
 
Modeling of Particle Bonding in Cold Spray  

S. Muftu1, A. Gouldstone1, M. Upmanyu1, T. Ando1,  
S. A. Alavian2, A. Hulton2, B. Yildirim2 

 
Northeastern University 

Department of Mechanical Engineering 
Boston, MA 02115 

 
2Former graduate students, 1Professors 

 

Muftu , Gouldstone, Upmanyu, Ando                                                                                                        Northeastern University 

Acknowledgements 

o The National Science Foundation, Grant number 1130027 

o H.C. Stark, Inc. (Newton, MA) 

o Plasma Giken, Co. Ltd. (Tokyo, Japan)  



Past work at NU related to modeling and simulations of Cold Spray particle impact phenomenon 

o FE modeling approaches for CS (1, 5)  

o Models of particle adhesion (1, 3 ς 6) 

o Assessment of interface energy (3, 4) 

o Multi-particle impact and cohesion (5, 6) 

o Effects of particle and substrate temperatures and effects of impact frequency (6) 

o Molecular dynamics simulation of impact (in preparation) 
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Modeling Considerations 

o Material model 

o Gas-particle flow  

o Time between impacts and thermal 
response of the impacted 
particle/substrate 

Goals ς initially morphology-based 

Investigate the effects of  

o Thermal state of the particles and the 
substrate, and  

o Spatial and temporal spacing of the particles in 
multi-particle impacts in cold spray 

 

 

[1] P. Fauchais and G. Montavon, "Thermal and cold spray: Recent developments," Key Engineering Materials, vol. 384, pp. 1-59, 2008. 
[2] H. Assadi et al., "Bonding mechanism in cold gas spraying," Acta Materialia, vol. 51, pp. 4379-4394, 2003. 
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SEM image (Ali Alavian) 
Å Al particles on Al substrate 
Å 573 K gas inlet temperature 

Synergistic Activities 

o Experimental analysis of interfaces 

o MD simulations 



Gas-Particle Interaction (for multi-particle impact)  

Par Sub Gas T 
(K) 

Par V 
(m/s) 

Par T 
(K) 

Al Al 773 677 602 

Al Al 673 632 525 

Al Al 573 581 449 

12 

o Provided with gas T (no inflight diagnostics) 

o We developed our own 1D Code 

o 1D particle-gas flow model [7] 
o Isentropic 

o Compressible gas flow  

o Interactions between particles are neglected 

o Determine particle velocity and temperature 
at impact 

[7] R. C. Dykhuizen and M. F. Smith, "Gas dynamic principles of cold spray," Journal of Thermal Spray Technology, vol. 7, pp. 205-212, 1998. 
[8] Results obtained via ParticleFlowSim 
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Average time between impacts 
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tave = (No. of impacting particles)/ (No. of Particles/unit time) 

mp  : mass density of particles (mass/vol)  

dp  : diameter of particles (length) 

Ae  : Nozzle exit area (area) 

fp   : Particle feed rate (mass/time) 

       tave  ~ 100 ms estimated average time between impacts at the same position (no raster) 

mp  : 8900 kg/m3  

dp  : 25 µm 

de  : 6.5 mm 

fp   : 0.01 kg/s 
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Material Model 9 

[5ϐ !ƴ Ŝǘ ŀƭΦ άaŜŎƘŀƴƛŎŀƭ .ŜƘŀǾƛƻǊ ƻŦ {ƻƭŘŜǊ Wƻƛƴǘǎ ¦ƴŘŜǊ 5ȅƴŀƳƛŎ CƻǳǊ tƻƛƴǘ LƳǇŀŎǘ .ŜƴŘƛƴƎ άΣ aƛŎǊƻŜƭŜŎǘǊƻƴƛŎǎ wŜƭƛŀōƛƭƛǘȅ рм 2011, 1011-1019 

o Johnson Cook plasticity model 
o Temperature 

o Strain 

o Strain rate 

o Material constants A, B, C, n, m, and Tm 

o Plastic work converted to heat 
o ɓ = 0.9 (90% of strain energy is converted to heat) 
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o Shear material failure 
o Relationship between Johnson-Cook 

model and shear instability strain 

o Produces maximum plastic strain at 
which material fails 

o Equivalent plastic strain ʁp = 2 
 

o Stress Based Cohesion Model 
Fraction of material yield stress 

o Oxide, impurities 



Outline 
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o Model input parameters 
o Particle velocity and temperature 

o Substrate temperature 

o Par/Sub material properties 

o E, ́ , ˄ , h , k 

o Symmetrical impact of 3 particles 
o Horizontal spacing of impacts 
o Substrate heating due to gas 
o Particle impact frequency (flow-rate) 
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Heating of the Substrate,  Ts 
18 

Vi
(p) = 677 m/s, Ti

(p) = 602 K 
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o Effect of substrate temperature 
o Accounting for substrate temperature 

results in higher Ts 

o Less initial particle deformation 
o More deformation in substrate 

o Softer material absorbs more energy 

Material: Aluminum    Dp = 31 µm 
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Impact frequency (mass flowrate) 21 

Vi
(p) = 677 m/s, Ti

(p) = 602 K, Ts = 600 K 

With hot initial particle With cooled  initial particle 

o Simulated by cooling the  initial particle 
o Less deformation in the initial particle 

o More pronounced for smaller ɻ 

Material: Aluminum    Dp = 31 µm    Ts = 600 K 
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Shape metrics to provide quantitative measure of deformation  

Å Axis Ratio 
Å Max/Min of ellipse axes 

Å Eccentricity 
Å Circularity of object 
Å/ƛǊŎƭŜҐм ǿƘƛƭŜ ƭƛƴŜ    қ 

Å Equivalent Diameter 
Å Diameter of circle with same area 

Å Orientation angle 
Å Angle of major ellipse axis 

Å Perimeter 
Å Elongation 
Å EL = log2(a/b) 
Å a, b are ellipse major and minor axes 

Å Dispersion 
Å DP = log2όāb)  
Å Ellipse=0 and increases with roughness 

Å Roundness 
Å RN = P2κпˉ!  
Å Circle=1 while line   қ 

MIKLI, V., KÄERDI, H., KULU, P., BESTERCI, M.  Characterization of Powder Morphology. Proc. Estonian Acad. Sci. Eng., 2001, 7, 1, 22ς34 
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Experimental Considerations 34 
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Metallography of aluminum cold-sprayed samples  

Powder Substrate Spray condition 

Al A5052 

N2, 3MPa, 573K 

N2, 3MPa, 673K 

N2, 3MPa, 773K 

Coat  Etchant Concentration  Time 

Al 

Distilled water 95 ml 

30 s 
Hydrochloric acid  1.5 ml 

Nitric acid 2.5 ml 
Hydrofluoric acid 1 ml 

Sample preparation: 
Å Samples cut into 1 × 0.5 cm 
Å Mechanically grinded and polished to 0.3 µm 
Å Chemically etched (see Table) 
Å Microstructures studied with Hitachi S4800 

field-emission SEM 

Å All samples supplied by Plasma-Giken 

Aluminum powder 
Volume average: 35 ˃m 
Number average: 27 ˃m 



Heterogeneous Bonding in Al Samples 34 
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Å Key feature: Heterogeneous etching of interfaces 
Å Deposition Temperature-Dependent 
Å Spacing/Pitch (O) tens of microns 

573K 673K 

773K 



Different types of interfaces in etched Aluminum samples 

Aluminum on A5052 (573K) Aluminum on A5052 (673K) Aluminum on A5052 (673K) 

1. Interfaces that are removed by etching 
solution completely. 

2. Interfaces that removed by etching 
solution partially and some holes form at 
the interface. 

3. Interfaces that are not removed by etching 
solution. 

Reaction initiated from 
trapped oxide particle in the 

form of isolated holes 

Why different behavior at interface? 
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Hydrostatic Pressure (MPa)  

Aluminum Etching Rate changes  

Effect of Hydrostatic pressure on etching rate: 

Å In cold spray process  we are not 
dealing with uniaxial stress field 
like the experiment done by 
Sarkar-Aquino. So it is more 
convenient to examine the 
effect of hydrostatic pressure on 
etching rate. 

Å In the figure changes of 
aluminum reaction rate with 
acid are calculated for a range of 
pressure fields. 

Å Aluminum atomic volume is 
about 10 cm3/mole and 
pressure can have large effect 
on its reaction rate.     

* Swarnavo Sarkar, Wilkins Aquino, Changes in electrodic reaction rates due to elastic stress and stress-induced surface patterns, Electrochimica Acta, 
Volume 111, 30 November 2013, Pages 814-822,, 
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