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ABSTRACT

The overall goal of this technical collaboration is theafda situ and ex situ characterization
techniques tainderstand part to part variability Ti-6Al-4V parts fabricated using directed energy
deposition (DEDprocessand subsequently qualify parts fabricated using. ANk primary goal of

the Phasd of this CRADA was to demonstrate the feasibility of captuthe above changes using a
combination of high speed stereo imaging and in situ monitoring using two wavelength pyrometers.
The in situ monitoring was then correlated using ex situ characterization performed using optical
microscopy. The results from abkel clearly show that changes to the process and shielding gases
have a significant impact on the geometric conformity of the build and the build layer Agight.

results from phasé show that in addition to using IR thermography as a tool to me&sure t
temperature and gradientge could use it to monitor the build topography and the layer height and
use the information to develop closed loop control systéhes fhase 1 results show that there is a
narrow zone under which the processstoperateiror der t o be fApassively sta
over building. In additionthe results demonstrate that when operated within this range the build
autocorrects and there is a drastic reduction in the interlayer lack of fusion defect formation.

1. UNDERSTANDING PART TO PART VARIABILITY DURING DIRECTED
ENERGY DEPOSITION PROCESSES USINGIN-SITU AND EX-SITU PROCESS
CHARACTERIZATION

This phase 1 technicabllaboration project (MDH C-17-116) wasbegun orJune 232017and was
completed odune 52018. The collaboration partnéolls-Roycecorporationis a large business.
Resultsshowthatby utilizing the two wavelength camearaconjunction with a high speed camera it
is possible to correlate the effect of changing the shielding gas flow oattee melt pool
temperatureln addition the transience in the melt pool as an effect of changing the programed
movement of the head along the Z axis after the deposition of the laser was also analyzed.

1.1 BACKGROUND

The widespread adoption of the laser directed energy deposition technique is restricted primarily by
the lack of certification and standards due to significanttpgpart variability.Rolls-Royceis

interested to understand the source of this variajdity potentially develop techniques to control

this phenomenorThedirected energy depositigpED) process has sever@ntrollablevariables

which include butarenot limited tq the laser power, travel speed, scan pattern, powder feedmédte,
shielding gas flow rates/velocity. The major source of variabititthe deposition procesisat has

not been documented extensively is the one that occurs as a result of the feedstock quality and the
influence of process gas flow rates on plogvder stream @racteristics which is what this

partnership aimdto addressPhasel focugson thedeveloping in situ and ex situ techniques to
measure and capture the various process dynamics such a powder flow characteristics and the
influence of such a change on tnelt pool size. Ex situ characterization folkesito validate the in

situ data.Based on the successpbfase 1phase 2 woulévaluate the sources of iaility arising

from feedstock, the effects of interlayer dwell time on the build quétitgddiion the phase 2 would
seek tdntegrateadditionalsensorsand camera achieve a spatiaind temporatlistribution of
temperaturén 3D space. In additigmmaging techniques will be developed to relate thermal field to



microstructural features
1.2TECHNICAL RESULTS

The laser directed energy deposition process utilizes aflasesed on a substrate matedegating a
melt pool i nto whi ehallymroviadneoff axis techrigaepa deppsit cthateria. o
The laser head then rasterghie X-Y plane at a programmed velocity and the entire assembly moves
up in Z direction once the layer is complgtg [2]. While the process has the ability to fabricate
complex shapeshe partouldhave significant defect content and hence exhibit a sdattiee
associated mechanical properfigf [2]. Eliminatingdefectsin components fabricated using additive
manufacturingnecessitatethe optimization of process parameters including not limited tolaser
power, travel speed, powder feed rate and reelking 1] [5].

In addition to thesparameterspne of the most critical parameters which determines the geometric
conformity and propensity to defect fioation is the stand off distanf@[7]. The stand off distance
alsocontrols the height of the cladding layer. The height of the cladding layer is important from the
perspective of geometric conformity. Ideally the height of each cladding layer should be strictly equal
to the thickness of thslice sliced from the CAD modghe distance the nozzle moves up iragajl

some difference always exists due to the perturbations in the pfétddsweverif no corrective

action wadaken these differences would eventually magnify making the accuracy in the Z direction
worse than that in the X and Y direction by almost an astlaragnitudeThis

overbuilding/underbuilding would lead to the formation of lack of fusion defects by altering the focus
of the laser leading to improper meltif8}. Controlling the height of the single layer strongly

depends on the stand off distance which controls the amount of powder entering the nj@]t pool

The amount of powder entering the melt pool is determined also by the diameter of the powder stream
and the melpool size. In additiojthe velocity of the powder particleshich is function of the gas
flow rates is also an important contributing factor controlling the deposit quality, surface finish and
geometric conformity9]. Increasing th flow rate of the gases lead to a corresponding increase in the
velocity of the powder particles resulting in a low capture efficiency due to the powder rebounding
from the surfac€9] [10][11]. Therefore understanding thieelationshipnecessitatea detailed
understanding of the influence of shaping and shielding gases on the powder cloud formation and
relate this to the changes in the melt p@dis could be achieved by using a combinatioimitu
and ex situ characterization technigugbich is the focus of the present phdsstudy.To
understand thisa detailed in situ characterization and validation needs to be performed using
advanced in situ and ex situ todlheeforg experiments performeaad three components
1. Powder stream characterizatioharacterize the effect of process gases on powder stream
2. In situ melt pool characterizatioifCharactrize the effect of the powder stream on melt pool
3. Ex situ characterizationCharacterize the influence of process parameters on defect density

1.2.1Characterization of powder stream characteristics using high speed imaging

The characteristics dhe powder stream was evaluated for multipbenbinations of the process gas
Thepowder flow rate was kept constant at 6 gpm while the cover gases, carrier gas, shaping, and
nozzle gases were modifiéar each conditionThe various conditions used are documented intable
1. The effect of the changes to the powder stream was evalustepgaPHANTOM high-speed
camerautilizing a 135 mm lens set at f/2.0he powder stream was captusgdaframe rate 07900

Hz with an exposure time of 120 microseconds.

To capture the entire section of the powder stream in 3 dimenstereo imagingvas performed
where two mirrorgnounted at an oblique angle of 110° wased to capture the powder stream. The
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two images were then super imposed to prodiug:dimensional stereimageof the capturedoowder
stream. The major parameters measured wergegbmetry of the powder stream itself, the
distribution of the powder in the stream as a function of the vertical distance from the nozzle, the
velocity of the powder patrticles in the powder streachthie included angle of the stream.

Table:1Process @grameters used for powder streeimaracterization

Gas flow rates Powder stream measured results
Cover | Carrier | Shaping| Nozzle | Focus| Waist | Capture| Velocity
Gas Gas Gas Gas angle | (mm/s)
(lpm) | (lpm) | (pm) | (Ipm)
1 6 3 18 18 12.82 | 8.93 32.75 95.24
2 6 3 12 18 13.44 | 8.54 28.36 61.0
3 6 3 12 14 12.87 | 8.37 30.54 67.32
4 12 3 12 14 13.19 | 8.16 26.43 45.82
5 6 6 12 14 12.90 [ 9.25 25.06 32.87
6 3 3 12 14 N/A N/A N/A N/A

The background subtracted high speed camera images for all the 6 conditions are pregated

1(ax().

Condition 1

N

Condition 3 S Condition 4

—-——_——J

Figure 1: Powder flow distribution (raw unprocessed imagefrom the two mirrors (M1 and M2) used for
stereo imaging for the various conditions shown (a) Condition 1 (b) Condition 2 (c) Condition 3 (d)
Condition 4 (e) Condition 5 (f) Condition 6.

The corresponding reconstructionghineedimensions are presented in figureFR2gure2 shows the
contour of the powder flow. The figure clearly shows that the focus point of the cloud and the waist
diameter varies strongly as a function of the process glsedigure clearly shows th#ie peak
concentration of the powdeccurs at a dtance close to 1®m from the w0zzle. Therefore
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operating the system at a stand off of 12 mm fronsthmstratevould be ideal to maximize the
powder capture efficiencyn addition controlling the working distance will effect the laser fqcus
which changes the laser spot sjand theeby modulate mass capture efficienc¥he results
presented in tablé show that the maximum particle velocity occurred for condition 1 with an
average velocity of®24 mm/s and the minimum particle velocity occurrecctordition 5 with an
average velocity of 32.87 mm/s. While it is clear that condition 1 will have the highest vedowty
the this had the maximum flow ratbe reason as to why condition 5 and not conditibasthe
lowest \elocity is surprising. Om may expect condition 3 to have the lowest particle velocity since
overall condition 3 has the least flow rates of the gatesever a detailed analysis and more
extensivedesignof experiment study with powdepsocured from multiple vendors will be
performed in the phase 2 of this work.

(a) Powder distribution along the vertical direction from the (b) Powder distribution along the horizontal direction from the nozzle
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Figure 2: Powder distribution (a) along the vertical direction from the nozzle and (b) Powder distribution
along the horizontal directionat 12.5 mmfrom the nozzle(c) Stereo imaging of the powder flow in
condition 1 and condition 6 (d) Contour of the powder cloud distribution

1.22 In situ melt pool characterization:

In order tofabricate defect free parts in an industrial set up using Laser DEPyocess dynamics

need to be mapped and understood. One méthmd ensur e a robust control [
control 6 by maint ai ni rHgweeertlhechaltengaisthattheceriskhd ng di st ¢
explicit method to maintain the same working distance throughout the course of fabrication of the

build, which then leads to changing capture efficiency during the fabrication of the tuktiudy

the influence of the processing conditions on the melt, jpodds were fabricated using a constant

laser power of 600W and 600 mm/min and a powder feed ratgrah@s per minute with a hatch

spacing of 0.6 mm. The other parameters were systematically varied by chanogiess parameters

in accordance to table In addition the programedayer heighfthe preset distance the nozzle moves
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in the Z directiorafter deposition of a laygwas also altereflist for one casé'om 1.5 mm to Inm.
The layer height was selected based orotiserved bead height which was slightly higher than 1.5
mm. By having the layer height 1mm the effective working distancetbé build moves into the

regime which is passively stablEhe parameters used to fabricate the builds are summarized in table
2.

Table 2: Summarizing the process parameters used to fabricate builds

. . Laser | Travel| Hatch | Powder| Layer
Cover | Carrier | Shaping| Nozzle d ; feed heiah
Trial | Gas Gas Gas Gas | Power| speed| spacing| fee rate| height
()] (mm/ | (mm) (mm)
(Ipm) [ (Ipm) | (Ipm) [ (Ipm) min)
1 6 3 18 18 600 600 0.6 6 1.0
2 6 3 18 18 600 600 0.6 6 1.5
3 6 3 12 18 600 600 0.6 6 1.5
4 6 3 12 14 600 600 0.6 6 1.5
5 12 3 12 14 600 600 0.6 6 1.5
6 6 6 12 14 600 600 0.6 6 1.5
7 3 3 12 14 600 600 0.6 6 1.5

In order to characterize the changes to the meltagmal function of the shaping gase$tratonics
THERMAVIZ camera wasised.Theframe rate used was 5Hihe camera was mountatian angle
of 30e f r oamshowm & the sehematiheadw images from the camera were then post
processed to extract the melt pool size in piaatsl alsdo calculate thenelt pool centroid locatian
As depicted in K. 3, beginning from left to right, first the full field images for the twmaging
wavelengths are separated. Next, a regiimterest (ROI) that encompasses the full melt pool is
automatically detected and then the raw images are cropped. Finaligra tnversion is
performed to identify and extract the boundaries of the-pwait for quantitative analysis that

provides output parameters of mptiol area and centeif-gravity (COG) coordinateg\ screen shot
of the analysis is shown in figure 3.

. P )
| Nozzle |
\ ' /

1
Substrate
'

Figure 3: (a) Schematic illustration of the locationof the camera with reference to the vertical axis (b)
Segmentation and analysis performed on the melt potd extract the melt pool area and the centroid
location.

The melt pool area was expectecth@ange as a function tfe process gas flow ratesce alterations

to the process gas flow rates changesvéiiecity of the powdeparticle, which could stochastically
disrupt the surface tension of the molten matésgding to changes in the melt pool sizeparticular

the velocity of the carrier gas flow rate was found to have a profound influence on the melt pool in a
previous studyThe melt pool area was extractesing the pocedure described abgwand theresults

are plotted in figuré. While the prima facie evidence clearly shows significant differences in the melt
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pool size and geometry a detailed explanation for these phenomena is currently beyond the scope of
the Phasd and would be conducted in theaRe2 of this work.

EEEEE
FEERE
RERAR
=
QO
<
®
=
—3

—&— Melt pool area-R2
—5- Melt pool area-R3

= Melt pool area-R4
—4— Melt pool area-R5 {
~<~ Melt pool area-RT o

50x10° |

40 -

(=0
£
g 30+
5 Layer 10
2
g 20
10
I I I I I I I |
0 2 4 6 8 10 12 14
Time in minutes
Figure 4: Meltpoolar eas f or buil ds fabricated for conditions
differences.

In addition the difference in the melt pool area for the sample fabricated with a layer height of 1 mm

and 1.5 mm are shown in figureMote that the initially the melt pool sizes are approximately the

same. Howeveias the build height increases the melt pool iz¢he builds fabricatedith a layer

height of 1 mm starts to decrease. This could be related to the fact that the build increases in height
faster than the head movement along the Z. This consequently results in laser getting defocused

thereby decreasinthe build heightThis shows that for the present set of operating conditions by
maintaining thelaye hei ght of 1mm the build enters a zone
autocorrecting for thbuild height. In additionthe powdercapture efficiency alseeduces

significantly as the stand off distance changes. This is clearly illustrated plpttstown in figures.

Figure 6 clearly shows the plot between the time and the centroid of the meligoel. 3 0e angl e
which the carara is mounted allows a field of view to track the height of the melt pool asTivell.

centroid corresponds to the location of the melt pool in theé 3fhace. The centroid varies directly

with the height of the layef.he hgher the layerthelower thecentroid value (this is due to the way

the system is setuplhe difference in the centroldcations between the builds fabricateith a 1

mm and 1.5 mm layer heigist shown. The plot clearly shows that thélds fabricated with 1 mm

layer height and.5 mm show the same layer height for the first few layers. While the layer height of

the builds fabricated with a 1 mm layer height then reaches a maximum and then stabilizes the layer
height of the samples fabricated using a 1.5 mm layer height startsg¢ase continuously and
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finally moves out of the framé&his is because the laser head and camera are moving away quicker
from the top of the build for the sample fabricated with a layer height of 1.5 mm.

Figure 5: Changes in melt pool dimensions & function of the layer height

Figure 6: Changes inlayer height as a function of theprogrammed pre setheight. The blue corresponds
to samplesfabricated with a 1mm layer height and the red corresponds to the samples fabricated with a
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