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Cold Spray
@ -

Powder

1-150 um | Particle '

y High Energy
Feeder Gas Impingement v
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Predominantly metals, but ceramics,
polymers, composites, and dissimilar
materials have been successfully
demonstrated.
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Process Variables

Gas Dynamic Variables, Powder Properties, Powder Injection Variables, Substrate Variables, Building Strategy

Powder Variables Substrate Conditions
*  Size Distribution Properties
*  Morphology Surface chemistry
*  Microstructure Morphology

and chemistry Geometry

Spray Control Parameters
* Building strategy
* Associated motion controls

High Energy
Gas Impingement

Electric T

Gas '
Heater Gas [/ Powder Converging-
Mixing Diverging Nozzle

m = >» D - »w @@ C n

Gas Dynamic Variables
Nozzle geometry
Gas type
Gas pressure & temperature
Substrate distance and geometry
Powder characteristics
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Product

* Product of a unique combination of variables with tolerance
* Resultant properties
 How do we dial and refine our process variables?
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Machinable Adhesive CS Deposited CS Deposited
Coatings Strength Tantalum Tantalum
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NU CS Research Group

FEA Impact Modeling

CSRG works on fundamentals of Cold Spray

Consist of 7 faculty, 3 research scientists/engineers and 9
graduate students

Microstructural Analysis

sTantalum
Coating x

Combined Experimental-Theoretical Approach

4140 Hardened
Steel Substrate

Materials modeling for understanding fundamentals

CFD for process optimization and novel systems level design
Mechanical testers

SEM, TEM and indentation of interfaces to investigate High
. . . . Efficiency 8l
materials underpinnings of bonding Helium R
Recovery |
System

6 KW Laser
[PG Photonics Donation 5
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Guidance by Models

How do we dial and refine our process variables?

Requested information - >+ Model complexity

Complexity of the model is driven by the expected answers from the models.
So, what can we expect from available today?

Eta=V_/V__for :'CP Titanium', dp =15 xm,Helium, NZZL0070

450 P et i i S, Misas

(Avg: 75%)
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0,000e+00
+0.000e+00

- 40.00Ce.

Gas Temperature (C)
n
8

Particle Diameter (um)
10.598 33.438 56.279 79.120 101.96 124.80

20 30 40 50 60
Gas Pressure (bars)

Dr. Engiang Lin (NU)

1D CFD Model 3D CFD Model FEA Model

Parameter Window for Particle Impact Conditions Multi-Particle Impact
15 pm Titanium Particle and Build Profile 6
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e Gas & Powder Flow Modeling

e Impact process modeling

J

N\

e Material buildup process modeling

N\

e Manufacturing process modeling

e Validation & integration
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e Gas & Powder Flow Modeling ]
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Parametric Modeling

* 1D Isentropic CFD Models Test Parameter Windows
* Helps us quickly select spray parameters for metal and metal alloys.

Substrate or TECNAR

—— = e | Advantages
- JEE . Fast
| . .
TN | e Builds parameter windows
10mm | Lex

* Dozens of cases per minute
* Daily use for spray parameters
Disadvantages
* 3D gas dynamic effects not captured

« Variability in spray not captured.
* Semi-empirical bonding equation used.

5. Turbulent - Separated Not accurate for everything.
- — Particle | t Veloci
2500 r—gGas Velocity 2000 - Ciﬁ':;\/;z:;y elocity 1000
Particle Velocity 2 um Ao Erosion Velocity
2000 sum 1750 Particle Impact Temperature 800 g
10 um = 9
~ ~ 1500 | * £
£ 1500 L 600 - &
= 20 pm -~ N\ 5 g 3
%‘ 30um 2 1250 - ® g
£ 1000 Dhm 8 400 aéi &
> T% Hlm = 1000 © 2 Measured =~
500 |- 5
750 L 200
° 2‘0 4‘0 6‘0 ;0 1(;0 1£0 14‘1-0 500 ‘ ‘ ‘ ‘ 2
0 0 25 50 75 100 125 a0 15 40 45 50 55

Distance from Nozzle Inlet ( mm ) Particle Size (um ) Gas Inlet Presure at the Gun [ bar |
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Fully Coupled Quasi 1D Multiphase CFD

« Interactions of particles and gas Particle loading study
« Thermal losses in nozzle (gas to nozzle) * Increase efficiency and speed of
* Frictional losses in nozzle (gas to nozzle) deposition
50 r T veiver Sﬁf?’ozﬁﬁdgi"g Increase efficiency and speed of
- - -Loss at 5% Loadin w
5 4.0 _3 - - LossaI?O/%LLo:digg > depOSItlon
m ia En ——Il:oss at:]lg.f"/i Lodading
oo e oss at 15% Loadin
a 2 a0 | o No measurable effects for:
= ; _ * 3X Increase in deposition rates
— Z“ 20 ° * Minimal change to velocity.
2t ol | * 3X Savings in time
—  3X Savings in helium usage
0.0 revessssemtossessessbossssesestesesssssetosssssmstossresses
0 10 20 30 40 50 60 70
Particle Size (pm)
Continuity = Coating Hardness
= 350
%{#pdl/+_#pu-d$=0 E §300
5'“;’ w 250
Momentum P £ 00
%ﬁ%(pu)dV+-#(puu)-dS= —#(p dS), + Fy g E 150
= $ 100
Energy g : 50
0

a u? u? . 5 8.4 14 8.35 10.3 14.0
Eﬁf P (e +7) v ﬁ; P (e - 7) weds = _# () - dS + 0y + Fy o1ty Particle Loading Rate (% by wt.) Particle Loading Rate (% by wt.)



ortheastern University

College of Engineering

Multidimensional CFD Models

Fully-coupled Simulation of Nickel in a VRC Nozzle

Solution Time 0.01301 (s)

Captures:

Complex gas behavior (shock waves)
Stochastic nature of particle flow and impact.
Particle/nozzle interactions.
Particle/particle interactions

Flow of irregularly shaped particles.
Prediction of deposition footprint.

Proven models reduce cost of experimentation.

Nozzle Exit Velocity of Nickel Particles
600

500
400
300
200

100

Velocity (m/s) & Temperature (°C)

20 30 40 50
Particle Size (um)

60

Interaction of nozzle and nickel
particles cause reduction of particle
velocity. Severe in some cases.

Model behavior observed in particle
image velocimetry measurements.

11
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Replicating Real-Time Experiments

Nozzle Exit Velocity of Nickel Particles
3D CFD Simulations (Fully Coupled)

s

600

500

o
o
S
®
o 400
[oR
5
~ 300
o
w
€ 200
= oT (°C
g 100 (*C)
S oV (m/s)
>
0
20 30 40 50 60

Particle Size (um)

Understanding the required level of
complexity in models can help reproduce
experiments in a timely manner.

Validated models reduce experimentation
costs in industrial applications.

In cold spray, the efforts put into modeling
over the years are paying off. (ARL Team)
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Particle Velocity (

Particle Velocity (m/s)
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Aluminum Laser Shadow Imaging
Oseir HiWatch System
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Aluminum - Particle Image Velocimetry
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Single Particle Impact Modeling

Finite Element (FEM) and Smooth
Particle Hydrodynamics (SPH) Modeling

Property related deformation behavior. experiments FEM model results
x Vi =175m/s Vpi = 286m/s

Calibrated models can provide
* Interface energy needed for bonding
* Heat generation from impacting

v;=286m/s Dg=24.40um

v=175m/s 00=20.75um

Vi = 416 m/s Vi = 530 m/s

particles ‘ ‘
* Parametric effects of: R
» Effects of impact Vi = 663 m/s Vyi = 699 m/s
velocity /temperature a S
* Substrate/particle morphology “/\NXle]Hum Q. Chen, etal,, NU

* Surface oxidation
* Porosity

ity, 700 m/s
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Calibrated Models Provide Interfacial Energy and

Q. Chen, etal,, NU

o [
0 BT, Y S SR B 1/ (N conversion to Kinetic
L - energy
E : . K | B TEparticle = 0.34 - KE
2 o aF
_215 : | ! \ - 7F SRR N || TEsubstrate = 0.45-KE
3 : ' : " | N} ||
E Lkt seCEE EEEEEE EEEERI CEnmEEY SEEEEREEEEE BT | EEEEEEES

5
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Multiparticle Impact Simulations
Residual Stress and Porosity Estimations
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e Material buildup process modeling}

17
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Combining Multiscale Models for Deposition
Process Simulation

Parti ?DI CFD M((:)de(;. ) Axisymmetric CFD Model p FEAlMlodel
ar;cilc[:) e ml_)a}ct l:‘on 1t19ns Jet Impingement Heat article Impact
an ep051t1$m ootprint Transfer

Kinetic Energy to Thermal Energy
Measured from FEA

Velocity: Magnitude (m/s)
1000.0

800.00

600.00
400.00
200.00
0.00000

. . Temperature (C)
Particle Diameter (um)
10.598 33.438 56.279 79.120 101.96 124.80 400.55

304.88

209.20

M 113.52

TEparticle = 0.34 - KE
TEsupstrate = 0.45 - KE

17.846

Mass Flux {gimin)
s o o

-77.831

10 mm

0. Ozdemir, et al.,, NU Q. Chen, etal,, NU
% (mm)

prt E. Lin, NU
0. Ozdemir, et al.,
SDSM&T & NU \

Transient 3D Finite Volume Representation or 3D Finite Element Representation

5 y (mm)
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Bulk Deposition
Simulation

Finite Volume Method (FVM) Finite Element Methods (FEM)

e Track thermal historyand ¢ Trackdeposition, thermal

deposition profile. history, and stress.

:  More detail, increased cost.
 Less detail, cheap.

19



) Northeastern University
College of Engineering

Strategy to Prevent Coating Fracture
Transient Deposition Simulation by FEM

5, Misa!

Stragegy-1 Gz s

0.1"” thick at middle

b Tantalumcoating /—\

7" Radius=0.2" @ 1St

Steel mold an d
5.04" 0.01” thic edges 3r 4th .
Tip First
Strategy-2 -
Stragegy-2
1. Provides lower stress Be8Y dis
2. Provides lower /\4th 2
maximum temperature o
3rd
2nd

Dr. Engiang Lin, NU

1st
Dr. Isaac Nault, ARL Edges First

20
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Plastic Deformation After Deposition

Strategy 1

Strategy 2

S, Mises
(Avg: 75%)

+5.111e+05
+4.686e+05
+4.260e+05
+3.835e+05
+3.410e+05
+2.985e+05
+2.55%+05
+2.134e+05
+1.70%e+05
+1.284e+05
+8.585e+04
+4.332e+04
+8.021e+02

S, Mise:

wvg: 75%)
+5.124e+05
+5.111e+05
+4.686e+05
+4.261e+05
+3.835e+05
+3.410e+05
+2.985e+05
+2.560e+05
+2.134e405
+1.709e+05
+1.2842405
+8.585e+04
+4.333e4-04
+8.021e+02

PEEQ

(Avg: 75%)

+1.205e-02
+2.747e-03
+2.518e-03
+2.289%-03
+2.060e-03
+1.831e-03
+1.602e-03
+1.373e-03
+1.145e-03
+9.157e-04
+6.867e-04
+4.578e-04
+2.289%e-04
+0.000e+0

PEEQ

(Avg: 75%)

+1.331e-02
+2.747e-03
+2.518e-03
+2.289%-03
+2.060e-03
+1.831e-03
+1.602e-03
+1.373e-03
+1.145e-03
+9.157e-04
+6.867e-04
+4.578e-04
+2.289%e-04
+0.000e+00

PEEQ
(after cooling)

Tip First

PEEQ
(after cooling)

Edges First

Shows more
distributed high
plastic
deformation in
coating.

*Preferable
*Less plastic
deformation after
deposition and
cooling.
*Less likely to fail.
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Thermal Modeling of a Tube Internal Surface Coating
Comprehensive FVM

Estimate worst case scenario maximum temperature in a steel tube.

Rotating tube external surface

convective heat loss Particle impact heat generation

FEA

Forced convection from

internal flow. g

Jet impingement heat transfer
CFD

Tube Internal Surface Temprature

ID Surface Temprature @ 94 minutes
310 mm OD Section

250 r

200

_
[9)]
o

—T_ID Center(C)

—_
o
o

Temperature (°C)

Temperature ( °C)

40 60 80
Time (minutes)

20

100

[4)]
o

o

0.4 0.6 0.8 1
Axial Distance ( mm)

0.2
22
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Thermal Modeling of a Tube Internal Surface Coating

Rotating tube external surface Particle impact heat generation
convective heat loss FEA

200

180

160

I 60 mm 354 RPM

................................ 140

»
P> = =

155 mm

120
100
80

A

<

1 .
" Jet impingement heat transfer

After 94 minutes CFD
Tube Internal Surface Temprature ID Surface Temprature @ 94 minutes
310 mm OD Section 250 .
250
200 +
200 | 5
e < 150
L 150 g
% —T_ID Center(C) "é’
hae [0]
& 100 g 100
[9]
P [t
50 | 50
0 0

0 20 40 60 80 100 0 0.2 0.4 0.6 0.8 1
Time (minutes) Axial Distance ( mm)
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e Manufacturing process modeling ]

24
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Motion Strategy and Integration

_ In-Situ Process
Modeling Favorable Robotic Path Monitoring
Patterns Generation Design Team

Daniel Akintola, Evelyn D’Elia, Jackson Hamilton,
Katherine Liu, Edward Oldak
Advisors
Ozan Ozdemir, Andrew Gouldstone

Dr. Taskin Padir
Joseph Lynch

: Deposition profile
from integrated sensor 5t
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e Validation & integration ]

26
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Validation

PHOTANICS

NU CS Laboratory
VRC Gen III Max
Quantum He Recovery
6 kW Laser (Donated by IPG Photonics)
- Inert Powder Processing Unit
Gl ¢less Testing & Analysis Laboratories

Adhesion Test

27
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Takeaways

* Target focused modeling
approaches help us refine our
daily cold spray operations. ‘

» Gas & Powder Flow Modeling ]

* Validated modeling tools (as
shown here) can help reduce
experimentation costs
significantly.

e Material buildup process modeling]

e Manufacturing process modeling ]

€L

* Help determine the direction we
should go with variables to
improve systems and
procedures.

28
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NU Cold Spray Team

Faculty

Prof. Teiichi Ando

Prof. Andrew Gouldstone
Prof. David Luzzi

Prof. Sinan Muftu (TPC)
Prof. Taskin Padir

Prof. Mohammad Taslim
Prof. Moneesh Upmanyu

Staff

Dr. Engiang Lin
Dr. Ozan Ozdemir
Patricia Schwartz

Sponsors
Army Research Laboratory

Graduate Students

Qiyong Chen
Joseph Conahan
Xingdong Dan
Salih Duran

Joseph Lynch
Poshit Mandali
Lauren Randaccio
Houghton Younge

Runyang Zhang R l

Partners

ARL Modeling Team Consortium
United Technologies Research Center
VRC Metal System
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Thank you!
Questions?
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