a co-axial configuration with the laser, forming a direct line of sight of the meltpool.
Therefore, the meltpool is always in the field of view of the instrument. The pyrometer resolves

the temperature over a 752 pixel x 480 pixel region, with a resolution of 11 um per pixel.

The pyrometer measures the meltpool temperature at two different wavelengths, namely, 750
nm and 900 nm. The measurement obtained is an approximate temperature map of the meltpool
due to the change in emissivity. The key aspect of the pyrometer is the measurement of the
meltpool temperature at two wavelengths independently of emissivity, which provides a more
accurate temperature measurement than a single-wavelength pyrometer [44]. The accuracy of
temperature measurement is typically within +5°C [45]. To explain further, when an object is

heated, it emits electromagnetic radiation across different wavelengths governed by Planck’s law

10



[36, 46]. The intensity of the radiation is a function of the temperature of the body, the particular
wavelength at which the radiation is measured, and thermal emissivity of the body. The thermal
emissivity is not constant but is dependent on the surface characteristics of the object being

measured, its temperature, and angle at which the surface is measured [46].

The pyrometer readings are calibrated using an incandescent tungsten lamp with a known
temperature response. The diameter of the lamp is 10 mm and its length is 20 mm (Figure 4(a)). A
calibration kit equipped with the tungsten lamp, power supply source, calibration certificate,
documentation and software for automatic calibration is provided by Stratonics with these sensor
array. The calibration procedure, which is widely used in practice, involves placing the tungsten
incandescent lamp in the DED machine and positioning it at the point where the meltpool is

formed, i.e., along the laser axis and below the laser delivery tube [47].

The validity of the calibration procedure is explained in the context of Figure 4(b), which
shows a representative meltpool thermal image ranging from 1600 to 2600 K (1327 to 2327°C)
for titanium alloy Ti6Al4V (melting point 1938 K, 1664°C). The inner region of the meltpool is
liquid phase and the outer region is solid phase. The boundary between the two regions is marked
by a smooth contour. The outer regions of the meltpool, viz., in the solid phase transitions into a
region with un-melted powder particles. Similar contours are observed in the meltpool images

obtained in this work (Figure 6)

Referring to the color scale, the light blue color corresponds to temperature readings between
1850-1900 K (1577 - 1627°C), and the light green color just across the purple melting contour,
corresponds to 2000 to 2050 K (1727 -1777 °C). These light blue and green colors encompass the
melting temperature of titanium 1938 K (1664°C). The average temperature over the light blue

and green region is 1950 K (~ 1677°C), viz., near the melting temperature of Ti6Al4V (1938 K).
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The liquid phase and solid phase demarcations captured by the pyrometer are correlated with the
physics of the process and thus substantiate the viability of the calibration and measurements of
the pyrometer. These temperature boundaries also carry over to the meltpool of SS 316L as will

be demonstrated in the context of Figure 6 in Sec. 2.3.

Next, using this tungsten lamp the pyrometer was calibrated in the temperature range from
1400 to 2500°C in steps of 100°C. The calibration curve is shown in Figure 5. This calibration
curve is used to translate the radiant intensity captured by the pyrometer to a temperature reading.
On the y-axis of Figure 5 is the temperature of the incandescent tungsten lamp. On the x-axis is
the ratio of the radiant intensity measured by the dual wavelength imaging pyrometer at 750 nm
and 900 nm. From this calibration curve an intensity measurement at each pixel recorded by the

imaging pyrometer is readily converted to a temperature measurement.
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Figure 4: (a) Calibration with a tungsten incandescent lamp. (b) Representative thermal image of
a meltpool during DED of titanium alloy material. The color scale temperature ranges from 1600
to 2600 K (1327 to 2327°C). A smooth boundary (purple line) separates the solidus and liquidus
region of 1938 K. Un-melted particles are observed along the trailing edge.
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Figure 5: The calibration curve for the pyrometer with respect to a known incandescent source
(tungsten lamp). On the x-axis are the ratio of the radiant intensity observed at 750 nm and 900
nm. On the y-axis is the temperature observed from a known incandescent light source. The blue

dots are the experimental data points obtained during calibration, the red line is the best fitted
curve.

2.3 Data Acquisition and Meltpool Signatures

At the recorded frame rate of 2.5 Hz, approximately 10,000 meltpool images are acquired for
each part. The selected sampling rate is because the goal of this work was to perform hatch-by-
hatch meltpool temperature control as opposed to localized high-resolution temperature control.
Furthermore, the pyrometer used in this work provides a 2D areal (113 pm x 113 pm) temperature
distribution of the meltpool as opposed to a single point temperature in prior work [33, 39, 40, 42].

Therefore, the sampling rate of 2.5 Hz is deemed to be sufficient.

Although the sampling rate for the pyrometer can be increased beyond 1 kHz, however, a
higher sampling rate would require increased data buffering, storage, transfer, and computation
requirements. Hence, in this work there is a tradeoff between sensor sampling rate and tractability
of the controller system. However, a higher sampling rate would be essential if the scanning
velocity were to increase beyond the 10 mm/s used in this work.
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Each meltpool image is synchronized with its corresponding laser power and build position.
A representative meltpool image acquired from the two-wavelength pyrometer is shown in Figure
6(a). The meltpool image in Figure 6(a) is further stratified into two regions, namely, the meltpool
region and the annulus region. This demarcation is shown graphically for a pyrometer image in

Figure 6(b) and (c), respectively.

The meltpool region, Figure 6(b), corresponds to the location of every pixel in the pyrometer
image whose temperature is greater than 1371°C (melting point of SS 316). Similarly, the annulus
region of the meltpool, Figure 6(c), corresponds to the location of each pixel in the pyrometer
image that reads between 1000°C and 1371°C. These thresholds were chosen as they result in
distinctive boundaries demarcating solidus and liquidus regions of the meltpool for SS 316L akin

to Figure 4.

Figure 6(d), shows a spatial sampling of the temperature profile across the meltpool from a
200 pixel x 10 pixel (2 mm X 0.11 mm) demarcated in Figure 6(a). This 1D temperature profile
reveals that the peak meltpool temperature encompasses a small area in the center of the meltpool,
and the temperature decreases rapidly from the center. For each meltpool region identified from
the pyrometer image we extract and record the following process signatures: (i) peak (maximum)
meltpool temperature, (ii) average meltpool temperature, (iii) standard deviation of meltpool
temperature, and (iv) meltpool area. Similar metrics were recorded for the annulus region of the

meltpool.

We note that when measuring temperature of a meltpool pixel-by-pixel, the measured
temperature may fluctuate more than the native precision of the calibration due to natural variation
in the process, and interference from spatter and soot in the meltpool region. Hence, the pixel-to-

pixel variation can be often as large as 100°C. Therefore, instead of measuring temperature over
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single pixels for process control, we spatially average the peak temperature over 10 pixels x 10
pixels (0.0121 mm?), as well as temporally over multiple consecutive meltpool images. The
procedure, which is explained in the forthcoming Sec. 2.4 (closed-loop controller), mitigates the

deleterious effect of local variations in the meltpool temperature.
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Figure 6: (a) The as-received pyrometer image of the meltpool, which is stratified into meltpool
and annulus regions for correlating the meltpool behavior with microstructure evolution and
porosity formation. (b) The meltpool region consists of pixels over 1371°C (melting point of SS
316L) (c) The annulus region consists of pixels with the recorded temperature in the range of 1000
to 1371°C. (d) A 1-D perspective of the meltpool image obtained by sampling of the temperature
of the annotated pixels through the center of the meltpool image. The sampled area in (a) is ~200
pixels long and 10 pixels wide, corresponding to 2 mm and (.11 mm, respectively.
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2.4 Closed-loop Process Control

A rule-based closed-loop control scheme is used in this work to maintain the meltpool
temperature. The schematic of the closed-loop control system is shown in Figure 7, and the control
logic is summarized in Figure 8. The laser power and position were synchronized with the
pyrometer data and logged in the closed-loop control system at 2.5 Hz. This allowed the meltpool
temperature to be correlated to specific positions along the laser path. The peak meltpool
temperature is controlled by adjusting the laser power with respect to the difference between the

measured and set point temperature (1650°C), as will be described shortly.

The meltpool temperature was averaged in a small area encompassing the center of the
meltpool corresponding to 0.0121 mm? (10 pixels x 10 pixels, 113 pm x 113 um) physical size,
from every image frame obtained from the pyrometer. As described previously in Sec. 2.3, this

spatially averaged meltpool temperature is termed as the peak meltpool temperature.
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Figure 7: Control-Loop used to maintain the peak meltpool temperature at 1650 = 50°C using a
Stratonics two-wavelength imaging pyrometer and Optomec’s Lens MR7 DED machine. The peak
meltpool temperature is measured in a 10 pixel x 10 pixel square surrounding the center of the
meltpool image. The laser power is adjusted proportional to the peak meltpool temperature. The
system logs the position of the nozzle and the adjusted laser power.
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The setpoint for the peak meltpool temperature was 1650 £ 50°C (1873 to 1973 K). This
setpoint temperature is chosen as it is ~20% higher than the melting temperature of SS 316 of
~1371°C (1644 K) and in agreement with processing parameter levels for the material
recommended by the machine tool manufacturer (Optomec). These process parameters and
meltpool temperature levels were determined by Optomec based on offline testing and
optimization. The meltpool temperature was identified by adjusting power levels and deposition
velocity to optimize for time efficiency, component precision, soot formation (a high energy
density leads to material vaporization) and to avoid lack of fusion (resulting from low energy

density), and for uniform deposition of a track.

When the meltpool peak temperature varied £ 3% outside the 1650°C setpoint range, i.e.,
1650 + 50°C, the laser power level was increased or decreased. This closed-loop control system is
designed to maintain a uniform peak meltpool temperature along the processing path and across
hatches throughout the build. The controller logic is further explained in the context of Figure 8.
The peak meltpool temperature (P;) was averaged over 16 consecutive trailing meltpool images.
The average of the peak meltpool temperature (at) of the 16 consecutive images is compared to the
setpoint of 1650°C. Next, the error (e;) between the setpoint temperature of 1650°C and average
peak meltpool temperature (a¢) is computed, e: = a.— 1650°C. If this error (e;) is greater than +50°C

or less than -50°C, the laser power was decreased or increased by 1 Watt accordingly.

An alternative approach is to adjust the laser power as a dynamic function of the error (e,)
akin to a PID controller as implemented in Ref. [28, 29, 38]. In contrast, the rule-based control
logic implemented in this work is based on simple statistical calculations, which does not need

involved data storage, data processing, and tuning of controller parameters, and is potentially
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material agnostic. Hence, the developed control logic is amenable for implementation onboard the

CNC controller of a DED machine.
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Figure 8: Block diagram of the rule-based controller used to maintain the meltpool at a peak
temperature of 1650°C. The average of the peak meltpool temperature (a,) was taken over a
trailing 16 readings. Then the error (e,) from 1650°C was found and the laser power was adjusted
accordingly. Then the new meltpool reading was recorded, repeating at a rate of 2.5 Hz.

P
[y
n:: | | | | ': r!'

The control logic is further detailed herewith; the control logic and parameters are derived

based on extensive empirical tuning not reported in this work.

e The meltpool image from the current frame and that of the preceding 15 frames, i.e., 16 total
meltpool frames, are used to calculate the average peak meltpool temperature (at). Averaging

over multiple frames mitigates the effects of stochastic noise and outliers and suppresses the
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controller from overshooting. Consequently, the controller has a short-term memory that
allows it to store and transfer information between hatches. The controller reads and stores
the location of the meltpool and laser power from the machine. This allows the controller to
track the position of the laser and record its precise location on a particular hatch (interior or
contour). Considering a scanning speed of 10 mm/s and sampling time of 0.4s for the
pyrometer, the measurement is updated every 4 mm along the hatch. Since the shortest hatch
length is ~ 24 mm, the system is updated at least 6 times along the hatch.

If the error, e = a;— 1650°C, exceeds +50°C the laser power was reduced by 1 W from its
previous value. Likewise, if the error e; is less than -50 °C, the laser power is increased by 1
W from its previous value. The dead band region of & 50 °C ensures that the controller does
not react to stochastic errors. The power was changed gradually in steps of 1 W to avoid a
sudden change in temperature and thereby avoid large thermal gradients. The control decision
(increasing or decreasing the laser power 1 W) was implemented over a frame cycle, e.g., 2.5
Hz. In other words, as long as the error signal e; was beyond 1650 + 50°C, the laser power
was adjusted frame-by-frame. If the error signal recovered within 1650 + 50°C, the laser
power adjustments were stopped. In this manner, the controller adjusts the laser power level

over the entire build, from initial to the final layers, and over all hatches (interior and contour).

As will be described in Sec. 3.1 in the context of Figure 11, this closed-loop control approach

maintained the meltpool temperature within 1650 + 50°C. In contrast, the peak meltpool

temperature of parts built using constant laser power of 410 W (Open-loop processing) had a large

variation, ranging from 1600 to over 2000°C. As shown in Sec. 3.3 and 3.4, parts processed with

closed-loop control showed reduced porosity and homogenous microstructure compared to Open-

loop processing.
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2.5 Post-process Characterization

Extensive post-process analyses were conducted to compare the physical properties of parts
produced under closed-loop and open-loop conditions. These analyses included both non-
destructive X-ray computed tomography (XCT) for porosity assessment and destructive
metallographic characterization. Destructive analyses encompassed optical and scanning electron
microscopy (nature of pore formation and microstructure), energy dispersive X-ray spectroscopy

(EDS, material composition) and X-ray diffraction (XRD, microstructure phases).

For ease of post-process analysis, the parts were sectioned across the middle into two 24.75
mm tall samples, labeled A and B using electro-discharge machining. Hereafter, the term samples
is used in reference to the two halves of each part. Accordingly, there are two samples per part, for
a total of 12 samples (6 parts x 2 samples). Each sample is further demarcated into four sub-
sections, measuring ~6.2 mm in height, as shown in Figure 9 (8 sub-sections per part). For a
volumetric porosity analysis, X-ray computed tomography (XCT) was performed using a Nikon
XTH225 ST system. This analysis was performed at a voxel resolution of 10 um. The Volume

Graphics software (VGSTUDIO MAX 3.4.0) was used for subsequent porosity analysis.

The cross-section faces of these samples that were near the center of the thin wall were
polished in progressively smaller steps starting with fixed abrasive 120 grit SiC paper and ending
with 1200 grit. The final fine polishing steps were carried out with 3 um and 1 pm particle size
diamond pastes using Dialube Blue lubricant, followed by 0.05 pm alumna slurry. After polishing,
optical microscopy was performed to visualize the relative porosity between parts produced under
closed-loop and open-loop processing conditions. Thirteen images were taken per sample,

resulting in 26 images per part. These optical images were taken so that the top of one image
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corresponded with the bottom of the following image. This allowed for a complete picture of the

cross-section microstructure.

Subsequent to optical microscopy, samples were etched with Adler’s reagent for 60 seconds,
which revealed the grain structure which was observed using scanning electron microscopy (SEM,
Helios 660 NanaoLab from FEI). Eight images were taken for each of the eight sub-sections for
the part. These eight images were taken using the pattern shown in Figure 10. Accordingly, 64
SEM images were acquired per part. Further, to correlate the meltpool characteristics described
in Sec. 3.1 the part was stratified into the eight sections shown in Figure 9(b) for a one-to-one
comparison between the in-process sensor data and the part material characteristics on a meso-

scale.

Energy dispersive X-ray spectroscopy (EDS, Octane Super EDAX) was performed to
determine the consistency in elemental composition of the microstructure between closed-loop and
open-loop processing. The concentrations of three main elements in SS 316L stainless steel (Fe,
Cr, and Ni) were measured through EDS analysis at five random points at each of the eight sub-
sections along the vertical height shown in Figure 10. Accordingly, there are 40 EDS spot
measurements points per part (8 sub-sections X 5 measurements). Apart from EDS spot
measurements, EDS line scans were conducted on different types of microstructure from closed-

loop- and open-loop-processed parts to ascertain severity of micro-segregation.

Next, X-ray diffraction (XRD) was performed to demarcate differences in material phase
between closed-loop- and open-loop-processed parts. For XRD analysis a Rigaku SmartLab
diffractometer was used with Cu Ka radiation (A =1.5418 A). The EDS and XRD studies are
important to rule the presence of micro-segregation and phase transformation between closed-loop

and open-loop Processed parts.
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Vickers microhardness (Vickers, Hv) testing was performed on each part under a load of 500
grams and a dwell time of 10 seconds using a LECO AMHS55L Automatic Hardness Tester.
Hardness testing was done in accordance with ASTM E384; a minimum distance of 3 times the
pyramidal diagonal of the Vickers indenter was maintained between indentations. Two sets of five

hardness readings were taken at each of the eight sections shown in Figure 10.
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Figure 9: (a and b) Schematic and (c and d) pictures of the part cut into sample A and sample B
in order to perform metallurgical analysis. Sample A is the top cross-section and Sample B is the
bottom cross-section. The part is divided into 8 sub-sections of 6.2 mm height for analysis.
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Figure 10: Schematic of a part divided into eight sub-sections, labeled S1 through S8. Each sub-
section is 6.2 mm tall and 2.5 mm wide. Schematic of locations (a) where the SEM images were

taken to perform grain morphology analysis and (b) where microhardness readings were taken
for each sub-section.

3 Results and Discussion

3.1 Effect of Closed-loop Process Control on Meltpool Temperature and Size

The aim of this section is to show the difference in meltpool behavior (temperature and area)
resulting from closed-loop and open-loop processing conditions. The following analyses in the
context of Figure 11 through Figure 14 compare the meltpool characteristics of open-loop
processing with those from closed-loop processing. The results reveal that the meltpool
temperature and area of closed-loop processed parts are more consistent across hatches and
between layers of the same part, as well as between different parts. As evident in Figure 11, the
open-loop processed parts (O1, O2, O3) depict a large variation in peak meltpool temperature both

within and between parts, despite maintaining the laser power constant at 410 W.

In the DED process, identical process parameters may lead to different meltpool size and

temperature owing to complex conductive, convective, and radiative heat transfer phenomena
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[22].The deleterious effect of stochastic disturbances on part quality was emphasized in the context
of Figure 2 (Sec. 1.1), where two DED parts built under identical processing conditions differed
considerably in porosity, surface finish, and geometric integrity. The effect of stochastic
disturbances on the peak meltpool temperature is evident in Figure 11. For example, in the context
of the open-loop processed part Ol the peak meltpool temperature ranges from 1600 to 2000 °C,
while that of O2 ranges from 1550 to 1700°C. In contrast, the peak meltpool temperature for
closed-loop processed parts (C1, C2, C3) is consistently within 1650 £ 50°C for the bulk of the

parts.

Thus, there is a considerably larger variation in the meltpool temperature in open-loop
processing. This is most likely caused due to highly dynamic heat transfer phenomena and process
uncertainty (stochasticity). As explained by Thomson et al. [18, 22] small changes in the gas flow
rate, and powder deposition rate considerably effect the meltpool temperature. For example, Heigel
et al. [48] report that the forced convection created by the inert gas flow used to deliver metal
powder significantly affects the causal heat transfer mechanisms. Hence, there is a need for closed-
loop control of meltpool temperature to limit the variation in meltpool temperature and the
tendency of the process for flaw formation, which often occur due to stochastic fluctuations in the

process conditions [5, 33, 35].

Figure 12(a) shows the mean temperature of the meltpool region (average temperature of
pixels above the melting point of SS 316L, ~1371°C). The mean temperature of the meltpool
region for all three closed-loop processed parts are largely steady at 1480 + 20°C, which is
approximately 110°C higher than the melting temperature of SS 316L. By contrast, in case of the
three open-loop processed parts, the mean temperature of the meltpool region ranged from 1440

to 1560°C between different parts.
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Figure 11: Comparison of the peak meltpool temperature for the open-loop and closed-loop
processed parts. The peak meltpool temperature for the parts processed under open-loop
conditions (fixed laser power of 410 W) varies from ~ 1560 to 2000°C. In contrast, the peak
meltpool temperature for the parts built with closed-loop control of the laser power remains within
1650 £ 50°C. Error bars show the mean + I standard error.

The mean and standard deviation of the mean meltpool temperature data shown in Figure
12(a) corresponding to all the closed-loop processed parts C1, C2, and C3 was estimated to be
~1483°C and ~ 4.70°C, respectively. For open-loop processed parts O1, O2, and O3, the mean and

standard deviation of the mean meltpool temperature were ~1494 and ~ 31.81°C, respectively.

The annulus temperature as shown in Figure 12(b), follows a similar steady trend for parts
deposited under closed-loop processing conditions, compared to large temperature variation
between and within open-loop processed parts. Continuing with the analysis, we stratified the
mean temperature of the meltpool region by its hatch location on a layer, i.e., contour and interior
hatches. Shown in Figure 12(c) and (d) is the mean temperature of the meltpool region for the
interior and contour hatches for the closed-loop and open-loop processed parts, respectively. In

comparison to the closed-loop processed parts, there is a relatively larger variation in the
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temperature of the meltpool region from the interior and contour hatches for open-loop processed
parts. This result underscores the importance of adjusting the laser power within a layer, across
hatches, as opposed to at the end of the layer because, the meltpool temperature varies greatly
between contour and interior hatches. An off-axis sensing system would not be capable of

adjusting the process hatch-by-hatch.
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Figure 12: (a) and (b) Comparison of the average meltpool and annulus temperatures,
respectively, for the open-loop processed parts (red) and closed-loop processed parts (blue). (c)
and (d) Comparison of the average temperature between contour and interior hatches for closed-
loop and open-loop processed parts, respectively. Closed-loop processed parts show minimal
variation in the temperature of the meltpool region between the contour and interior hatches,
compared to a large variation for that of the open-loop processed parts. Error bars show the mean
+ [ standard error.
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As evident from Figure 13, the large variation in meltpool temperature-related characteristics
for open-loop processed parts also manifests in the meltpool area. Shown in Figure 13(a) and (b),
are the average area of the meltpool and annulus regions, respectively. For closed-loop processed
parts, the meltpool area was 1.4 mm? £ 0.28 mm? throughout the build. In case of open-loop
processing the meltpool area varies considerably (1.7 mm? £ 0.61 mm?). A similar trend is

observed for the annulus area in Figure 13(b).

Figure 13(c) and (d) details the manner in which the area of the meltpool region changes
between contour and interior hatches. As evident from Figure 13(d) the area of the meltpool region
is considerably larger for the interior hatches compared to the contour hatches within the open-
loop processed parts. In case of the closed-loop processed parts, as observed in Figure 13(c), there

is no prominent difference in the area of the meltpool region for the contour and interior hatches.

Depicted in Figure 14 is the variation in the size and shape of the meltpool for two
representative parts (C1 and O1) at the two central sections of the build (section 4 and section 5).
For the closed-loop processed part (C1), the meltpool has a relatively uniform shape and area
irrespective of its location within the layer. It is observed that both the contour and interior hatches
have similar meltpool characteristics. In contrast, in the open-loop processed part (Ol) the
meltpool area is considerably larger in the interior hatches than in the contour hatches. Figure 11
through Figure 14 illustrate the sharp contrast in the meltpool characteristics for open-loop and
closed-loop processed parts. The temperature and shape of the meltpool for closed-loop processed
parts are consistent (smaller variation), both within (across layers and hatches) and between

different parts, compared to those from open-loop processed parts.
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Figure 13: (a) and (b) Comparison of the area of the meltpool and annulus regions, respectively,
for the open-loop processed parts (red) and closed-loop processed parts (blue). (c) and (d)
comparison of the meltpool area between contour and interior hatches for the closed-loop and
open-loop processed parts, respectively. Error bars show the mean *+ I standard error.
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Figure 14: Visual representation of the shape of the meltpool region at the two central sections
of the build, for the closed-loop and open-loop processed parts Cl and Ol, respectively. The
meltpool shape varies considerably for the open-loop processed part Ol. Each pyrometer image
is randomly selected for each section.
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3.2 Effect of Closed-loop Process Control on Laser Power

Next, Figure 15 compares the laser power as a function of build height between closed-loop
and open-loop processed parts. In Figure 15(a) it is observed that the overall laser power for the
closed-loop processed parts increase with the build height, while the laser power for the open-loop
processed parts is constant at 410 W. Furthermore, laser power in the case of closed-loop
processing is higher than the laser power for open-loop processing. However, as observed from
Figure 11 and Figure 12(a), the meltpool temperature for closed-loop processing is in general lower

and more consistent, compared to open-loop processing.

The forgoing effect is explained in reference to Figure 15(b), where we stratified the laser
power for contour and interior hatches. For closed-loop processed parts it is observed that the laser
power for the contour hatches is consistently higher than the laser power for the interior hatches.
This is because the contour hatches i.e., outside of the part, experience larger heat loss compared

to the interior area [49].

Referring to Figure 15, there is an average difference of ~ 60 W in laser power between
interior and contour hatches. A large variation (~ 50 W) between the interior and contour hatches
of different builds (Figure 15 (b)) is also observed. Further, the laser power within the interior
and contour hatches of the same build increases with the build height. For example, in Figure 15
(b) referring to the power variation for the interior hatches of sample C1, the controller

automatically increased the laser power from 360 W to 440 W during the build.

To explain further, as the build height increases, the side-wall area is exposed to the
environment and shielding argon gas from the nozzle, increasing forced convection. Therefore, to

maintain the peak meltpool temperature at the setpoint of 1650°C, the controller increases the laser
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power for the contour of the closed-loop processed parts beyond the initially set point of 410 W

for the contour hatches and decreases it below 410 W in the case of the interior hatches.

Figure 15 thus reconfirms the vital importance of modulating the laser power not only layer-
by-layer as a function of build height, but also hatch-by-hatch. In other words, for controlling the
meltpool temperature it is necessary to adjust the laser power in real-time, frame-by-frame and

hatch-by-hatch throughout the build to maintain a set meltpool temperature, as opposed to the end

of the layer.
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Figure 15: (a) Trend of laser power in closed-loop processing relative to open-loop processing(b)
difference in the laser power between contour and interior hatches of closed-loop processing with
respect to open-loop processing. Error bars show the mean + 1 standard error.

3.3 Effect of Closed-loop Process Control on Porosity

In this section, we demonstrate that closed-loop control of the meltpool temperature mitigates
variation in porosity between parts and throughout the same build. Figure 16 shows the optical
micrographs for two parts from each of the open-loop and closed-loop processing conditions.
Shown in Figure 16(a) are the optical micrographs for closed-loop processed parts C1 and C2. The
porosity between C1 and C2 is visibly consistent in both number and size. In Figure 16(b), for

open-loop processed parts O1 and O2, there is a prominent lack of consistency in number and size
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of pores, evident both within the same part and between parts. In both closed-loop and open-loop
processing conditions, spherically-shaped pores symptomatic of gas porosity are observed. Gas
porosity is likely as a result of: (a) escapement of gasses dissolved in the meltpool, and (b) release

of moisture and gasses entrapped in the powder material.

Compared to C1 larger diameter pores exceeding 50 um are observed in O1. This can be
explained based on the meltpool behavior. Referring to our prior analysis of the meltpool
temperature and meltpool area, in the context of Figure 12 and Figure 13 respectively, there was
a larger variation in both for sample Ol. Further, the relatively larger meltpool area and
temperature of O1 are indicative of a high local energy density, which is liable to cause heat
retention and result in vaporization of gas dissolved in the meltpool (gas porosity). The increased
heat retention may also result in reheating (and possible remelting) of the previous layers, leading

to a heterogenous microstructure [18, 22].

X-ray computed tomography (XCT) was performed on the T-shaped samples cut from the as-
built parts (Figure 9). The samples were scanned at a voxel resolution of 10 um, at which pores
with a diameter greater than 20 um are liable to be resolved. Accordingly, the smallest pore size
considered for this analysis is 20 microns. The total percent porosity measurements from the XCT
analysis using the Volume Graphics software (VGSTUDIO MAX 3.4.0) are reported in Table 3.
All the closed-loop processed parts have a total volume percent porosity ranging from 0.036% to
0.043%. By contrast, for the open-loop processed parts the volume percent porosity varies from
0.032% to 0.068%. While porosity for both closed-loop and open-loop processed parts is below
0.1%, the variation in porosity volume for closed-loop processed parts is reduced compared to
open-loop processed parts. The relatively large variation in the volume percent porosity of the

open-loop processed part Ol is also affirmed from the XCT analysis.

31



Closed-loop Processing Open-loop Processing
C1 C2 O1 02

Figure 16: The optical micrography images for two closed-loop processed parts (C1 and C2) and
open-loop processed parts (Ol and O2) across the 8 sub-sections. (a) The pores observed in
closed-loop processed parts are consistent in size and occurrence. (b) In open-loop processed
parts the number and size of the pores varies both within and between parts.

Table 3: Total overall porosity of the build for all three closed-loop and all three open-loop
processed parts obtained using X-ray computed tomography (XCT). Mean and standard deviation
between closed-loop and open-loop processing parts were also compared.

Total Percent Porosity (Volume)
Build Closed-loop Open-loop processing
processing
1 0.043% 0.068%
2 0.036% 0.032%
3 0.039% 0.061%
Mean and standard deviation 0.039% (0.004%) 0.053% (0.019%)
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Further, we stratified the volume percent porosity from XCT based on the eight sub-sections
for each part. From the results shown in Figure 17, it is observed that the closed-loop processed
parts have a consistent volume percent porosity throughout the build height. On contrary, the open-
loop processed parts have a large variation between sections within the same part as well as across

different parts.
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Figure 17: The volume percent porosity obtained using non-destructive X-ray computed
tomography (XCT) analysis for the closed-loop and open-loop processed parts tracked as a
function of the build height. The closed-loop processed parts have a consistent percentage porosity
throughout the build height compared to the large variation observed in open-loop processed
parts.

Next, we delineated the location of the pores by examining the occurrence of porosity between
the contour hatches and interior hatches from the XCT images. As reported in Figure 18, in the
case of the closed-loop processed parts, only 15% - 20% of the total number of pores occur in the
interior of the build. Consequently, the vast majority of pores are located in the exterior regions
(contour hatches) of the build. A similar trend is observed for the open-loop processed parts (except
in the case of O1). The confinement of pores to the outer regions (contour hatches) is practically

advantageous, because, these regions can be readily machined during post-processing.
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As a visual comparison, Figure 19, compares a representative X-ray computed tomography
slice for a layer of a closed-loop processed part C1 and an open-loop processed part O3 due to
their similar level of overall porosity for sample B (~0.04%). Figure 19 confirms that there are
more pores on the contour hatches of both parts. In Figure 20 the percent porosity is plotted as a
function of the average temperature of the meltpool region. The porosity and meltpool temperature
are tightly clustered for the closed-loop processed parts, in contrast to the large scatter observed

for open-loop processed parts.
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Figure 18: Stacked bar charts comparing the location of pores between the contour (gray) and

interior (black & white striped) hatches. Then comparing the distribution of pores between closed-
loop processed parts (left) and open-loop processed parts (right).
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Figure 19: Visual comparison of porosity from representative XCT slices between build C1 (4)
and O3 (B). Notice that there are more pores on the contour hatches relative to the interior hatches
for both closed-loop and open-loop processed parts.
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Figure 20: Scatter plot comparing the mean temperature of the meltpool region to the percent
porosity in all eight sections of Sample A and B. Both closed-loop and open-loop processed parts
are plotted to give a full comparison. All three closed-loop processed parts stay clustered due to

the constancy between and within parts. open-loop processed parts are scattered due to minimal
constancy between parts.
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3.4 Effect of Closed-loop Process Control on Microstructure

3.4.1 Morphology

Figure 21 shows SEM images of the microstructure in different areas along the SS 316L parts
for closed-loop and open-loop DED processing conditions. These areas are indicated on the
corresponding schematic adjoining the SEM images by letters L, M and R to represent the left,

middle and right areas of the cross section, respectively. The observations are as follows.

The microstructure in the areas closer to the free sidewall surfaces marked as zones L and R
is composed entirely of columnar dendrites for parts produced under both open-loop and closed-
loop processing conditions. However, there is a significant difference in the morphology of the

microstructure in the middle area (M) between the open-loop and closed-loop processing methods.
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Figure 21: SEM images of the microstructure in different regions of the SS 316L parts as indicated
in the representative schematics of the cross-sectional view shown on the left. Top row shows the
microstructure observed for the closed-loop processed part CI1 and bottom row shows
microstructure for open-loop processed part O3. The closed-loop processed parts form dendritic
microstructures throughout the build. The contour hatches result in columnar dendritic
microstructure, while the interior hatches result in both columnar and equiaxed dendrites. In
contrast, the open-loop processed parts show columnar dendritic microstructure on the contour
hatches, while the interior resulted in a mix of irregular planar grains and columnar dendrites.
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The microstructure of a closed-loop processed part in the area M (Figure 21, top row) is
dendritic with columnar dendrites at the periphery of the deposition tracks and equiaxed dendrites
towards the center of the tracks. This type of dendritic microstructure is typical for DED-processed
parts as observed by Farshidianfar ef al. [29, 43] and Akbari et al. 28, 50]. In sharp contrast, for
parts produced under open-loop processing conditions (laser power fixed at 410 W, Figure 21,
bottom row), the microstructure at the center (M) is composed of irregularly shaped, planar grains
that resemble those of a cast alloy. The transition of the dendritic grains into block-shaped,
irregular planar grains is evident from the fainter dendritic cells observed within the boundaries of
some planar grains prior the complete transition. The transformation of the dendritic
microstructure into planar grains stems from the accumulation of heat and overheating of interior

tracks as the build process continues layer-upon-layer.

In closed-loop processing, the feedback control of the meltpool temperature to 1650°C
regulates the deposition power to maintain a constant temperature along the build, as well as
between the contour and interior hatches, as evident in Figure 12, Figure 13, and Figure 14. When
the laser power is fixed, as in the open-loop processing, the temperature increases as a function of
the build height due to the tapered cross-section of the part. The temperatures reached in the
previously deposited material can surpass the melting point, which in turn, promotes the re-

solidification of the grains in previous layers, leading to the formation of coarse microstructure.

To further investigate this phenomenon, the microstructures from closed-loop and open-loop
processing are compared for different heights along the build in Figure 22, which shows the
difference in microstructure between closed-loop and open-loop processing at four different sub-
sections along the build direction (each sub-section was 6.2 mm tall). It is observed that the

microstructure formed during closed-loop processing is consistently of dendritic type throughout
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the build. In the case of the parts processed under open-loop conditions, the heterogeneity in
microstructure is evident from the alternating dendritic and planar morphologies. Yang et. al. [51]

reported a similar heterogenous microstructure in DED of SS 316.

In welding, which is analogous to DED, substantial grain coarsening has been observed in
previously deposited material [20, 52]. The underlying material adjacent to the weld track is
subjected to a range of temperature that may exceed the melting point, resulting in grain
coarsening. Previous research has showed that the deposition process in DED induces thermal
cycling, with temperature excursions sufficient to cause re-solidification of previously deposited
tracks [53]. This phenomenon extends from the melt periphery and depends predominantly on the
high temperature gradient (G) to growth rate (R) ratio [54], which is explained in depth in the

forthcoming Sec. 3.4.2.
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Figure 22: The SEM images of the microstructure at different sections along the build direction.
The SEM images on the left column represents the microstructure from closed-loop processing
(C1) and the right column represents the microstructure from open-loop processing (Ol). Each
sub-section is ~6.2 mm tall and is indicated by red dots on the t-shape legend on the left. Dotted

curves indicate meltpool boundaries.
3.4.2 Correlation of microstructure with cooling rate and thermal gradients

The aim of this section is to explain the thermal phenomena that lead to the microstructure
morphology observed in Figure 22. Specifically, we show that the closed-loop control of the
meltpool temperature mitigates inordinate increases in the build temperature and thus alleviates

re-solidification of the dendrites in closed-loop processed parts. On the contrary, for open-loop
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processed parts the unmitigated increase in temperature causes the dendrites to re-solidify into

coarse planar-shaped grains.

The key idea is to estimate the cooling rate from the microstructure using an empirical
relationship obtained from the literature [55]. The approach is as follows. First, we measured the
primary dendritic arm spacing (A1) from the SEM micrographs of the microstructure for both
closed-loop and open-loop processed parts. Next, the cooling rate is estimated using the empirical
relationship proposed by Katayama and Matsunawa [55] for stainless steels. This empirical

relationship connecting the grain size and cooling rate is as follows,

A, = 80(e7033) (1)

In Eqn. (1)), A1 is the primary dendrite spacing in micrometers [um], and ¢ is the cooling rate
in Kelvin per second [K-s™!]. This relationship was also used by Elmer et. al [54] and Galicki et.
al. [56] for cooling-rate calculations of different stainless steel alloys, and by Akbari and
Kovacevic in DED of SS 316L [28]. Since the region near the outside surfaces has a columnar
microstructure for both types of parts, it allows the measurement of primary dendrite arm spacings
(PDAS, \1). Figure 23 (a) is a representative SEM image of the columnar microstructure, which

was used for PDAS calculations.

The mean and standard deviation of PDAS along a distance of 250 um were calculated from
two separate SEM images at each of the 8 equidistant 6 mm sub-sections along the build direction
(the regions where the SEM images were taken are shown in Figure 10). Regions of the SEM with
resolidified coarse grains and poorly defined dendritic structures were not used in the analysis.
Figure 23(b) shows the mean primary dendritic arm spacing (A1) measurements along with the +

1o error bars for the open-loop (O1) and closed-loop (C1) processed parts.
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The dendrite arm spacing increases with the build height for both closed-loop and open-loop
processed parts. The increase in the dendritic arm spacing, and thus coarsening of the
microstructure, as the build height increases is symptomatic of heat retention. The increase in
meltpool area towards the end of the build observed in Figure 13(a) is indicative of heat retention
for both open-loop and closed-loop processed parts. Heat retention increases with distance from
the build plate because the heat sink effect of the build plate reduces, and the laser path becomes
shorter due to the progressive tapering of the part length. The coarsening of the grain size with

build height is consistent with Akbari ef al. [28].

Figure 24 depicts the change in cooling rate calculated from the relationship in Eqn. (1)), i.e.,
M= 80(g)*3 as a function of build height. The steep reduction in cooling rate as the distance from
the build plate increases is an indicative of heat retention (slower heat dissipation). A similar trend

is observed for both open-loop and closed-loop processed parts.

Next, the cooling rates (g), estimated from the dendrite arm spacing (A1), from Eqn. (1)) are

used to calculate the solidification velocity, R [m-s™'], via the following relationship [56],

_ £ (2)
R_G

where G is the temperature gradient [K-m™'] within the meltpool [56]. Thus, using the cooling
rate (¢) from Eqn. (1)) and temperature gradients (G), a range of solidification velocities (R) can
be calculated. The temperature gradient is mainly dependent on the volume of the molten material,

and the solidus and boiling temperatures of the alloy [56].

Figure 25 shows calculation procedures for the thermal gradients (G) and solidification front
velocities (R). If the solidification starts from the periphery of the deposition track towards the

heat source as shown in the optical and SEM images of the cross section (Figure 25 (a) and (b)),
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the liquid region could take any value between the solidus temperature of SS 316L (~1371°C) and

the maximum meltpool temperature, which could reach up to the boiling point (2726°C) [56].
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Figure 23: (a)Measurements of primary dendrite arm spacing (PDAS) for a representative SS

316L build Cl. A representative SEM image of the dendritic microstructure from which PDAS

were measured; (b) Primary dendrite arm spacings as a function of build height for representative

parts Ol and CI. Error bars show the mean £ 1 standard error.
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Figure 24: The mean cooling rate, ¢, measured from the primary dendrite arm spacing at 8§
different sections along the build. The data is representative of parts Ol and C1.
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Accordingly, a range of thermal gradients can be calculated by taking the difference between
solidus temperature (Ts = 1371°C) and meltpool temperature (Tm) over the distance (d) between
the meltpool periphery and the heat source. In this work, the distance (d) is the radius of the
meltpool track, rm, for the entirety of the temperature range, assuming 6 = 0°. This produces the

minimum distance (d) that generates the maximum thermal gradient as indicated in Figure 25(c).
Tm - Ts 3)

Here, we assume that the solid-liquid interface maintains a spherical shape even as it moves
continually with the center of the laser path [57]. In this work, the radius of the meltpool (rm) is
estimated from optical images of the cross-section normal to the laser path. Seventy optical images
for each type of processing condition were analyzed along the build height. For the closed-loop
processed parts, the average meltpool radius (rm) was 311 pm with standard deviation 34 um. In
the open-loop processed parts, the average meltpool radius (rm) was 329 um with standard
deviation of 45 um. Based on these extensive measurements of the average meltpool radius, we
fixed rm=300 pm as a good estimate of the minimum radius that results in the maximum thermal
gradients along the build direction. Using a fixed meltpool radius also simplifies the calculations
of the temperature gradients (G) in Eqn. (3). The temperature gradient becomes only a function of
difference between meltpool temperature (T, ) and the constant solidus temperature (Tg = 1371°C,
melting point of stainless steel 316L). We implicitly assume that the temperature gradient remains
constant in different parts of the meltpool based on an earlier assumption that the solid-liquid

interface maintains a spherical shape with the laser path throughout the process.
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Figure 25: Calculation procedures for thermal gradients, G, and solidification front velocity, R,
(a) An optical micrograph of the cross sectional view of a representative build that is normal to
the direction of the scan (laser is moving in and out of the plane of the page), (b) an SEM image
of the solidification direction of the dendritic structure, which initiates from the periphery of the
meltpool towards its center, and (c) schematic representation of a single track that is used to
illustrate calculations of thermal gradient.

The thermal gradient (G) vs. solidification velocity (R), obtained from Eqn. (2) and (3), is
plotted in Figure 26(a) on a logarithmic scale for each of the eight sub-sections of a build. In Figure
26(a), even though there was a continuum of G vs R across the build height, for the sake of
explanation we discretized the G vs. R at discrete points. Since the meltpool temperature of the
open-loop processed parts varies considerably (Figure 12, Sec. 3.1), the thermal gradient has a

large range.

On the other hand, the closed-loop processed parts have a narrow window for the thermal
gradients as the peak meltpool temperature was controlled at 1650°C. Accordingly, the thermal
gradient G corresponding to the closed-loop processed parts is between 0.9 x10°and 1 x10° K-m’
!, as indicated by the smaller (blue) box on Figure 26(a). In contrast, for the open-loop processed
parts, the thermal gradient can take any value from 1 x10° K-m™ to 45 x10° K-m™!, a range that is

bounded by the larger (red) box on the same graph. In other words, n closed-loop processed parts
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(closed-loop processing), the G vs R is constrained in a narrow window compared to open-loop

processed parts (open-loop processing).
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Figure 26: (a) Plot of temperature gradient (G) and solidification velocity (R) estimated from the
microstructural features using equations (2) and (3). The symbols represent G and R estimates
from different locations within the build, shown in the inset schematic of the build cross section.
The red box contains all possible G and R conditions for open-loop processing, while the blue box
contains conditions for the closed-loop processing. The closed-loop processing provides a much
smaller processing window, resulting in a more homogeneous microstructure. (b) Schematic
representation of the effect of thermal gradient G and the solidification velocity R on solidification
microstructure [58].

Figure 26(b) shows a schematic representation of the effect of thermal gradient and
solidification velocity on the microstructure. An important factor in determining the morphology
of the microstructure evolved is the ratio of temperature gradient and solidification velocity at the
solid-liquid interface, termed the G/R ratio [59]. Based on the value of ratio G/R as indicated on
Figure 26(b), the solidification structure can be equiaxed dendritic, columnar dendritic, cellular,

or planar.

The maximum possible value of G/R ratio calculated for open-loop processing in this work
was 4.9 x 10° K-s'mm™. This G/R ratio is less than 7x10° K-s'mm™, which is the minimum

theoretical value of G/R that typically results in planar grains [60]. Accordingly, a solidification
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front for planar grains becomes unstable and the solidification proceeds with a cellular or columnar
dendritic structure [61]. Hence it is deduced that the planar-like morphology observed in the case
of open-loop processing, observed in Figure 21 and Figure 22, resulted from heat accumulation

during deposition of subsequent layers and not during the actual deposition of a layer.

Since, the cooling rate decreases with the build height, heat accumulates near the top.
Therefore, in the case of open-loop processed parts, the layer directly below the deposited layer is
exposed to a high temperature, sufficient to cause re-solidification of the dendritic microstructure
and their subsequent transformation into a coarse-grained structure. Consequently, the type of
microstructure evolved for the open-loop processed parts is heterogenous in nature; it consists of
both columnar dendritic grains and planar type grains. Controlling the meltpool temperature with
closed-loop processing reduces the high thermal gradients and inhibits the re-solidification of
previously deposited layers. As a result, the microstructure for closed-loop processed parts is

homogenous, and consists of dendritic structure as shown in Figure 21 and Figure 22.
3.4.3 Material Phase Identification and Elemental Composition

Figure 27 shows the XRD results from two different SS 316L parts, C3 and O2, representing
closed-loop and open-loop processing methods, respectively. From Figure 27 it can be deduced
that the microstructure of parts from both closed-loop and open-loop processing methods consists
of a single phase (y-Fe), consistent with what is expected for SS 316L, without any detectable
presence of other phases. However, this does not preclude the possibility of minor phases in the
microstructure, which are beyond the detection capability of XRD. Although the columnar
dendritic structures usually grow in a specific orientation, no evidence of preferred

crystallographic orientation was observed by XRD for any of the processing methods, as the
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intensities follow expected trends. Similar XRD results in the DED processing of SS 316 have

been reported by other researchers [62-67].

In general, the primary solidification phase depends on two factors — the cooling rate and the
alloy composition. High cooling rates promote the solidification of stainless steels in only a single-
phase, depending on the weight concentration of Cr and Ni in the alloy [54, 68]. A single phase
austenitic stainless steel is obtained at high cooling rates when the Cr:Ni concentration ratio (by
weight) is less than 1.51, i.e., the concentrations of Cr and Ni are comparable in the alloy. This is
because the high cooling rate reduces the diffusivity of solute atoms and thus segregation, which

consequently, precludes additional phase formation [54, 62].

Figure 28(a) and (b) show the change in the elemental composition of as-built SS 316L parts
using closed-loop and open-loop processing methods, respectively. It is observed that the
concentrations of the three main elements (Fe, Cr, and Ni) remain uniform within the parts.
Moreover, their corresponding levels are also consistent between parts. In other words, there is no
significant variation in composition within a part across layers, nor is there a difference in the
composition of the microstructure resulting from the closed-loop and open-loop processed

methods. Note that this does not preclude micro-segregation.
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Figure 27: X-ray Diffraction patterns of as-built SS 316L parts using closed-loop (blue) and open-
loop (red) processing methods. The two types of parts have a single phase (y-Fe). There is no
difference in the microstructure phases between closed-loop and open-loop processing.
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Figure 28: EDS point analysis of as-built SS 316L parts. There is no discernable change in the
elemental composition (wt.%) within and between parts deposited using either (a) Closed-loop

processing, and (b) open-loop processing as a function of build height. Error bars show the mean
+ [ standard error.

As discussed in Sec. 3.4.1, there is a significant difference in the microstructure morphology
between closed-loop and open-loop processed parts. Referring to the previous SEM images shown
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in Figure 21 and Figure 22, the closed-loop processed parts have a dendritic microstructure with
both columnar and equiaxed dendrites. The open-loop processed parts, on the contrary, contain
columnar dendrites on the contour, and non-uniform planar grains towards the center of the part.
Hence it is important to investigate the degree of micro-segregation, as well as demarcate

elemental variation between different microstructural morphologies.

To assess the elemental variation, EDS line scans were performed on two representative parts,
as exemplified in Figure 29. From Figure 29(a), in the context of the closed-loop processed part,
it is observed that there is a small yet discernable variation in the composition of Cr and Ni across
the columnar dendrites. An increase in the Cr content correlates with a decrease in the Ni content.

This variation in Cr and Ni is typically associated with the formation of a second BCC ferrite phase

(5-Fe) on the sub-grain boundaries [69-71]. However, the amount of this second ferrite phase is

far too small to be detected using XRD analysis as shown in Figure 27.

On the other hand, the results of EDS line scan performed on an open-loop processed part
(Figure 29 (b)) shows a uniform elemental composition across the planar grains. The result of EDS
line scan analysis performed on different morphologies agrees well with those obtained from EDS
point analysis conducted at different sections of the parts. In other words, EDS analysis affirm that
the composition is homogenous within the parts and there is no significant difference in elemental
composition between parts processed using closed-loop and open-loop processing methods. This
is an important observation as it shows that the closed-loop processing of parts produced with
controlled meltpool temperature does not lead to potentially deleterious changes in chemical

distributions.
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Figure 29: EDS line scan analysis of different microstructures from (a) Closed-loop processing
and (b) open-loop processing. The elemental composition is uniform within the parts and there is
no variation in elemental composition between the two processing methods, albeit the
microstructure evolved is different. EDS data were collected from samples Ol and C3.

3.4.4 Microhardness

Figure 30 reports the microhardness measurements for both closed-loop and open-loop
processed parts as a function of the build height. Control measurements are also reported for the
build plate and interface region (demarcated as I on the X-axis). From the microhardness profiles,
it is observed that for a particular build height the overall mean level of the microhardness
measurements from the closed-loop processing (HVos= 174, Figure 30(a)) does not differ
significantly from that of the open-loop processing (HVo.s= 172, Figure 30(b)). However, there is

a significant difference in the standard deviation between the closed-loop and open-loop
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processing. The overall standard deviation of microhardness (o) from open-loop processing is ~85
HVo.s, which is significantly larger than that of closed-loop processing, ¢ ~ 60 HVos. The

microhardness readings are reported in the Appendix.
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Figure 30: Microhardness profiles along the height of different SS 316L parts using (a) Closed-
loop processing and (b) open-loop processing. Five hardness readings were taken at every 3 mm
along the height of the build (10 readings per interval). The error bars are £ 1 standard deviation
long. The microhardness for both the open-loop and closed-loop processed parts decreases with
the build height due to increase in the grain size (11). However, for open-loop processed parts the
variation in microhardness, both between and within the same build, is large due to heterogeneity
in the microstructure. Error bars show the mean + I standard error.

This larger variation in microhardness in open-loop processed parts is a result of the
heterogeneity in the microstructure. This phenomenon was further investigated by making several
microhardness indents on the planar and dendritic morphologies observed in an open-loop
processed part and compared along the cross section of the build at the same height (sub-section).
Figure 31 shows the variation in microhardness marks resulting from indents on the different grain
morphologies. From the results reported in Table 4, it was observed that the dendritic

microstructure has a significantly higher microhardness than that of the planar morphology. The

larger average microhardness values for the distance smaller than 12 mm in one of the closed-loop

51



processed parts are likely to be associated with several factors such as the proximity to the build

plate, which acts as a heat sink, and the inherent stochasticity of the process.

A gradual reduction in microhardness is observed in the build direction regardless of the
processing method. This observation further confirms the results from the primary dendrite arm
spacing (Figure 23(b)). The primary dendritic arm spacing (A1) increases with the build height —
the microstructure becomes coarser with the build height —as the cooling rate (€) decreases along
the build. An increase in the grain size consequently results in a reduction in the microhardness
for both the closed-loop and open-loop processed parts. However, the heterogeneity in
microstructure for the parts produced under open-loop processing conditions magnifies the

variation in microhardness.
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Figure 31: Illustration of variation in the microhardness resulting from different grain
morphologies. (a) schematic representation of the cross-sectional view of the build, where Al and
A2 represent the top and bottom areas of the build where indents were made on dendritic and
planar grain regions of an open-loop processed part. (b) and (c) SEM images of the indents made
on planar and dendritic regions, respectively. Measurements from the same region are compared
to show the morphology-related variation in the microhardness with results shown in Table 4.
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Table 4: Comparison between the microhardness measurements performed on different
microstructure morphologies from areas Al and A2 shown in Figure 31.

Vickers Hardness (HVo s)
Region Planar Dendritic
Al 139 (7) 165 (5)
A2 182 (7) 202 (5)
Conclusions

In this work we achieved closed-loop control of meltpool temperature in directed energy
deposition (DED). An Optomec MR7 DED machine was integrated with a two-wavelength
imaging pyrometer coaxial to the laser path to measure the meltpool temperature. The meltpool
temperature was maintained at a setpoint of 1650 + 50°C through real-time modulation of the laser

power using a rule-based controller.

We demonstrated the advantage of closed-loop control approach with trapezoid-shaped parts
(stainless steel 316L) consisting of 198 layers with 4 hatches per layer (49.5 mm tall). Processing
under closed-loop control of meltpool temperature mitigated heterogeneity in microstructure and
reduced variation in porosity and microhardness compared to parts produced under open-loop

conditions with fixed processing parameters. Specific conclusions are as follows.

(1) Non-destructive analysis using X-ray computed tomography revealed a large variation in
porosity for open-loop processed parts — the volume percent porosity ranges from 0.032%
to 0.068%. In contrast, for closed-loop processed parts, the porosity is tightly controlled in
the range of 0.036% to 0.043%. A vast majority of pores (80% to 85%) were located on
the contour hatches.

(2) Scanning electron microscopy revealed that parts deposited with closed-loop processing

depict a homogenous dendritic microstructure across all layers and hatches. In contrast,
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parts built under open-loop processing showed heterogeneous microstructure consisting of
dendritic and irregular planar grains. Microstructure heterogeneity of the open-loop
processed parts translated into larger variation in microhardness both between parts and
within the same part. This heterogeneity of microstructure and microhardness is correlated
to non-uniformity of meltpool temperature and shape.

(3) X-ray diffraction (XRD) studies showed that parts produced under closed-loop processing
conditions do not result in new material phases compared to open-loop processing that
could negatively affect their mechanical properties. Likewise, energy dispersive X-ray
spectroscopy (EDS) affirmed that there is no difference in the material composition

between parts resulting from closed-loop and open-loop processing.

The reduction in microstructure heterogeneity and flaw formation via closed-loop process
control is the critical first-step towards the mitigation of uncertainty in mechanical properties of
DED-processed parts. An important implication of this work is that for closed-loop meltpool
control of temperature to be effective, especially in multi-hatch builds, the laser power must be

modulated both hatch-by-hatch and layer-by-layer.
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Appendix

The microhardness readings for the six parts, along with the one standard deviation. At each
location five microhardness readings were recorded.

Closed-loop processing Open-loop processing

Section Cl C2 C3 01 02 03
8(43.3-49.5 mm) | 165154 | 155+13.0 | 162+13.2 | 160+16.3 | 154+15.5 | 161+18.3
7(37.1-43.3 mm) | 162+£13.1 | 162+12.3 | 170+£11.2 | 166+15.5 | 159+13.9 | 172484
6(30.9-37.1 mm) | 160£11.6 | 158+12.5 | 174+11.1 | 180+18.8 | 155+14.6 | 183+14.6
5(24.7-309 mm) | 163£12.0 | 165+11.9 | 172+8.8 182420.4 | 163+10.4 | 188+40.3
4 (18.5-24.7 mm) | 182+11.6 | 175£14.5 | 169+9.2 174£25.1 | 162+19.1 | 170+14.6
3(12.3-18.5mm) | 186+10.7 | 1834+14.0 | 174+11.7 | 1834£22.8 | 166+7.5 | 174+15.7
2(6.2-123 mm) | 198+14.2 | 184+11.7 | 183+11.9 | 184+13.9 | 167+11.9 | 179+15.5
1(0.00-6.2 mm) |222+14.5 | 192+11.0 | 193+11.7 | 192+13.0 | 182+10.3 | 183+11.7
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