
MECHANICAL CHARACTERIZATION OF COLD-SPRAYED ALUMINUM-6061 COATINGS
Tyler Flanagan1,*, Benjamin Bedard1, Mark Aindow1, Avinash. M. Dongare1, Harold.D. Brody1, Matt Siopsis2, Victor K. Champagne2, Aaron Nardi3, Seok-Woo Lee1

1. Materials Science and Engineering, and Institute of Materials Science, University of Connecticut, Storrs, CT 06269
2. U.S. Army Research Laboratory, Weapons and Materials Research Directorate, Aberdeen Proving Ground, Aberdeen, MD 21001

3. VRC Metal Systems, Webster MA, 01570

Acknowledgments:

This material is based upon work supported by the U. S. Army Research Laboratory under contract/grant number W911NF-15-2-0026. Any opinions, findings,
and conclusions or recommendations expressed in this publication are those of the author(s) and do not necessarily reflect the views of the US Army Research
Office or of the US Government. These SEM/FIB/TEM studies were performed using the facilities in the UConn/Thermo Fisher Scientific Center for Advanced

Microscopy and Materials Analysis (CAMMA).

PI Contacts:

• Mark Aindow (m.aindow.@uconn.edu)
• Harold Brody (harold.brody@uconn.edu)
• Avinash Dongare (dongare@uconn.edu)
• Seok-Woo Lee (seok-woo.lee@uconn.edu)

Student Contacts:

• Tyler Flanagan (tyler.flanagan@uconn.edu)

NanoindentationIntroduction

`

Micropillar Fabrication and Compression

• The cold spray process involves the acceleration of powder material to supersonic

velocities using a high pressure gas jet.

• The process typically produces a unique duplex microstructure in which the

centers of the constituent particles are comprised of an equiaxed grain structure,

while the particle exterior undergoes significant deformation and recrystallization

leading to a fine, squashed grain structure.

• It is important to investigate the mechanical properties and microstructural 

evolution due to heat-treatment of these distinct regions to understand how 

they influence the mechanical properties of  the resultant cold-sprayed 

coatings.

JEOL 6330F FE SEM

NanoFlip (KLA)

Resolution

Displacement: ~ 0.1 Å /  Force: ~ 1 nN

Indenter Head

Diamond Flat 

Punch Tip Sample Stage

• Micropillars were fabricated within the 

interior and boundary regions of the 

constituent particles.

• Pillars were tested in-situ in an SEM 

using micro-compression.

• Compression  data  extrapolated to find 

the yield strength (flow strength at 2% 

plastic strain). SEM images of micropillars fabricated from the 

interior and boundary regions

• Investigation of uniaxial mechanical properties of the coating was performed 

using micropillars with ~5 μm diameter on the as-received and 300oC sample.

• The as-atomized sample exhibited a substantial difference in yield strength of 

~100 MPa. Between the interior and boundary region..

• The reduction in strength between the as-received and 300oC sample can 

primarily be explained by a reduction in the dislocation density due to thermal 

annealing.

• TEM imaging reveals a significant 

reduction in the dislocation density 

of the interior region 1.1×1015 m-2

→ 6.25×1014 m-2 .

• From the Taylor equation 

Micro-Compression

Conclusion and Future Works

Al-6061 Indentation

Array of indents on as-received deposit parallel to the 

spray direction (whit arrows indicate boundary region)

• There is a clear distinction in hardness between the interior regions of the individual constituent 

particles and the boundary regions which is explained by extreme differences in grain size.

• The unique microstructure of the coating leads to a non-uniform response to heat-treatment. The 
mechanical data indicated the majority of grain refinement begins to occur at ~300°C with the 

entirety of constituent particles consumed by a single grain at ~400 °C, after which the 

microhardness decreases substantially. 

• We were able to accurately the macroscopic yield strength of the coating from our micromechanical 

data. The methodology presented here will be utilized to investigate Ta coldspray systems.

• Samples were cut from discarded 

tensile bars of Al6061 produced by cold 

spray perpendicular and parallel to the 

spray direction.

• A series of isothermal heat-treatments 

ranging from 100-500oC for 2 hours 

were performed. 

• Nano-indentation was utilized to 

examine the microhardness of the 

interior and boundary regions.

• Vickers hardness testing was also 

performed for comparison.
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• There is little difference between the parallel and perpendicular directions for both 

the Vickers and nanoindentation data. There is however a large difference 

between the in interior and boundary regions. This can be attributed to a 

substantial decrease in the grain size of the boundary region.

• Note, there is significant difference between Vickers hardness data and the nanoindentation 

data. Indentation size effect is a well-known phenomena particularly for indentation depths of 

less than 1µm. 

• The indentation size effect results primarily from geometrically necessary dislocations 

(GNDs) due to the shape of the indenter tip and can be accounted for using the Nix-Gao 

Model 𝐻2 = 𝐻0
2 +

𝛼

ℎ
where h is the indentation depth, H is the measured hardness H0 is 

predicted bulk hardness and 𝛼 is a material dependent coefficient.

• The remaining difference between the Vickers hardness data and corrected nanoindentation 

values can be accounted for by intrinsic effects such as grain boundaries and statistically 

stored dislocations (SSDs).

Corrected Nanoindentation

𝜎𝑏𝑢𝑙𝑘 ≈ 𝜎𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟𝑉𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 + 𝜎𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦𝑉𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 ×
𝐻𝑜,𝑛𝑎𝑛𝑜
𝐻𝑉𝑖𝑐𝑘𝑒𝑟𝑠
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• From our nanoindentation and micropillar experiments it is possible to predict the bulk-scale yield 

strength by utilizing the rule of mixtures.

• Our predicted value for the yield stress of the as-atomized sample matches well with the actual 

bulk-scale tension data.

Predicted Stress-Strain Bulk Tensile Tests

HAADF STEM images of the dislocation structures of 

(a) as-received and (b) 300oC annealed samples

we see a difference of ~60 MPa 

which is in agreement with the 

experimental results.

2 × 𝜏𝑦 = 2 × 𝛼𝜇𝑏 𝜌
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