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Cold Spray Impact Model
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• Substrate & particle: Al-6061-O
• Varying diameter

Johnson-Cook Model Outputs:
• Temperature change
• Plastic deformation
• Residual stress

ARL Cold Spray Modeling Program
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Powder Significance
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Powder Consolidated

STEM Dark Field STEM Dark Field

100 nm 200 nm



Post-
Processing

• Machining

• Heat treating

• Forming

• Surface treating

Through-Process Model
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Cold Spray Process

Particle
Impact

• Deformation

• Heat generation

• Recrystallization

Process
Parameters

• Gas temperature

• Gas pressure

• Gas composition

• Particle feeder temp.

• Laser assistance

Process 
Parameters

Particle
Impact

Post-
Processing

User-input 
Parameters

Consolidated 
Materials 
Properties

Powder
Production

• Microchemistry

• Microstructure

• Process parameters

• Particle & grain size

Powder
Processing

• Degassing

• Heat treating

• Milling

• Blending

Powder
Production

Powder
Processing Additive 

Strength 
Model

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



Solid Solution Strengthening

∆𝜎𝑠𝑠(𝑑, 𝑡, 𝑇) = 

𝑖

(𝐺ε𝑠
3/2𝑐1/2)/700

Substitutional Solid-Solution

Grain Size/Microstructural Influence

∆𝜎𝑚𝑖𝑐(𝑑, 𝑡, 𝑇) =
𝑘𝑔𝑠

𝑑
Hall-Petch Behavior

∆𝜎𝑝𝑝𝑡(𝑑, 𝑡, 𝑇) = 

𝑖

𝜎Coherency, i+ 𝜎Modulus, i+ 𝜎Chemical, i+ 𝜎incoh, i

Precipitation Strengthening

∆𝜎𝐶𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑦,𝑖= 7𝜀𝑐𝑜ℎ,𝑖
3/2
𝐺
𝑟𝑓

𝑏

1/2

∆𝜎𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙,𝑖= 2𝜀𝐶ℎ,𝑖
3/2
𝐺
𝑟𝑓

𝑏

1/2

∆𝜎𝑀𝑜𝑑𝑢𝑙𝑢𝑠,𝑖= 0.01𝜀𝐺𝑝,𝑖
3/2
𝐺
𝑟𝑓

𝑏

1/2

Function of:
- Alloy composition, 
- Powder particle size,  
- T, t of heat treatment

∆𝜎𝐼𝑛𝑐𝑜ℎ= Gb/(L − 2r)

𝝈𝒀𝑺(𝒅, 𝒕, 𝑻) = 𝝈𝒐 + ∆𝝈𝒔𝒔
𝒎 (𝒅, 𝒕, 𝑻) + ∆𝝈𝒎𝒊𝒄

𝒏 (𝒅, 𝒕, 𝑻) + ∆𝝈𝒑𝒑𝒕
𝒑
(𝒅, 𝒕, 𝑻)

Quantification of Powder Properties

Powder	
Processing

Powder	
Microstructure

Powder	
Properties

Consolidated	
Material	
Properties
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Chemical
Composition

Modeling Approach

Predict properties of powders

Thermal
Treatment

Thermodynamic, Kinetic, and Solidification Models

Solidification
Properties
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𝑓(𝐶𝑖 , 𝑓𝑖 , 𝑟𝑖 , 𝐿𝑖 , 𝑑, 𝑡, 𝑇)

𝒅 𝒇𝒊, 𝒓𝒊, 𝑳𝒊, 𝒅𝑪𝒊

𝝈𝒀𝑺(𝒅, 𝒕, 𝑻) = 𝝈𝒐 + ∆𝝈𝒔𝒔
𝒎 (𝒅, 𝒕, 𝑻) + ∆𝝈𝒎𝒊𝒄

𝒏 (𝒅, 𝒕, 𝑻) + ∆𝝈𝒑𝒑𝒕
𝒑
(𝒅, 𝒕, 𝑻)
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- Powder particle size,  
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𝝈𝒀𝑺(𝒅, 𝒕, 𝑻) = 𝝈𝒐 + ∆𝝈𝒔𝒔
𝒎 (𝒅, 𝒕, 𝑻) + ∆𝝈𝒎𝒊𝒄

𝒏 (𝒅, 𝒕, 𝑻) + ∆𝝈𝒑𝒑𝒕
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(𝒅, 𝒕, 𝑻)

Experimental Approach

Solidification Model
Composition

Solidification Model
Particle & Grain Size

Thermodynamic & Solidification Models
Phase Identification
Phase Morphology (Radius & Fraction)

• X-Ray Diffraction
• Optical Microscopy
• Scanning Electron 

Microscopy
• Transmission Electron 

Microscopy
• Nanoindentation



Sieved Powder – Al 7075
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25-32 mm 53-63 mm

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



Alloys Studied – Compositions [Wt%]
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Al 6061

Al 7075

Al 5056

Al 2024

Cr 0.110

Cu 0.260

Fe 0.280

Mg 0.922

Mn 0.078

Ti 0.024

Zn 0.020

Si 0.591

Al 97.7

Cr 0.006

Cu 4.000

Fe 0.078

Mg 1.500

Mn 0.610

Ti 0.100

Zn 0.014

Si 0.130

Al 93.6

Cr 0.210

Cu 1.700

Fe 0.180

Mg 2.300

Mn 0.031

Ti 0.031

Zn 5.600

Si 0.110

Al 89.8

Cr 0.160

Cu 0.006

Fe 0.110

Mg 5.300

Mn 0.150

Ti 0.000

Zn 0.006

Si 0.050

Al 94.2



Powder Production
Solidification, Thermodynamic & Segregation Models

Characterization: Grain Size & Phase Identification
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Solidification Model
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Heat Transfer Model Gas Atomization Process
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1Property Data Calculated using JMatPro
2Ranz, Marshall (1952)
3C He, S.W., Y. Liu, S. Guo (2009)

Powder	
Processing

Powder	
Microstructure

Powder	
Properties

Consolidated	
Material	
Properties

Thermophysical Properties of Al 20241

Ar Atomizing Gas Molten Droplet

Tf Kg r Cp Td

[K] [W/(mK)] [kg/m3] [J/(kgK)] [K]

300 1.79E-02 2270 1140 1473Gas Atomization: Newtonian Heat Flow
• Heat transfer from droplet: forced 

convection
• Radiational cooling: neglected
• Heat conduction (w/in droplet): neglected

(small size – Biot number < 0.1)



Melt

Unstructured 
(non-equilibrium)

Refined 
Microstructure 

(non-equilibrium)

Conventional 
Microstructure 
(equilibrium)
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104

102

1

Solid solutions, 
amorphous solids, 
fine nanostructure, 

etc.

Fine dendrites, 
Equiaxed grains, etc.

Course dendrites, 
eutectics, etc.

Cooling 
Rate [°C/s]

Feature Size 
[mm]

10-1

1

10

102

Microstructural Dependence on Solidification Rate

13



Solidification Model
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𝝀 = 𝝀𝟎
𝟏𝟐

𝝆𝑪𝒑
𝑻𝒅 − 𝑻𝒇

𝒌𝒈

𝒅𝟐

−𝒏

dTd
dt
=
12

ρCp
(Td − Tg)

kg

d2

Cooling Rate and Particle Diameter:

Relationship between feature size 
and particle diameter
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∆𝝈𝒎𝒊𝒄(𝒅, 𝒕, 𝑻) =
𝒌𝒈𝒔





Solidification – Grain Size
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𝜆 = 𝜆0
12

𝜌𝐶𝑝
𝑇𝑑 − 𝑇𝑓

𝑘𝑔

𝑑2

−𝑛

𝜎𝑌𝑆(𝑑, 𝑡, 𝑇) = 𝜎𝑜 + ∆𝜎𝑠𝑠
𝑚(𝑑, 𝑡, 𝑇) + ∆𝜎𝑚𝑖𝑐

𝑛 (𝑑, 𝑡, 𝑇) + ∆𝜎𝑝𝑝𝑡
𝑝
(𝑑, 𝑡, 𝑇)



 Increasing Cooling Rate [°C/s]

10 mm

1x1052x1065x1065x107

16Al 6061



Grain Size Variation with Alloy
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17
𝜎𝑌𝑆(𝑑, 𝑡, 𝑇) = 𝜎𝑜 + ∆𝜎𝑠𝑠

𝑚(𝑑, 𝑡, 𝑇) + ∆𝜎𝑚𝑖𝑐
𝑛 (𝑑, 𝑡, 𝑇) + ∆𝜎𝑝𝑝𝑡

𝑝
(𝑑, 𝑡, 𝑇)



Solid Solution Strengthening

∆𝜎𝑠𝑠(𝑑, 𝑡 = 0, 𝑇) = 

𝑖

(𝐺ε𝑠
3/2𝑐1/2)/700 0
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Cooling rate: 50,000 C/s

Segregation Model during Solidification

∆𝜎𝑝𝑝𝑡(𝑑, 𝑡, 𝑇) = 

𝑖

𝜎Co, i+ 𝜎Mo, i+ 𝜎Ch,i+ 𝜎in,i

𝜎𝑌𝑆(𝑑, 𝑡, 𝑇) = 𝜎𝑜 + ∆𝜎𝑠𝑠
𝑚(𝑑, 𝑡, 𝑇) + ∆𝜎𝑚𝑖𝑐

𝑛 (𝑑, 𝑡, 𝑇) + ∆𝜎𝑝𝑝𝑡
𝑝
(𝑑, 𝑡, 𝑇)



Segregation – Al 2024
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Particle Diameter: 45 mm
Grain Diameter: 2.8 mm diameter
Cooling Rate: 5x104 °C/s

𝜎𝑌𝑆(𝑑, 𝑡, 𝑇) = 𝜎𝑜 + ∆𝜎𝑠𝑠
𝑚(𝑑, 𝑡, 𝑇) + ∆𝜎𝑚𝑖𝑐

𝑛 (𝑑, 𝑡, 𝑇) + ∆𝜎𝑝𝑝𝑡
𝑝
(𝑑, 𝑡, 𝑇)

Phases at Grain Boundary

Phase Wt%
Al2Cu 48.58

T (Al,Cu,Mg) 32.01

FCC Al 14.99

Mg2Si 3.06

Al12Mn 1.32

Al15Fe3Si2 0.02

Al3Ti 0.01



Phase Identification – Al 6061 
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Al 6061

Equilibrium Phases
Phase Wt%

FCC Al 96.5

Mg2Si 1.41

Al7Cu2M 0.76

a (Al47(Fe,Mn,Cr)11Si5) 0.65

E (Al18Cr2Mg3) 0.23

Al3(Fe,Cr) 0.17

Al13Cr4Si4 0.17

Scale bar: 500 nmScale bar: 500 nm

𝜎𝑌𝑆(𝑑, 𝑡, 𝑇) = 𝜎𝑜 + ∆𝜎𝑠𝑠
𝑚(𝑑, 𝑡, 𝑇) + ∆𝜎𝑚𝑖𝑐

𝑛 (𝑑, 𝑡, 𝑇) + ∆𝜎𝑝𝑝𝑡
𝑝
(𝑑, 𝑡, 𝑇)

Particle Diameter: 28 mm
Grain Diameter: 2.15 mm diameter
Cooling Rate: 1.16x104 °C/s

Phases at Grain Boundary
Phase Wt%

FCC Al 62.08

Al2Cu 20.12

Q (Al5Cu2Mg8Si6) 12.79

Si (Diamond) 4.84

Al15Si2(Fe,Mn)4 0.07

Al13Cr4Si4 0.06

Al15Fe3Si2 0.04

Si2Ti 0.01



Phase Identification – Al 5056 
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Al 5056

Average Weight %

White Gray

Mg 9.60 8.72

Al 66.95 85.63

Si 1.05 0.37

Cr 0.34 0.21

Mn 1.46 0.12

Fe 14.02 0.11

Cu 6.52 4.83

Zn 0.08 0.00

Equilibrium Phases
Phase Wt%

FCC Al 84.8

b Al3Mg2 13.3

Al45Cr7 0.7

Al12Mn 0.6

Al13Fe4 0.5

T 0.1

Mg2Si 0.1

𝜎𝑌𝑆(𝑑, 𝑡, 𝑇) = 𝜎𝑜 + ∆𝜎𝑠𝑠
𝑚(𝑑, 𝑡, 𝑇) + ∆𝜎𝑚𝑖𝑐

𝑛 (𝑑, 𝑡, 𝑇) + ∆𝜎𝑝𝑝𝑡
𝑝
(𝑑, 𝑡, 𝑇)

Particle Diameter: 22 mm
Grain Diameter: 1.2 mm diameter
Cooling Rate: 2.04x104 °C/s

Phases at Grain Boundary
Phase Wt%

FCC Al 83.45

b (Al3Mg2) 15.58

Al12Mn 0.83

T (Al29Mg20(Cu,Zn)2) 0.06

Al13Fe4 0.04

Al45Cr7 0.03

Mg2Si 0.02



Phase Identification – Al 7075 

Al 7075 22

HAADF STEM Al 7075 (25-32 um)



Phase Identification – Al 7075 

Mg2Si

Al12(Fe,Mn)

C14 Laves
Al2Cu

Al 7075

Grain Boundary Phase Wt%
FCC Al 85.91

C14 Laves (Mg(Zn,Al,Cu)2) 11.16

T (Al,Cu,Mg) 1.76

Al2Cu 0.77

Al45Cr7 0.13

Al12(Fe,Mn) 0.14

Mg2Si 0.08

Al15Fe3Si2 0.04

Al3Ti 0.03

23

𝜎𝑌𝑆(𝑑, 𝑡, 𝑇) = 𝜎𝑜 + ∆𝜎𝑠𝑠
𝑚(𝑑, 𝑡, 𝑇) + ∆𝜎𝑚𝑖𝑐

𝑛 (𝑑, 𝑡, 𝑇) + ∆𝜎𝑝𝑝𝑡
𝑝
(𝑑, 𝑡, 𝑇)



Powder Processing
Kinetic Modeling
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Thermal Treatment Effects
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∆𝜎𝑝𝑝𝑡(𝑑, 𝑡, 𝑇) = 

𝑖

𝜎Co, i+ 𝜎Mo, i+ 𝜎Ch,i+ 𝜎in,i

∆𝜎𝐶𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑦,𝑖= 7𝜀𝑐𝑜ℎ,𝑖
3/2
𝐺
𝑟𝑓

𝑏

1/2

∆𝜎𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙,𝑖= 2𝜀𝐶ℎ,𝑖
3/2
𝐺
𝑟𝑓

𝑏
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∆𝜎𝑀𝑜𝑑𝑢𝑙𝑢𝑠,𝑖= 0.01𝜀𝐺𝑝,𝑖
3/2
𝐺
𝑟𝑓

𝑏

1/2

∆𝜎𝐼𝑛𝑐𝑜ℎ= Gb/(L − 2r)

∆𝜎𝑠𝑠(𝑑, 𝑡 = 0, 𝑇) = 

𝑖

(𝐺ε𝑠
3/2𝑐1/2)/700

∆𝝈𝒎𝒊𝒄(𝒅, 𝒕, 𝑻) =
𝒌𝒈𝒔



𝜎𝑌𝑆(𝑑, 𝑡, 𝑇) = 𝜎𝑜 + ∆𝜎𝑠𝑠
𝑚(𝑑, 𝑡, 𝑇) + ∆𝜎𝑚𝑖𝑐

𝑛 (𝑑, 𝑡, 𝑇) + ∆𝜎𝑝𝑝𝑡
𝑝
(𝑑, 𝑡, 𝑇)



Additive Yield Strength Model
Characterization: Nanohardness

26

Powder
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Powder
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Post-
Processing

Cold Spray Process

Particle
Impact

Process
Parameters

𝜎𝑌𝑆(𝑑, 𝑡, 𝑇) = 𝜎𝑜 + ∆𝜎𝑠𝑠
𝑚(𝑑, 𝑡, 𝑇) + ∆𝜎𝑚𝑖𝑐

𝑛 (𝑑, 𝑡, 𝑇) + ∆𝜎𝑝𝑝𝑡
𝑝
(𝑑, 𝑡, 𝑇)



Additive Hardness Model – Al 6061
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Particle Impact
Impact Model

Characterization of Deposit
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Powder
Production

Powder
Processing

Post-
Processing

Cold Spray Process

Particle
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Parameters
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(𝑑, 𝑡, 𝑇)



Particle Impact Model and Experimental
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• Substrate: Al 6061 T6
• Particle: Al 6061 HT 230°C for 1 hour
• 40 mm diameter
• Output: Strain

Center for Nanoscale Systems (CNS)



Single Particle Splats

30Laser Scanning Confocal Microscope

SEM Images

Center for Nanoscale Systems (CNS)



Single Impact Nanohardness
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Cold Spray Deposit Properties
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Particle-Substrate Adhesion Test
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Cold spay on thin substrate 

Coat with photoresist

Wash away uncured resist

Expose photoresist to a grid 
pattern

Flip assembly onto another 
substrate

Electropolish substrate to reveal 
powder

Measure particle-substrate bond 
adhesion with nanoindenter



Powder
Production

Powder
Processing

Post-
Processing

TPM Overview
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𝜎𝑌𝑆(𝑑, 𝑡, 𝑇) = 𝜎𝑜 + ∆𝜎𝑠𝑠
𝑚(𝑑, 𝑡, 𝑇) + ∆𝜎𝑚𝑖𝑐
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