Supplementary Materials
1. Microstructural related properties of copper
Table S1. Correlation between microstructural characteristics and some properties of copper.
	Microstructural Characteristics
	Property
	General Observation
	References

	Average grain size, 
Grain size distribution
	Hardness, strength
	Follow Hall-Petch relationship
	[1]–[4]

	
	Corrosion
	Smaller grains can promote more uniform corrosion
	[5]–[14]

	Grain boundary character distribution
	Creep cavitation
	Preferred cavity nucleation sites
	[15], [16]

	
	
	Grain boundary structure dependence
	[17]

	
	Hydrogen-enhanced creep
	Intergranular microvoid formation
	[18]

	
	Corrosion
	Can be strongly dependent on grain boundary structure
	[19], [20], [29], [30], [21]–[28]

	
	Sulphide induced stress corrosion cracking
	High angle boundaries are preferential sites for surface defect formation
	[31]

	
	Impurity segregation embrittlement
	Strongly dependent on grain boundary structure
	[32]

	
	Grain boundary mobility
	Strongly dependent on grain boundary structure
	[33]

	Crystallographic texture
	Elastic properties
	Strongly orientation dependent
	[34]–[37]

	
	Corrosion
	Contradictory results
	[9], [14], [30], [38]–[42]

	Entrapped oxides
	Strength, ductility
	Generally decrease strength and ductility
	[43]

	
	Corrosion
	Preferential corrosion at oxides
	[44]

	
	Sulphide induced stress corrosion cracking
	Hydrogen trapping sites
	[31]

	Porosity
	Elastic properties
	Decrease with increasing porosity
	[45], [46]

	
	Strength, ductility
	Decrease with increasing porosity
	[47], [48]

	
	Corrosion
	Preferential corrosion within pores
	[30], [49]

	Dislocation density
	Strength, ductility
	Increase strength but reduce ductility
	[50]

	
	Corrosion
	Increases with dislocation density
	[51], [52]





2. Vickers hardness testing
Vickers microhardness tests were conducted on all layers (CS-N2, CS-He, ED-RX, ED) of the as-deposited, 350 °C annealed, and 600 °C annealed materials, with at least 20 indentations performed on each layer. Fig. S1 shows optical microscopy images of sections of the samples after Vickers hardness testing (not all indentations are shown). 
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Figure S1. Optical images of the (a) as-deposited, (b) 350 °C annealed, (c) 600 °C annealed material. 


3. Laser-treated sample
In addition to the samples presented in the main part of this paper, another sample (sample ID: 2104301csam HT600), fabricated in a different batch, was also examined. The sample was also electrodeposited using a pyrophosphate-based electrolyte by Integran Technologies Inc. The cold spray process was conducted at PolyCSAM (Boucherville, QC), utilizing nitrogen as the carrier gas throughout the deposition process. Instead of using helium gas to enhance initial bonding, a laser was locally applied to the steel substrate to heat and soften it, thereby facilitating the adhesion of the copper feedstock particles. For this reason, this sample is referred to as the “laser” sample in the subsequent discussion. The sample underwent annealing at 600 °C for 1 h. 
Fig. S2 presents the EBSD maps of the laser sample. Notably, a recrystallized layer (ED-RX) is also observed, which exhibits larger grain size compared to the ED Cu beneath it. This observation implies that the formation of the ED-RX layer cannot be solely attributed to the application of helium gas during the initial phase of the cold spray process. 
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Figure S2. (a) IPF-z map, (b) GBCD map, (c) KAM map of the 600 °C annealed material (sample ID: 2104301csam HT600).
Table S2 summarizes the average grain size, microhardness values, and grain boundary character distributions (GBCD) of the laser sample. Compared to the sample with a He cold sprayed bonding layer (1703231csB HT600) that was annealed at 600 °C (as discussed in the main part of the paper), the laser sample exhibits similar grain sizes in the CS-N2 and ED-RX layers. However, the grains in the ED Cu layer of the laser sample are somewhat smaller and do not demonstrate obvious texture. It is likely that the laser sample was electrodeposited from another batch using different processing conditions.  
Table S2. Average grain size, microhardness values and grain boundary character distribution (length fractions) of Cu layers (sample ID: 2104301csam HT600). 
	
	Average grain size [µm]
	Microhardness [HV]
	GBCD

	CS-N2
	8.9 ± 3.7
	61.1 ± 1.8
	2% Σ1
30% Σ3
45% SGB (Σ≤29)
55% RGB (Σ >29)

	ED-RX
	32.2 ± 16.4
	49.2 ± 1.5
	3% Σ1
56% Σ3
68% SGB (Σ≤29)
32% RGB (Σ >29)

	ED
	21.5 ± 8.7
	50.6 ± 1.3
	5% Σ1
42% Σ3
54% SGB (Σ≤29)
46% RGB (Σ >29)



References
[1]	E. O. Hall, The deformation and ageing of mild steel: III Discussion of results, Proc. Phys. Soc. Sect. B, 64 (9), (1951), 747–753, doi: 10.1088/0370-1301/64/9/303.
[2]	N. J. Petch, The cleavage strength of polycrystals, J. Iron Steel Inst., 174, (1953), 25–28.
[3]	A. H. Chokshi, A. Rosen, J. Karch, & H. Gleiter, On the validity of the Hall-Petch relationship in nanocrystalline materials, Scr. Metall., 23 (10), (1989), 1679–1683, doi: 10.1016/0036-9748(89)90342-6.
[4]	W. Li, B. Yu, J. Tam, J. D. Giallonardo, D. Doyle, D. Poirier, J. G. Legoux, P. Lin, G. Palumbo, & U. Erb, Microstructural characterization of copper coatings in development for application to used nuclear fuel containers, J. Nucl. Mater., 532, (2020), doi: 10.1016/j.jnucmat.2020.152039.
[5]	O. Elkedim, H. S. Cao, C. Meunier, & E. Gaffet, Preparation of nanocrystalline copper by hot and cold compaction: Characterization of mechanical and electrochemical properties, Mater. Sci. Forum, 269–272, (1998), 843–848, doi: 10.4028/www.scientific.net/msf.269-272.843.
[6]	J. K. Yu, E. H. Han, L. Lu, X. J. Wei, & M. Leung, Corrosion behaviors of nanocrystalline and conventional polycrystalline copper, J. Mater. Sci., 40 (4), (2005), 1019–1022, doi: 10.1007/s10853-005-6524-1.
[7]	W. Luo, C. Qian, X. J. Wu, & M. Yan, Electrochemical corrosion behavior of nanocrystalline copper bulk, Mater. Sci. Eng. A, 452–453, (2007), 524–528, doi: 10.1016/j.msea.2006.10.123.
[8]	S. Tao & D. Y. Li, Tribological, mechanical and electrochemical properties of nanocrystalline copper deposits produced by pulse electrodeposition, Nanotechnology, 17 (1), (2006), 65–78, doi: 10.1088/0957-4484/17/1/012.
[9]	B. Yu, P. Woo, & U. Erb, Corrosion behaviour of nanocrystalline copper foil in sodium hydroxide solution, Scr. Mater., 56 (5), (2007), 353–356, doi: 10.1016/j.scriptamat.2006.11.007.
[10]	H. Miyamoto, K. Harada, T. Mimaki, A. Vinogradov, & S. Hashimoto, Corrosion of ultra-fine grained copper fabricated by equal-channel angular pressing, Corros. Sci., 50 (5), (2008), 1215–1220, doi: 10.1016/j.corsci.2008.01.024.
[11]	R. J. Hellmig, M. Jancček, B. Hadzima, O. V. Gendelman, M. Shapiro, X. Molodova, A. Springer, & Y. Estrin, A portrait of copper processed by equal channel angular pressing, Mater. Trans., 49 (1), (2008), 31–37, doi: 10.2320/matertrans.ME200717.
[12]	A. Fattah-alhosseini, O. Imantalab, S. Vafaeian, & G. Ansari, Corrosion behavior of pure copper surrounded by Hank’s physiological electrolyte at 310 K (37 °C) as a potential biomaterial for contraception: an analogy drawn between micro- and nano-grained copper, J. Mater. Eng. Perform., 26, (2017), 3739–3749, doi: 10.1007/s11665-017-2825-1.
[13]	M. Lipińska, L. Olejnik, & M. Lewandowska, The influence of an ECAP-based deformation process on the microstructure and properties of electrolytic tough pitch copper, J. Mater. Sci., 53, (2018), 3862–3875, doi: 10.1007/s10853-017-1814-y.
[14]	E. Martinez-Lombardia, L. Lapeire, I. De Graeve, K. Verbeken, L. A. I. Kestens, & H. Terryn, Study of the influence of the microstructure on the corrosion properties of pure copper, Mater. Corros., 67 (8), (2016), 847–856, doi: 10.1002/maco.201508719.
[15]	R. Sandström, R. Wu, & J. Hagström, Grain boundary sliding in copper and its relation to cavity formation during creep, Mater. Sci. Eng. A, 651, (2016), 259–268, doi: 10.1016/j.msea.2015.10.100.
[16]	H. Shang, A. Fernández-Caballero, E. Elmukashfi, T. L. Martin, K. R. Hallam, A. C. F. Cocks, & P. E. J. Flewitt, Creep cavitation evolution in polycrystalline copper under conditions of stress relaxation, Mater. Sci. Eng. A, 869, (2023), 144784, doi: 10.1016/j.msea.2023.144784.
[17]	Y. J. Tan, The influence of grain boundary network structure on intergranular creep cavitation of OFHC copper, MASc. Thesis, University of Toronto, 1999. [Online]. Available: https://hdl.handle.net/1807/11359
[18]	Y. Yagodzinskyy, E. Malitckii, T. Saukkonen, & H. Hänninen, Hydrogen-enhanced creep and cracking of oxygen-free phosphorus-doped copper, Scr. Mater., 67 (12), (2012), 931–934, doi: 10.1016/j.scriptamat.2012.08.018.
[19]	M. Yamashita, M. Yoshioka, T. Mimaki, S. Hashimoto, & S. Miura, Stress-corrosion-cracking of (100)-twist boundaries in Cu-9at.% Al alloy, Acta Metall. Mater., 38 (9), (1990), 1619–1623.
[20]	M. Yamashita, T. Mimaki, S. Hashimoto, & S. Miura, Intergranular corrosion of copper and α-Cu-Al alloy bicrystals, Philos. Mag. A, 63 (4), (1991), 695–705, doi: 10.1080/01418619108213908.
[21]	U. Erb, H. Gleiter, & G. Schwitzgebel, The effect of boundary structure (energy) on interfacial corrosion, Acta Metall., 30 (7), (1982), 1377–1380, doi: 10.1016/0001-6160(82)90157-2.
[22]	H. Miyamoto, H. Koga, T. Mimaki, & S. Hashimoto, Intergranular stress corrosion cracking of pure copper 〈111〉 tilt bicrystals, Interface Sci., 9, (2001), 281–286, doi: 10.1023/A:1015167030009.
[23]	H. Guo, Z. Chen, Y. Jiang, & Z. X. Cai, Grain boundary character distribution and its effect on corrosion resistance of copper and brass, Mater. Sci. Forum, 704, (2012), 907–912, doi: 10.4028/www.scientific.net/MSF.704-705.907.
[24]	Y. Takehara, H. Fujiwara, & H. Miyamoto, “Special” to “general” transition of intergranular corrosion in Σ3 {1 1 1} grain boundary with gradually changed misorientation, Corros. Sci., 77, (2013), 171–175, doi: 10.1016/j.corsci.2013.07.042.
[25]	Y. Takehara, H. Fujiwara, & H. Miyamoto, Intergranular corrosion of Σ9 copper bicrystal with gradually changed misorientation in young’s dislocation etchant, Metall. Mater. Trans. A, 44, (2013), 3685–3689, doi: 10.1007/s11661-013-1748-1.
[26]	Y. Zhao, I. C. Cheng, M. E. Kassner, & A. M. Hodge, The effect of nanotwins on the corrosion behavior of copper, Acta Mater., 67, (2014), 181–188, doi: 10.1016/j.actamat.2013.12.030.
[27]	Y. Yuan, X. He, Z. Xu, X. L. Guo, & H. H. Xia, Study of grain boundary characters under intergranular corrosion in copper conductor and its relationship with paper oil insulation in transformer, Int. J. Electrochem. Sci., 10 (12), (2015), 10806–10820, doi: 10.1016/s1452-3981(23)11301-0.
[28]	H. Chen, M. Bettayeb, V. Maurice, L. H. Klein, L. Lapeire, K. Verbeken, H. Terryn, & P. Marcus, Local passivation of metals at grain boundaries: In situ scanning tunneling microscopy study on copper, Corros. Sci., 111, (2016), 659–666, doi: 10.1016/j.corsci.2016.04.013.
[29]	Y. Yuan, Y. Jiang, J. Zhou, G. Liu, & X. Ren, Influence of grain boundary character distribution and random high angle grain boundaries networks on intergranular corrosion in high purity copper, Mater. Lett., 253, (2019), 424–426, doi: 10.1016/j.matlet.2019.07.125.
[30]	A. Dobkowska, M. D. H. Castillo, J. P. Turnbull, S. Ramamurthy, D. Zagidulin, D. E. Moser, M. Behazin, P. G. Keech, D. W. Shoesmith, & J. J. Noël, A comparison of the corrosion behaviour of copper materials in dilute nitric acid, Corros. Sci., 192, (2021), 109778, doi: 10.1016/j.corsci.2021.109778.
[31]	A. Forsström, R. Becker, H. Hänninen, Y. Yagodzinskyy, & M. Heikkilä, Sulphide-induced stress corrosion cracking and hydrogen absorption of copper in deoxygenated water at 90°C, Mater. Corros., 72 (1–2), (2021), 317–332, doi: 10.1002/maco.202011695.
[32]	A. Roy, U. Erb, & H. Gleiter, Grain boundary embrittlement as a function of boundary structure (energy), Acta Metall., 30 (10), (1982), 1847–1850, doi: 10.1016/0001-6160(82)90024-4.
[33]	R. Viswanathan & C. L. Bauer, Kinetics of grain boundary migration in copper bicrystals with [001] rotation axes, Acta Metall., 21 (8), (1973), 1099–1109, doi: 10.1016/0001-6160(73)90026-6.
[34]	J. M. Song, D. S. Wang, C. H. Yeh, W. C. Lu, Y. S. Tsou, & S. C. Lin, Texture and temperature dependence on the mechanical characteristics of copper electrodeposits, Mater. Sci. Eng. A, 559, (2013), 655–664, doi: 10.1016/j.msea.2012.09.006.
[35]	S. R. Agnew & J. R. Weertman, The influence of texture on the elastic properties of ultrafine-grain copper, Mater. Sci. Eng. A, 242 (1–2), (1998), 174–180, doi: 10.1016/S0921-5093(97)00504-2.
[36]	P. P. Pal-Val, Y. N. Loginov, S. L. Demakov, A. G. Illarionov, V. D. Natsik, L. N. Pal-Val, A. A. Davydenko, & A. P. Rybalko, Unusual Young’s modulus behavior in ultrafine-grained and microcrystalline copper wires caused by texture changes during processing and annealing, Mater. Sci. Eng. A, 618, (2014), 9–15, doi: 10.1016/j.msea.2014.08.069.
[37]	D. E. J. Armstrong, A. J. Wilkinson, & S. G. Roberts, Measuring anisotropy in Young’s modulus of copper using microcantilever testing, J. Mater. Res., 24, (2009), 3268–3276, doi: 10.1557/jmr.2009.0396.
[38]	S. M. Mayanna & T. H. V. Setty, Effect of Benzotriazole on the dissolution of copper single crystal planes in dilute sulphuric acid, Corros. Sci., 15 (6–12), (1975), 627–637, doi: 10.1016/0010-938X(75)90028-1.
[39]	L. S. Nandeesh & B. S. Sheshadri, The anisotropic nature of copper corrosion and inhibition in sulphuric acid containing strychnine, Corros. Sci., 28 (1), (1988), 19–32, doi: 10.1016/0010-938X(88)90003-0.
[40]	K. Kubota, T. Niiyama, K. Matsumoto, & S. Yoshihara, Influence of crystallographic structure on etching rate of copper by using ammonium peroxodisulfate solution, J. Japan Inst. Electron. Packag., 15 (3), (2012), 197–204, doi: 10.5104/jiep.15.197.
[41]	L. Lapeire, E. Martinez Lombardia, K. Verbeken, I. De Graeve, L. A. I. Kestens, & H. Terryn, Effect of neighboring grains on the microscopic corrosion behavior of a grain in polycrystalline copper, Corros. Sci., 67, (2013), 179–183, doi: 10.1016/j.corsci.2012.10.017.
[42]	K. Kubota, K. Matsumoto, & S. Yoshihara, Influence of crystalline texture on etching rate of copper by use of sulfuric acid/hydrogen peroxide etching solution, J. Japan Inst. Electron. Packag., 16 (2), (2013), 119–126, doi: 10.5104/jiep.16.119.
[43]	J. Tam, B. Yu, W. Li, D. Poirier, J. G. Legoux, J. D. Giallonardo, J. Howe, & U. Erb, The effect of annealing on trapped copper oxides in particle-particle interfaces of cold-sprayed Cu coatings, Scr. Mater., 208, (2022), 1–11, doi: 10.1016/j.scriptamat.2021.114333.
[44]	X. Li, F. Filice, J. D. Henderson, M. Behazin, S. Ramamurthy, I. Barker, & J. J. Noël, Preferential Corrosion in Cold Sprayed Cu Induced by Oxide Inclusions, in Electrochemical Society Meeting Abstracts, 2023, 1097. doi: 10.1149/MA2023-02121097mtgabs.
[45]	O. Yeheskel, M. Pinkas, & M. P. Dariel, Evolution of the elastic moduli at the early stage of copper sintering, Mater. Lett., 57 (28), (2003), 4418–4423, doi: 10.1016/S0167-577X(03)00334-3.
[46]	E. Zhang & B. Wang, On the compressive behaviour of sintered porous coppers with low to medium porosities - Part I: Experimental study, Int. J. Mech. Sci., 47 (4–5), (2005), 744–756, doi: 10.1016/j.ijmecsci.2004.12.011.
[47]	B. Yu, J. Tam, W. Li, H. J. Cho, J. G. Legoux, D. Poirier, J. D. Giallonardo, & U. Erb, Microstructural and bulk properties evolution of cold-sprayed copper coatings after low temperature annealing, Materialia, 7, (2019), 100356, doi: 10.1016/j.mtla.2019.100356.
[48]	S. Y. Persaud, W. J. Binns, M. Guo, D. Williams, Q. Dong, G. A. Arcuri, K. Daub, R. C. Newman, M. R. Daymond, & P. G. Keech, Applying state-of-the-art microscopy techniques to understand the degradation of copper for nuclear waste canisters, Mater. Corros., 74 (11–12), (2023), 1619–1631, doi: 10.1002/maco.202213680.
[49]	M. Guo, K. Daub, Q. Dong, F. Long, W. J. Binns, M. R. Daymond, D. W. Shoesmith, J. J. Noël, & S. Y. Persaud, The early-stage corrosion of copper materials in chloride and sulfide solutions: nanoscale characterization and the effect of microstructure, J. Electrochem. Soc., 169 (3), (2022), 031509, doi: 10.1149/1945-7111/ac4bf4.
[50]	J. Jiang, T. B. Britton, & A. J. Wilkinson, Evolution of dislocation density distributions in copper during tensile deformation, Acta Mater., 61 (19), (2013), 7227–7239, doi: 10.1016/j.actamat.2013.08.027.
[51]	W. Li & D. Y. Li, Variations of work function and corrosion behaviors of deformed copper surfaces, Appl. Surf. Sci., 240 (1–4), (2005), 388–395, doi: 10.1016/j.apsusc.2004.07.017.
[52]	S. Yin & D. Y. Li, Effects of prior cold work on corrosion and corrosive wear of copper in HNO3 and NaCl solutions, Mater. Sci. Eng. A, 394 (1–2), (2005), 266–276, doi: 10.1016/j.msea.2004.11.054.

* Corresponding author
E-mail address: liyang.zheng@mail.utoronto.ca (L. zheng)
2

image1.jpeg




image2.png
KAM [deg.]
5

Axial direction (z)





