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Cold Spray Impact Model
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Johnson-Cook Model Outputs:
 Temperature change

e Plastic deformation
* Residual stress

* Substrate & particle: Al-6061-0O
* Varying diameter

ARL Cold Spray Modeling Program




Cold Spray Impact Model
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Johnson-Cook Model Outputs:
* Temperature change

* Plastic deformation
 Residual stress

* Substrate & particle: Al-6061-0
* Varying diameter

ARL Cold Spray Modeling Program



Powder Significance
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Through-Process Model

Powder
Processing

Powder
Production

Cold Spray Process

Process
Parameters

User-input
Parameters

Powder
Feeder

Pre-

.Gas """,V\

Particle
Impact

Chamber

Gas Heater

Additive
Strength
Model

Cold sprayed
material \\

!

21e.150NS

De Laval Nozzle

Computational
Tools

Experimental
Tools

Digital
Data

Materials Innovation
Infrastructure

Processing

Council, N.S.a.T., Materials Genome
Initiative for Global Competitiveness. 2011.

Consolidated
> Materials .

Properties



Function of:

- Alloy composition,

- Powder particle size,
- T, t of heat treatment
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oys(d, t,T) = 6, + Adfs (d,t,T) + Aapy(d, t, T) + Aay . (d, t, T)

f(Ci' fir i, Lir d' L, T)

Predict properties of powders

Thermal
Treatment

Chemical Solidification
Composition Properties
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Thermodynamic, Kinetic, and Solidification Models



Function of:

- Alloy composition,

- T, t of heat treatment

- Powder particle size, Uys(d, t: T) — 0-0 + AO'?} (d: t, T) + Aaﬁic (d; t; T) + Aazpt(d’ t; T)

Solid Solution Strengthening

Aoy (d, t,T) = Z(Gsss/zcl/Z) /700 — Solidification Model

l. Composition

Substitutional Solid-Solution X_Ray D|ffra Ct|on
Optical Microscopy
Grain Size/Microstructural Influence Scanning Electron
k Solidification Model Microsco
AGpic(d, t,T) = = — : o Nt
Vd Particle & Grain Size Transmission Electron

Hall-Petch Behavior

Microscopy
Nanoindentation

Precipitation Strengthening

Ao_ppt (d, t, T) = E [O-Coherency, 1'+ O-Modulus, 1'+ O-Chemical, 1'+ 0-1'110011, 1]

. 1/2
[ 7] /
A =7¢202 6=
O-Coherency,i_ gcoh,i

\/2 ff 1/2 Thermodynamic & Solidification Models
AUModuluS,i= 0-015627‘1'6 (?)/2 —_— Phase Identiflcatlon
AGchemicati= 2€gp.G <%> Phase Morphology (Radius & Fraction)

Aocon= Gb/(L — 2r)



Sieved Powder — Al 7075

1. Remove fine particles < 20 um
2. Sieve into 5 size ranges with stainless steel mess
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b

15.0kV X500 WD 10.0mm mm X500 WD 10.0mm 10pm

Al 7075

100KV X500 WD 100mm  10zm )

Tratad Vo
10.0kV X500 WD 10.0mm 10pm
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Characterization: Grain Size & Phase Identification
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Solidification Model
N

Powderl PowderE Thermophysical Properties of Al 2024*
Processing Microstructure

Ar Atomizing Gas Molten Droplet
Heat Transfer Model Gas Atomization P o - RO
eat Iransrer iVioael Gas Atomization rProcess
[K] [WImK)]  [kg/m3]  [J/(kgK)] K]
Gas Atomization: Newtonian Heat Flow 300 1.79E-02 2270 1140 1473
An * Heat transfer from droplet: forced
h T convection

¢ @ « Radiational cooling: neglected
Gas thermal . .
conductivity  * Heat conduction (w/in droplet): neglect 100,000,000

(small size — Biot number < 0.1)

Heat balance,

dT 10,000,000
V.p.C —S—§. 4(T — ~ 4 A
Vep Gt = A T+ 08}%‘/@) 3
5
h==(2.0+0.64R_-3P) £ 1,000,000
[
€ c
ﬂg %
o
O

i 100,000
Pr :( Cetty / kg )

0
ar,| 6 20k, Kk [pF
[ e o P2y
P g 20 30 40
: Particle size diameter, um
- _
d Td | — 12 (Td _ .Tf } g Property Data Calculated using JMatPro
dt | p-C, d- 2Ranz, Marshall (1952)

3C He, S.W.,, Y. Liu, S. Guo (2009) 12



Solid solutions,
Unstructured amorphous solids,
(non-equilibrium) fine nanostructure,

108

10°
Refined

4 Microstructure

Fine dendrites,

(non-equilibrium) Equiaxed grains, etc.

102

Conventional :
Course dendrites,

eutectics, etc.

Microstructure
(equilibrium)

Cooling Feature Size
Rate [°C/s] [um]
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Solidification Model

SDAS (feature size) and Cooling Rate:

500
400

300

A [pm]

200
A, =100.99(dT/dt)0-33
100 \ R2=1

0 25 50 75 100
CoolingRate [°C/S] SEM COMPO 10.0kV X4,000 WD 10.0mm

Model Data from JMatPro

|

Relationship between feature size
and particle diameter

12 k,\" kg
=2 — (T —Ts)-2 A0 (d,t, T) = —Z
A /10 <pcp( d f) d2> amlc( ) /—
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Solidification — Grain Size
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Cooling Rate, dT/dt [°C/s]
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& Al 7075 Experimental

Feature Size [um]
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1.00
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0.00 I By
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Al 7075 oys(d,t,T) = o, + Acli(d,t,T) + AOrrrlu-C(d, t,T) + AO'gpt(d, t,T)
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5x107  5x10° 2x10° & Increasing Cooling Rate [°C/s] 1x10°
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Al 6061



Grain Size Variation with Alloy
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oys(d, t,T) = 0, + Aol3(d,t,T) + Aoy, (d, ¢, T) + Aoy . (d, £, T)



Segregation Model during Solidification
Cooling rate: 50,000 C/s
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Segregation — Al 2024
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0
-1.5 -1 -0.5 0 0.5 1 1.5
Position [um]
— R 45
100kvV  X25,000 WD 10.0mm Tum
40 Y
Particle Diameter: 45 um 35 "
Grain Diameter: 2.8 um diameter = 30 .g
Cooling Rate: 5x10* °C/s £ —>
= 25 7
__Phases at Grain Boundary _ = ”
= 20
—cC
Phase Wt% 5 s '
Al,Cu 48.58 8 Fe
T (Al,Cu,Mg) 32.01 S - 10 - ——Mn
FCC Al 14.99 5 —_Ti
MgZS| 3.06 =¥¢4:
Al,,Mn 1.32 -1.5 -1 -0.5 0 0.5 1 1.5
Al sFe,Si, 0.02 Position [um]
AlTi 0.01

oys(d,t,T) = 0, + Aoie (d, t,T) + Aajy; (d, t,T) + Aa) . (d,t,T) 19



Phase Identification — Al 6061

_ _ Phase Phase
Particle Diameter: 28 um FCC Al FCC Al

Grain Diameter: 2.15 um diameter ALCu
H o 2
Cooling Rate: 1.16x10% °C/s Q (Al,Cu,Mg,Si,)
Si (Diamond)
Al .Si,(Fe,Mn),
Al ,Cr,Si,

Mg,Si

Al,Cu,M

o (Al,,(Fe,Mn,Cr),,Sic)
E (Al ¢Cr,Mg,)
Al;(Fe,Cr)

i (M) i1

Scale bar: 500 nm Scale bar: 500 nm

oys(d,t,T) = 0 + Acl§(d,t,T) + Aoy (d, t,T) + Aoy (d, £, T)

Al 6061



Phase Identification — Al 5056

|| Average Weight % |
B Wwhite Gray
I8 o960 8.72
N 6695 85.63
EB 105 0.37
0.34 0.21
I 146 0.12
I 1202 0.11
6.52 4.83
(Zn [ 0.00

Phases at Grain Boundary

Phase Wt% Phase Wt%

FCC Al 83.45 FCCAI 84.8

B (Al;Mg,) 15.58 B AlsMg, 13.3
Particle Diameter: 22 um Al,,Mn 0.83 AlgsCry 0.7
Graip Diameter: 1.2 um diameter T (ALMg.(Cuzn)) 0.06 Al,Mn 0.6
Cooling Rate: 2.04x10* °C/s 29777520 2

Al ;Fe, 0.04 AlsFes 0.5

Al,sCr; 0.03 T 0.1

Mg,Si 0.02 Mg,Si 0.1

Al 5056 oys(d, t,T) = 0, + Adl2(d, t,T) + Aoy (d, t, T) + Ac) ), (d, £, T) .



Phase Identification — Al 7075

HAADF STEM Al 7075 (25-32 um)

Al 7075
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Phase Identification — Al 7075 14 Laves (MEZnALCu),) 116

T (Al,Cu,Mg) 1.76
— m n p

O'ys(d, L, T) =0, + AO—ss (d, L, T) + Ao-mic(d' L, T) + Ao-ppt(d' t, T) Q:ZCCU 0.77
45Cr 0.13

Al ,(Fe,Mn) 0.14

C14 Laves Mg,Si Mg,Si 0.08
Al .Fe,Si, 0.04

Al Ti 0.03

Al,Cu

Zone 77
HAADF MAG: 116kx HV: 200kV

Zone 77 '.‘ .

HAADF MAG: 116kx HV: 200kV

Zone 77 100 nm
HAADF MAG: 116kx HV: 200kV f i

Al
Zong 77 100 nm Zone 77 100 nm Zone 77 100 nm
HAADF MAG: 116kx HV: 200kV I i HAADF MAG: 115kx HV: 200kV HAADF MAG: 115kx HV: 200kV |
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Thermal Treatment Effects

Aoy, (d, t,T) = Z[O’CD’ it Oue i Ocpit O Aog(d,t =0,T) = Z(Gss3/zcl/2)/700

i

1/2
_ +.3/2 rf
AO-Coherency,i = 7£coh,iG ?

3/2 rf Yz k
Aomoduius,i= 0-015@p,i6 ?) Aomic(d' t, T) =2
/2 VA
_5.3/2 rf
Adchemicari= 2€cn, G | 5 d™ — d" = kt
0=
Aoincon= Gb/(L — 2r)
Precipitate Radius, 300°C -
7 y= . .\
r 1.8% Matrix Composition, 300° C
6 ——S-Al2CuMg l\:\_.p : .

o 1.6%
S'-Al2CuMg
5 1.4%
. ——Theta-Al2Cu . 1.2%
= , 3 —0C
g ——Theta'-Al2Cu § 1.0% '\:
= — \Vig
g 3 0.8%
5 . —Si
e 2 /\ 0.6% —Mn
0.4%
! _ 0.2% —
[ B .
\
o —1 \\7 0.0%
0.1 1 10 100 0.1 1 10 100
Time [hr] Time [hr]

oys(d, t,T) = 0, + Aoge(d,t,T) + Aoy ;. (d, t,T) + Aagpt(d, t,T)



Production Processing
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Additive Yield Strength Model

Characterization: Nanohardness




Additive Hardness Model — Al 6061

ovs(d, t, T) = 6, + Ad™(d,t,T) + Ac™ w(d t, T) + Ao pt(d t,T)

160

140

120

100

Hardness [Hv]
=] =]
=] 2

=
=

— DB Moddl
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=]

o 10 20 30 a0 a0

Particle diameter [um]

SEI 15.0kV X700 WD 10.0mm 10um

2.33

2.95

4] 1.91
£ 2.00 1.64 Lae
= , 1.31
%s 1.50 1.26 =
S 1.00
S 1.

0.50

Al 6061 Nano 6061 Al 2024 Al 7075 Al 5056 Clean 5083 Nano 5083 27
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LE. Max. Principal

ODE: PTW 40um_SD3MTodb  Abagqus/Explicit8.14-2  FriJun 17 18:14:30 EDT 2018

Step: mpact
Z Increment 23871:Step Time = B &001E-08
Primary Var: LE. Max. Principal

Deformed ¥ar: U Deformation Scale Factor: +1.000e+00

Substrate: Al 6061 T6

* Particle: Al 6061 HT 230°C for 1 hour
* 40 um diameter
* Qutput: Strain

Center for Nanoscale Systems (CNS)

29



Single Particle Splats

200x 4.0 mm

~ T T
I N

20 30 40 50 60 70 80 90 100 110 120 um

10/27/2015 dwell HV HPW det: mag B WD

12:44:45PM | 30 s | 3.00kV | 830 ym | TLD | 24978 x | 4.1 mm Harvard Helios 660 Laser Scannlng Confocal MICFOSCOpe 30
Center for Nanoscale Systems (CNS)
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Single Impact Nanohardness

Hardness Profile — 200 nm depth
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Cold Spray Deposit Properties

10um

¥ 2

=74 \[f‘.f i R o
10.0kV X1,600 WD 10.0mm

2.00

1.50

1.00 N Cold Spray Deposit

0.50

Nanohardness [GPa]

0.00
Al 6061 Al 2024 Al 7075 Al 5056 32



Particl

Cold spay on thin substrate

Coat with photoresist

Expose photoresist to a grid
pattern g

Wash away uncured resist

%"3&
Flip assembly onto another
substrate
- P -
-
- = - -
Electropolish substrate to reveal
powder
ﬂ [

Measure particle-substrate bond
adhesion with nanoindenter




TPM Overview

10,000,000

1,000,000

100,000

Cooling rate, dT/dt [K/s]

10,000
0 20 40

Particle size diameter, pm

m  10um Particle Diameter [mm]

Powder
Production
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Processing

y

y

oys(d, t,T) = 0, + Aogs(d, t,T) + Aoy, (d,t,T) + Aagpt(d, t,T)

Cold Spray Process
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Impact

Process

Parameters Processing
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