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“The lengthy time frame for materials to move
from discovery to market is due in part to the
continued reliance of materials research and
development programs on scientific intuition and
trial and error experimentation. Much of the
design and testing of materials is currently
EXPfoggl‘:ma' %igi:aa' - performed through time-consuming and repetitive
experiment and characterization loops. Some of
these experiments could potentially be performed
Materials Innovation virtually with powerful and accurate
Infrastructure computational tools, but that level of accuracy in
such simulations does not yet exist.”

Computational
Tools

Materials Genome Initiative (2011)

S
—

Meeting cietal Needs

WhiteHouse.gov/MGlI (2011)
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Heat Transfer Model Gas Atomization Process

Gas Atomization: Newtonian Heat Flow

* Heat transfer from droplet: forced convection

kgv Ta * Radiational cooling: neglected

* Heat conduction (w/in droplet): neglected
(small size — Biot number < 0.1)

Heat balance
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Relationships between:
* Cooling Rate & Particle Size

*  Cooling Rate & Grain Size
\

Particle Size & Grain Size

Relationship Grain Size and Cooling Rate:
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Predictive Phase Modeling
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Powder Pre-Processing

/ Before Heat Treat After Heat Treat “5 '

Cold Spray Process

Process Particle
Pre-Processing Parameters Impact
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e Microstructure
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Function of:

- Alloy composition,

- Powder particle size,
- T, t of heat treatment

Heat-treat
dependent

Oys(d) = 0o T Aogs(d) + Aoypic(d) + Aappt(d)

Solid Solution Strengthening

({ ss due to
diffusion)

Heat-treat
dependent

Heat-treat
dependent

— Composition
dependent
[

Linear approximation

Grain Size/Microstructural Influence
Particle size,

Ao_mic (d) = kgs}\,_o's composition
dependent

Hall-Petch Behavior

Precipitation Strengthening

1.2Gb T; Particle size,
Aoppt,i= Z 0.84M 21l In (g) composition
L dependent

L=|123 |2 5 |2
= . — — T'
3fppt,i 3

Ashby-Orowan Relationship



Al 6061 Powder Precipitates

Phase Wt% Composition
Al 96.5 Al +trace Zn
Mg2Si 1.41  Mg,Si 4= 2
Al7Cu2M 0.76  Al,Cu,Fe } 1
Alpha 0.65 Al,(Fe,Mn,Cr),,Si.
E 0.23 Al,Cr,Mg,
Al3Fe 0.18 Al,(Fe,Cr) 1
Al13Cr4Si4 0.17 Al ,Cr,Si, o
Al3M 0.06 ALTi m—
3 STEM DF Image, scale bar 500 nm STEM DF Image, scale bar 100 nm
3000 Al 1 2000
R Light Precipitate: o o
5 Al, Fe, Cu, Cr, Mg, Si S 10001 Si Dark Precipitate:
o O Al, Mg, Si
1000 ~ 900+ I
CF['EU Si Fe Cu 0 0 5' Energy (keV) - 1IU
U_ 5I EI’“E,‘I"Q‘:,-r {KE,‘V} 1[]

0y = 0Og + AO-GS T AO-CW + AO'ppT + AUDS + ...
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Experimental Hardness Measurements

Nanohardness measurements of Al 6061
powder

SEI 100kV  X2500 WD 6.0mm

10um WPI

10.0kV X3,700 WD 6.0mm 1um




Model vs. Experimental Results
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Particle diameter [um]

* Model predictions vs. experimental hardness (previous slide).
* Model predictions converted from yield strength.
* Yield strength values used as input into the particle impact model, below.



Cold Spray Process Modeling

Temperature Patterns

Pressure

Cold Spray Process

Powder Powder Process Particle
Production Pre-Processing Parameters Impact
N / g,
Inputs Ol\lj:pu:s t
e Raw material * Micros r.uc ure .
e Requirements  9,4(d) = Oo + Aogs + Aopic + Adppe e Mechanical properties
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1500 1-D Cold Spray Flow Model

X 1000
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< ; CFD Velocity Profile
2 of Cold Spray Plume
0.0 0.10 0.20 0.30
nozzle axis. meters
- particle velocity == particle temp === nozzle exit
gas velocity == gastemp
t Aluminum particles accelerated in nitrogen*
m/s Calculated particle velocities Measured particle velocities

Velocity and Temperature
Profile for Gas and Powder
from Nozzle to Substrate

m/s

— 500
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— 400
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Nozzle exit

Measurement plane

*15 micron particle diameter, 3.2 MPa, 400 C

Images courtesy of Dennis Helfritch PhD, Army Research Laboratories 14



Influence of Process on Material Properties

Powder Temperature [°C]
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12 hr

Powder
Oven Feeder

\ 50° C > 800° C (Max) ﬁl 40 — 200 vs
1s 800° C (max)
Atmosphere
Oven
Powder Feeder PF-->Nozzle
PF->Nozzle 50°C --> 800°C
——MNozzle->Substrate 1s
Conscolidation
Oven
100°C Powder Feeder
4.3E4 s 50°C

i 480s-2.8E4 s

Schematic time

w

§ Deformation:
g 350° C

o 25-250ns

Nozzle-->Substrate
800°C --> 350°C
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Consolidation
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2.5E-8s-2.5E-7s



Particle Impact Modeling

Output from Powder Production & Powder Pre-
Processing models are used as input to the
Particle Impact Model

Cold Spray Pracess

Powder Powder Process Particle
Production Pre-Processing Parameters Impact
Y Yy : Y
\ J d) = [A + Be"|[1 + Clng*][1 = (T*)™
or(d) = £ ne*][ |
Inputs 4 Outputs
e Raw material e Microstructure
° Requirements O-YS(d) = O-O + AO—SS + AO-Trl,lC + Ao-ppt e Mechanical properties
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Multiple Particle Video
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Deformed Shape Qualitative Validation

Visual comparison of deformed particle to simulation output

50 um

Several researchers have taken images of individual deformed particles
* Simulate scenario described in research
 Compared simulation results to images of deformed particles

King, P.C., S.H. Zahiri, and M. Jahedi, Microstructural refinement within a cold-sprayed copper
particle. Metallurgical and materials transactions A, 2009. 40(9): p. 2115-2123.

Huang, R. and H. Fukanuma, Study of the Influence of Particle Velocity on Adhesive Strength of
Cold Spray Deposits. Journal of thermal spray technology, 2012. 21(3-4): p. 541-549. 14



Al 6061 Nanohardness
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Material Behavior

Plastic
Strain

. 2.5

1.875

1.25

OFHC Copper 316L stainless Ti-6Al-4V particle
particle, Al 6061- steel particle and and substrate
0 Substrate substrate 800m/s
600 m/s 800 m/s
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Single Particle Normal Impact
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Oblique and Two-Particle Impact
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Average Particle &

Strain Temperature
Increase
0.8 90
0.7 80
Y 70
. oo
Particle Impact < °° 5
© <
Angle —400 m/s, & °° —e—Al/A S —e—Al/A
150°C Particle & & °° —e—a/cu B, —e—Al/Cy
Substrate 203 —e—Cu/Cu giao —e—Cu/Cu
0.2 —e—Cu/Al 2 20 ./3__—8 —e—Cu/Al
0.1 10
0 0
30 45 60 75 90 30 45 60 75 90
Angle of Impact Angle of Impact
0.8 90
£ 0.7 uno 80
©
Effect of Second % os 5 70
. © (@]
Particle Impact— g 05 —e—A/A v Eg —e— /Al
400 m/s, 150°C § 0.4 —e—Al/Cu g 20 —e—Al/Cu
Particle & 3 03— ——CuyAl £ 3 —e—Cu/Al
© 0.2 C *—
Substrate g \ —@—Cu/Cu l,—_s 20 \ - Cu/Cu
Z 01 & 10
0 % 0
©
0 10 20 < 0 5 10 15 20
Center Axis Offset [um] Center Axis Offset [um]

17



WPI’s Vision for the Future

Integrate Validate Utilize

Powder Process Particle

Production Pre-Processing Parameters Impact
S S J J
0 () =0t Aogs + Aopic + Aoppt or(d) = [A + Be™][1 + Clné*][1 — (T*)m]
Inputs/Outputs

e Microstructure

e Mechanical properties
e Raw material

e Requirements

24
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LACS Modeling: Ongoing Work

350 Power is 300 W and h is 25000 W/m?-K /n and deltaZ is 0.853 mm
--Interface Layer. ... TR ;
ool F 1 ..... In.ter.face,.l_.aye,r..,,. '-______|_nterfa_c_e__L_ayer ..... e N : :
: \ Interface Layer—
f | ~ y . interface Layer- o
2501 . g - =
| : . - e
G 200}~ : \ - 3
5 | ‘ -
2 150 - o
f S
l —
100 =
50 -
|
0| J | | | | | J
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (s)

e 1D Laser Heat Flux Model

* Provides Temperature of
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Material Over Time



Powder Pre-Processing: Heat Treatment

Powder
Pre-
Processing
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Plasma Atomized Ti-6Al-4V Etched Powder
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* 33 micrometer * 14micrometer
* Plasma Atomized * Plasma Atomized .

* Ti-6Al-4V * Ti-6Al-4V



