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Abstract Cold spray (CS) is a solid-state process for

depositing thick layers of material via the successive high-

velocity impact of powder particles onto a solid surface,

which leads to high rates of deformation, interparticle

bonding, and coating build-up. Although CS is finding

commercial utilization in non-load-bearing repair and

coating applications, clear nondestructive characterization

procedures are necessary to realize its potential in load-

bearing structural applications. In this study, the viability

of electrical conductivity and through thickness ultrasound

wave velocity measurement methods was studied to serve

as a means for nondestructive quantitative measurement for

quality control in CS and potentially other additive man-

ufacturing (AM) methods. Eddy current, ultrasound,

porosity, hardness, and uniaxial tensile strength tests were

conducted on CS deposited layers of aluminum alloy 6061

and copper on aluminum alloy 6061 and commercially

pure copper substrates, respectively. CS gas dynamic

parameters were intentionally and systematically varied to

result in corresponding discrete differences in mechanical

properties of deposits. Ultrasound measurements of longi-

tudinal wave velocity and eddy current electrical conduc-

tivity measurements showed good correlation with process

conditions, microstructural characterization results, and

destructive mechanical tests (hardness, tensile). The results

of this work show that ultrasound wave velocity and

electrical conductivity correlate well with increased parti-

cle impact velocity in CS deposited aluminum and copper

blocks, which evidently show an incremental decrease in

porosity, increase in hardness, and increase in tensile

strength. The outlined ultrasound and eddy current non-

destructive testing methods present effective means for

quantitative assessment of cold spray deposited structures

while intact with the substrate.

Keywords cold spray � eddy current � electrical
conductivity � nondestructive testing � quantitative �
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Introduction

CS is a line-of-sight solid-state material deposition process

that enables the deposition of primarily metals and metal

matrix composites (Ref 1-3), but also polymers (Ref 4) and

ceramics (Ref 5), by means of kinetic impact energy dissi-

pation. In CS, microscale particles (*5-100 lm) are

accelerated to velocities in the range of 300-1500 m/s by

introducing them into a compressed gas stream that is

expanded to sonic/supersonic velocities through converging
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or converging-diverging De Laval spray nozzles (Ref 6-8).

Upon impact on a surface or on previously deposited parti-

cles, high levels of contact pressure, shear, and thermal

energy are created at the contact interface where extreme

plastic deformation and material flow is experienced (Ref 9-

11). Metal particles that exceed a critical velocity bond

metallurgically and mechanically. While chemical and

mechanical bonding can be seen in the deposition of poly-

mers, ceramics that can be successfully deposited show signs

of bonding solely due to mechanical interlocking. By

manipulating the spray nozzle by hand or robot, and there-

fore, controlling the deposition location, CS can be used for

coatings, part restoration, or near-net shaped part manufac-

turing (Ref 12-15). Although CS is increasingly proving

applicable in the deposition of coatings and non-load-bear-

ing repair applications (Ref 3, 12, 16-18) and in fast freeform

manufacturing (Ref 19), expanding the technology to load-

bearing repairs and manufacturing freeform structural

components (3D printing) requires widely acceptable pro-

cedures for quality control.

Lack of generalized standardized procedures for ensur-

ing process repeatability and reliability and product quality

control are the most significant limiting factors to apply CS

and other AM processes to a broad spectrum of load-

bearing and machine critical components (Ref 20). Efforts

in controlling the powder feedstock by far hold the biggest

weight when it comes to standardizing CS processes

because powder characteristics directly influence process

parameter requirements. In CS, particle size distribution,

shape distribution, and microstructural characteristics

influence particle velocity and material deformation

behavior, and therefore, influence the deposition density,

adhesive and cohesive strength, and elastic behavior (Ref

21). As-deposited material properties also carry much of

the feedstock properties owing to CS’s solid-state nature.

In AM processes, such as powder bed fusion (PBF),

powder characteristics can influence energy absorption,

sputtering, and surface quality (Ref 22). In the character-

istics of powders of same materials, differences can orig-

inate from the manufacturer, powder batch, powder

treatment, and powder classification. Therefore, some of

the first standards that have been established for CS and

AM processes are procedures for qualifying powders.

Important examples include the MIL-DTL-32495 ‘‘Alu-

minum Powders for Cold Spray Deposition,’’ and the

ASTM-F3049-14 ‘‘Standard Guide for Characterizing

Properties of Metal Powders Used for Additive Manufac-

turing Processes,’’ which were later revised as MIL-DTL-

32495A and ASTM-F3049-14R21, respectively. Further-

more, while the ASTM F42 and ISO TC261 technical

committees have published standards on the design and

qualification procedures for AM processes, the commit-

tees’ recommendations are for rigorous functionality,

surface, thermomechanical, and microstructural analysis of

AM manufactured parts via destructive tests with reference

to x-ray Computed Tomography scanning to nondestruc-

tively check for internal flaws as given in ISO/ASTM

52901:2016(E) ‘‘Standard Guide for Additive Manufac-

turing—General Principles—Requirements for Purchased

AM Parts.’’ However, the large number of variables asso-

ciated with CS and other AM methods and the increasingly

large number of equipment manufacturers joining the

market raise concern that unconventional manufacturing

methods with added variables introduced by different

machines can produce unexpected anomalies. Furthermore,

nanoscale defects that may be present at particle–particle

interfaces in CS and solid-state sintering processes (e.g.,

Selective Laser Sintering) cannot be captured simply using

x-ray CT. Therefore, to establish CS and other AM meth-

ods as reliable manufacturing methods, nondestructive

quality control measures need to be developed to ensure all

CS and AM produced critical components that carry load

undergo a thorough evaluation that can provide quantita-

tive assessment of AM products.

Classic nondestructive methods, such as die penetrant,

magnetic particle, eddy current, ultrasound testing, and

computed tomography, can be used to identify major sur-

face and subsurface defects qualitatively after post-spray

machining in CS (Ref 13). Furthermore, laser ultrasonics

and other optical sensors can provide in-situ or ex-situ

dimensional information (Ref 23). However, when used for

anomaly detection, these methods do not provide a quan-

titative means for quality control. In the quantitative non-

destructive measurement of CS products, electrical

conductivity measurements have been shown to prove a

reliable method for indicating changes to the deposition

structure as a result of process variables and/or post-pro-

cess heat treatment procedures (Ref 24-27). Electrical

conductivity can be a good indicator for detecting the level

of underlying porosity (Ref 25, 28-30), presence of oxides

(Ref 31), particle–particle interfacial bonding (Ref

27, 32, 33), and tensile strength (Ref 27). However, non-

destructive electrical conductivity measurements are com-

monly performed using eddy current methods, which

magnetically induce electrical currents near the surface and

limit the material probing distance generally to less than

1 mm depending on eddy current frequency and power.

Glass, et al. (Ref 24) and Maev, et al. (Ref 34) have noted

that acoustic methods (e.g., ultrasound), on the other hand,

can provide a quantitative means for nondestructively

evaluating changes in the deposit microstructure in CS.

Glass, et al. (Ref 24) noted that ultrasound wave velocity as

well as signal attenuation can be indicative of differences

in deposits. Clavette et.al. (Ref 35), reported that acoustic

emission (AE) was used successfully to monitor the cold

spray powder deposition process as a means to consider
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defect detection as early as possible, in a complex, noisy

environment. Similar to CS, Honarvar and Varvani-Fara-

hani (Ref 36) report that, ultrasound wave velocity corre-

lates well with porosity levels in powder bed fusion

manufactured components. Although the use of eddy cur-

rent and acoustic methods is reported to be valuable in

quantitatively measuring deposition quality in CS and other

AM processes, more attention is needed in correlating the

sensitivity of the nondestructive methods to the process

variabilities and the deposition properties.

Therefore, in this study, the sensitivity of electrical con-

ductivity and ultrasound wave velocity is examined for alu-

minum alloy 6061 (Al6061) and commercially pure copper

(Cu) cold spray deposits that were produced by varying par-

ticle impact velocity by means of manipulating process gas

type, pressure, and temperature. Microstructural and

mechanical analyses were performed to correlate porosity,

material deformation, hardness, and tensile properties to

ultrasound wave velocity and electrical conductivity.

Experimental Methods

Cold Spray Process and Velocity Measurements

Particle impact velocity, Vp is the most influential param-

eter in CS for material deformation and bond strength (Ref

37). This parameter is controlled indirectly by manipulat-

ing process gas pressure and temperature, which in turn

influence particle drag and acceleration in spray nozzles.

Here, a Gen III model high pressure CS system from VRC

Metal Systems (Box Elder, SD) was used to deposit

Al6061 and Cu samples by varying process conditions to

change the particle impact velocity (Vp). A quasi-one-di-

mensional analytical process model (Ref 38) was used to

guide and estimate Vp, which was used to adjust process

parameters to induce different levels of material deforma-

tion and therefore deposition quality. Vp was compared

with a semi-empirical critical velocity (Vcr) estimation

(Ref 39), which defines the velocity required for bonding.

For this study, Al6061 powder was procured from

Valimet (Stockton, CA, U.S.A.) and commercially pure Cu

powder was procured from Praxair Surface Technologies

(Indianapolis, IN, U.S.A.). The one-dimensional analytical

model requires an understanding of the powder size and

shape characteristics, which were measured using a Zeiss

Axioscope 7 optical microscope (Oberkochen, Germany).

The volumetric particle size distribution of powders is

reported as D10, D50, and D90 values that represent the

10th, 50th, and 90th percentiles of particle size. Al6061

powder was measured to have D10, D50, and D90 values

of 23.6 lm, 41.9 lm, and 57.1 lm, respectively, and an

average particle sphericity of 0.85. Here, sphericity is

defined as the ratio of the area equivalent particle diameter

to the major axis length of particles. The Praxair Cu

powder on the other hand was measured to have D10, D50,

and D90 values of 21.2 lm, 31.6 lm, and 40.2 lm,

respectively, and an average sphericity value of 0.83.

Nozzles recommended by the CS system manufacturer

were used to handle Al6061 and Cu powders for nitrogen

and helium. These are listed in Table 1 by providing the

approximate nozzle expansion region dimensions signifi-

cant for particle acceleration.

Al6061 was deposited at five different experimental

conditions. CS process conditions were changed along with

the substrate surface preparation method to introduce an

additional degree of variability. Table 2 summarizes the

selected gas type, gas pressure, gas temperature, surface

preparation method and the estimated particle impact

velocity. The N2 spray condition for Al6061 was deter-

mined by maximizing the particle impact velocity for

highest gas pressure and temperature condition limited by

the maximum achievable pressure by the VRC Gen III

system and the maximum operating temperature of the

composite nozzle (NZZL0070). While 68 bar and 445 �C
settings are not optimal, with a ratio of impact velocity to

critical velocity (Vp/Vcr) of * 1.1, these provide relatively

dense material deposition and are used in common prac-

tice. To improve the adhesive strength of the Al6061

deposits, He was used with 35 bar and 445 �C at the

nozzle, which provide a much-improved Vp/Vcr of * 1.4.

This is expected to also provide a major improvement in

the mechanical properties of the deposit (Ref 40). While a

higher than 1.4 Vp/Vcr is expected to provide better

mechanical properties, the process settings were balanced

to provide improved properties while conservatively using

He due to its expense (Ref 41). Using the conditions given

in Table 2, Al6061 powder was deposited on a 115 mm x

90 mm area using a serpentine raster pattern with a 1 mm

line separation. After machining the top surfaces of the

samples, deposition thicknesses of 3.24 mm to 3.26 mm

were achieved. Al6061-T6 substrate with a thickness of

12.6 mm was used.

Copper samples were produced in N2 by varying the gas

pressure and temperature (Table 3). Using the conditions

given in Table 3, Cu powder was deposited on a 115 mm x

90 mm area x 9.5 mm thickness C110000 Cu alloy sub-

strate (commercially pure copper) using a serpentine raster

pattern with a 1 mm line separation. After machining the

top surfaces of the samples, deposition thicknesses were

7.0 mm, 9.0 mm, and 9.1 mm, for Cu-1, Cu-2, and Cu-3,

respectively.

Furthermore, an Oseir HiWatch HR1 (Tampere, Fin-

land) particle shadow image velocimetry system was used

for measuring the size dependent particle velocity under all
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combinations of CS process settings given in Tables 1 and

2 to validate induced variability in particle velocity. The

measurements were conducted 25 mm downstream of the

exit plane of the nozzle without the presence of a substrate

prior to the manufacturing of CS processed samples in each

condition.

Ultrasound Wave Velocity Measurements

Ultrasound measurements were conducted using a Baker

Hughes-Waygate Technologies (Hürth, Germany) Mentor

UT phased array measurement system. Ultrasound Testing

(UT) was used for through thickness ultrasound wave

velocity measurements. The wave velocity measurements

are possible for coatings and deposits with known thick-

nesses. A feasibility assessment was first conducted to test

whether a first reflection signal can be reliably detected

from the coating/substrate interface by carefully adjusting

ultrasound system parameters. This test was conducted as

represented in the diagram given in Fig. 1.

The tests were conducted with a pulse/echo UT probe

which was designed to emit ultrasound waves with a wave

frequency of 5 MHz. Pulse/echo probes can generate

ultrasound waves and receive these signals. The waveform

expected to be observed by the UT probe receiver is given

in Fig. 1(b) for the testing mode shown in Fig. 1(a) if the

deposition/substrate interface is detectable. Through an

exhaustive feasibility study, it was possible to repeatably

and reliably detect Reflection 2 and Reflection 3, as shown

in Fig. 1(a), and measure the wave travel times t1, t2, and t3
(Fig. 1b). This allows for wave velocity calculations for

deposits with known thickness values. Wave velocity

through the deposition can be calculated as:

cdeposit ¼
2 � ddeposit
t2 � t1

ðEq 1Þ

where cdeposit is the through thickness ultrasonic longitu-

dinal wave velocity of the deposit and ddeposit is the known

deposition thickness. Ultrasound wave velocity measure-

ments were also conducted on Al6061-T6 and Cu

substrates.

Ultrasound wave velocity measurements provide a

through thickness measurement method for determining

the bulk deposition quality for a known thickness material.

However, the minimum thickness that can be reliably

measured is dependent on the probe frequency and the

wave velocity. In the case of the 5 MHz probe and the

measured wave velocities of wrought Al6061 (6038 m/s)

and Cu (4497 m/s), the minimum thickness that can be

reliably measured is * 1.2 mm for Al6061 and * 0.9

Table 1 VRC nozzles organized with respect to recommended powder feedstock and gas type combinations along with measured expansion

region dimensions

Nozzles Feedstock Gas Throat Diameter (mm) Expansion Section Length (mm) Physical Area Expansion Ratio

NZZL0070 Al6061 N2 2.00 150 10.3

NZZL0071 Al6061 He 1.75 150 8.2

NZZL0058 Cu N2 1.75 142 8.7

Table 2 CS process conditions

for the deposition of Al6061

blocks with model estimated

average particle impact velocity

(Vp) and ratio of impact velocity

to critical velocity (Vp/Vcr)

Sample No Nozzle Gas P (bar) T (�C) Substrate Prep Vp (m/s) Vp/Vcr

Al-1-1 NZZL0070 N2 68 445 Machine Finish, IPA Wash 821 1.1

Al-1-2 NZZL0070 N2 68 445 Sand Blast, IPA Wash 821 1.1

Al-1-3 NZZL0070 N2 68 445 Wire Wheel, IPA Wash 821 1.1

Al-1-4 NZZL0070 N2 68 445 Wire Wheel, IPA Wash, Preheat 821 1.1

Al-2-1 NZZL0071 He 35 445 Wire Wheel, IPA Wash 1260 1.4

Table 3 CS process conditions for the deposition of Cu blocks with model estimated average particle impact velocity (Vp) and ratio of impact

velocity to critical velocity (Vp/Vcr)

Sample No Nozzle Gas P (bar) T (�C) Substrate Prep Vp(m/s) Vp/Vcr

Cu-1 NZZL0058 N2 50 368 Wire Wheel, IPA Wash, Preheat 638 1.4

Cu-2 NZZL0058 N2 60 484 Wire Wheel, IPA Wash, Preheat 694 1.6

Cu-3 NZZL0058 N2 65 600 Wire Wheel, IPA Wash, Preheat 735 1.8
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mm for Cu. It is expected that, with some degree of

porosity and unbonded region in particle–particle inter-

faces (Ref 36), CS deposited material will cause the wave

propagation speed to reduce and allow for smaller thick-

ness values to be measured. Nevertheless, in the presented

work, minimum measured deposition thickness values

were 5.09 mm for Al6061 and 4.35 mm for copper, which

are well within the capabilities of the hardware. For both

Al6061 and Cu blocks, ultrasound wave velocity mea-

surements were collected regionally at four corners and the

center with three measurements taken in each region with a

total of 15 measurements. The longitudinal wave velocity

measurements were then used for predicting the elastic

moduli of the deposits using Eq 2 to compare with elastic

moduli measured with tensile tests.

E ¼
qc2deposit 1þ mð Þ 1� 2mð Þ

1� m
ðEq 2Þ

In Eq 2, E is the elastic modulus, cdeposit is the longi-

tudinal wave velocity within the deposit, and m is the

Poisson’s ratio. Poisson’s ratio for Al6061 and pure Cu

were assumed to be the same as wrought materials as 0.350

and 0.355, respectively (Ref 42). The non-porous density

of Al6061 and Cu was taken as 2.70 g/cm3 and 8.96 g/cm3,

respectively (Ref 43). For the determination of elastic

modulus using Eq 2, the density term (q) was adjusted

using measured porosity (Section ‘‘Porosity Measure-

ments’’) and the reported material density (qr) as

q ¼ 1� porosityð Þqr.

Electrical Conductivity Measurements

Two eddy current systems were used to conduct electrical

conductivity measurements on machined surfaces of CS

deposited samples. The first of these systems was a Jentek

(Marlborough, MA) 8000 eddy current array system. The

Jentek system uses continuum electromagnetic models and

meandering winding magnetometer (MWM) arrays based

on these models (Ref 44, 45). When the MWM sensor

contacts the sample surface, the interruption of the mag-

netic field appears on an impedance plane. The design of

the eddy current coils (Fig. 2b) and the continuum models

allow for the response to be correlated with sensor liftoff

and electrical conductivity, which are handled by the

equipment. This enables a reliable measurement of elec-

trical conductivity with only air calibration.

The second means of electrical conductivity measure-

ments were accomplished by an Olympus N600C (Shin-

juku City, Tokyo, Japan) eddy current measurement

system, which uses two reference materials for calibration

purposes. In this work, 16.95 MS/m and 35.23 MS/m ref-

erence blocks were used to calibrate the eddy current

electrical conductivity probe that’s used at a frequency of

60 kHz.

Unlike in ultrasound measurements, eddy currents form

near the surface as a function of the probe frequency and

the electrical and magnetic properties of the material. Eddy

current depth of penetration (dÞ can be written as in Eq 3.

d ¼ 1
ffiffiffiffiffiffiffiffiffiffiffi

pflr
p ðEq 3Þ

In Eq 3, depth of penetration is a function of probe

frequency (f ), magnetic permeability (l), and electrical

conductivity ðrÞ. In the case of nonmagnetic materials,

such as Al6061 and Cu, magnetic permeability is 1:257 �

Fig. 1 (a) Diagram showing a pulse/echo UT probe that is sending an

ultrasound wave signal through a deposition-substrate material system

and features that would be expected to cause wave reflections. (b) The

sketch of the expected ultrasound waveform received by the pulse/

echo UT probe
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10�6 H/m, which is equivalent to magnetic permeability in

free space (Ref 46). In MWM measurements, the AC fre-

quency was set to 251.1 kHz for Al6061 samples, which is

equivalent to a depth of penetration of * 0.25 mm for

lower conductivity nitrogen sprayed samples and * 0.20

mm for higher conductivity helium sprayed samples. While

the MWM system can operate at lower frequencies, for

copper specimens, 199.5 kHz AC frequency was used

which has an equivalent depth of penetration of * 0.18

mm. Using the conventional Olympus system with 60 kHz

AC frequency yields a measurement depth range of

0.53 mm to 0.39 mm for low conductivity samples (15

MS/m) to high conductivity samples (27.2 MS/m). While

eddy current electrical conductivity measurements are

quick, easy to use, and reliable, the method is limited to

near surface measurements.

On each Al6061 and Cu sample, 470 measurements

were taken with the Jentek MWM EC array sensors (47

probes) at 10 different locations on the surfaces of the

samples. The linear array was arranged along the width of

the sample and relocated 10 mm away after each mea-

surement along the length of the sample. The results were

spatially analyzed, and no significant differences were

found. Therefore, the data were pooled per sample. In the

case of the Olympus N600C single probe measurements,

twelve measurements evenly distributed on the machine

finished surfaces of the samples were taken. Like the

MWM measurements, the data were pooled per sample.

Porosity Measurements

Specimens were extracted from aluminum and copper

deposits perpendicular to the direction of the deposit. The

metallographic sample preparation was conducted in

accordance with ASTM E3 (Ref 47). The porosity of the

coating was measured using a Zeiss Axioscope 7 digital

optical microscope (Oberkochen, Germany). Porosity

measurements were conducted automatically using a color

contrast threshold method and by computing the porous

region area percentage using the Zeiss ZenCore image

processing software.

Hardness Measurements

Hardness measurements were conducted on polished cross

sections of samples in the in-plane direction (perpendicular

to the spray direction). The measurements were conducted

at 200-gram load using a Pace Technologies (Tucson, AZ)

Alpha-MHT-1000Z micro-Vickers hardness testing

instrument.

Tensile Strength Measurements

Aluminum and copper samples were tested using a Shi-

madzu (Kyoto, Japan) universal floor standing tensile test

machine with a 100 kN load cell. Strain data were collected

using an Epsilon 3542-0100-050-ST contact extensometer

made by Epsilon Technology Corp. (Jackson, WY). Flat

subsize tensile specimens were manufactured per ASTM

E8/E8M-16a (Ref 48). Before testing, both the exten-

someter and the load cell were calibrated using the Shi-

madzu TRAPEZIUM-X software connected to the testing

machine. The samples were pulled at a loading rate of

0.5 mm/min until failure.

Fig. 2 (a) Jentek MWM Eddy Current NDT/NDE setup. (b) Image showing the EC Probes
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Fractography

Following tensile testing, fractography using scanning

electron microscopy (SEM) was conducted to examine the

topography of fractured surface of dog bone tensile spec-

imens. Sonic cleaning was done before viewing fractured

dog bone tensile specimens under SEM to remove any

debris or contaminants from the surfaces of the samples.

After sonic cleaning, sample surfaces were investigated at

fracture sites using a Thermo ScientificTM Scios Dual-

Beam SEM (Waltham, MA, USA) with a magnification

range of 800X to 5000X, using an accelerating voltage of

5 kV and a beam current of 0.10 nA.

Results and Discussion

Velocity Measurements

Particle velocity measurements show that the helium spray

of aluminum (Al-2-1) produces a much higher average

particle velocity in comparison with the nitrogen spray

cases (Al-1-X). With the increased particle velocity, the

deposition quality is also expected to increase in terms of

porosity, tensile strength, and ductility (Ref 13).

In the three copper spray cases, gas pressure and tem-

perature were incrementally increased to achieve incre-

mental increase in particle impact velocity as given in

Table 3. Figure 4 shows that the average measured particle

velocity incrementally increased as 640 m/s, 675 m/s, and

706 m/s for Cu-1, Cu-2, and Cu-3, respectively.

Overall, the plots in Fig. 3 and 4 highlight the controlled

change in velocity with the adjustment of gas dynamic

parameters as given in the experimental design (Tables 2

and 3).

Ultrasound Wave Velocity Measurements

The results obtained from measuring ultrasound measure-

ments (Fig. 5) show that through thickness longitudinal

wave velocity (cdeposit) is primarily influenced by the

impact velocity increase associated with the use of He. Al-

2-1 generates cdeposit that is roughly equal to that of the

wrought commercially pure aluminum (Ref 49) and is

much higher than those of Al-1-X series samples (Fig. 5)

indicating an improvement (i.e., reduction) in porosity,

particle–particle interfacial quality, and/or an increase in

the elastic properties of the material. Furthermore, in the

case of Al-2-1, the acoustic wave signal reflecting from

deposit/substrate interface was weak and therefore

the signal amplitude needed to be increased significantly

(25 dB to 40 dB) in comparison with the Al-1-X series

samples to extract cdeposit. This suggests that the interfacial

quality in the case of Al-2-1 is better in comparison with

Al-1-X series samples. Statistical analysis of variance

indicates that the Al-1-X samples do not produce means

Fig. 3 Mean and standard deviation of Al6061 particle velocity for

nitrogen (Al-1-X) and helium (Al-2-1) spray cases

Fig. 4 Mean and standard deviation of copper particle velocity for

Cu-1, Cu-2, and Cu-3, respectively

Fig. 5 Longitudinal wave velocity measurement of aluminum

samples are plotted with one standard deviation error bars. CS

sample results are compared with measurements from a wrought

Al6061 specimen and the reported longitudinal wave velocity for

commercially pure Al [49]
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that are significantly different, which indicates that the

substrate surface preparation method did not induce a

significant change in ultrasound wave velocity. Therefore,

the change in the amplitude of the signal response from the

deposit/substrate interface is primarily associated with an

increase in the particle impact velocity in Al-2-1.

The cdeposit readings for copper samples (Fig. 6) clearly

correlate with particle impact velocity. cdeposit is found to

increase correspondingly with increase in carrier gas

pressure, temperature, and particle impact velocity. Similar

to the Al6061 samples, it is expected that this increase in

cdeposit is indicative of improvements in porosity, particle–

particle interfacial quality, and/or an increase in the elastic

properties of the material Eq 2, which are further discussed

with the results of destructive tests.

Electrical Conductivity Measurements

Electrical conductivity measurement results from the Jen-

tek and Olympus systems are given in Fig. 7. The results

are plotted along with the electrical conductivity of

wrought Al6061 as reported (Ref 46) and measured with

the Jentek system.

High electrical conductivity reading in Al-2-1 cold spray

sample indicates that the deposit is dense and has few

defects like porosity, micro cracks near the surface. Elec-

trical conductivity measurements conducted on Al6061

specimens validate the finding that electrical conductivity

correlates to changes in the particle impact velocity. The

lack of variation among the Al-1-X samples is expected, as

process conditions were identical, except for surface

preparation.

Figure 8 clearly shows that there is a positive correlation

between the particle impact velocity and the electrical

conductivity readings from Cu samples. As the particle

impact velocity increases, the porosity of the deposit

decreases, and the density increases, resulting in a higher

electrical conductivity.

In Al6061 and Cu cases, Jentek and Olympus systems

provide very similar results and both systems appear to

provide good sensitivity to the changes in the particle

impact velocity. This shows that cross platform eddy cur-

rent measurement of electrical conductivity is reliable.

Porosity Measurements

In Fig. 9, porosity levels among Al6061 samples are

compared. Among nitrogen sprayed samples, subtle dif-

ferences can be seen with the average porosity values

between 1.1 to 1.5%. However, an analysis of variance

showed the differences in the means are not statistically

Fig. 6 Longitudinal wave velocity measurements of Cu-1, Cu-2, and

Cu-3 samples are plotted with one standard deviation error bars. CS

sample results are compared with measurements from a wrought

copper specimen and reported copper longitudinal wave velocity [49]

Fig. 7 Electrical conductivity of aluminum specimens of wrought,

Al6061-T6, Al-1-1, Al-1-2, Al-1-3, Al-1-4, Al-2-1 as measured with

Jentek and Olympus systems. The values are plotted along with the

reported electrical conductivity of Al6061-T6 [46]

Fig. 8 Electrical conductivity of copper specimens Cu-1, Cu-2, Cu-3

as measured with Jentek and Olympus systems. 100% IACS is the

international annealed copper standard reported as 58.2 MS/m [50]
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significant based on the variance. The helium sprayed Al-2-

1, however, presented practically no porosity.

Porosity levels and the microstructure of Al6061 sam-

ples can be seen in sample microscope images after pol-

ishing and etching in Fig. 10. Particle–particle interfaces

and pores are clear in nitrogen sprayed Al6061 samples

(Fig. 10a-d) while the helium sprayed sample microscope

image (Fig. 10e) shows good particle–particle interfaces

that are not as clearly defined due to improved material

adhesion. Additionally, practically no porosity is visible in

the helium deposited Al-2-1 sample.

Figure 11 shows that the porosity in the copper samples

dropped incrementally and they have a negative correlation

with the increase in particle impact velocity. While the

sample produced with the lowest impact velocity (Cu-1)

showed the highest level of porosity at 1.04%, the sample

that was deposited with the highest particle impact velocity

(Cu-3) showed the lowest porosity at 0.34%. Cross sec-

tional microscope images from etched samples can be seen

in Figure 12 for copper samples. While the interface

quality looks similar in all samples, the sizes of pores

appear to decrease from Cu-1 sample to Cu-3 sample

(Fig. 12a-c) which follows the trend of the porosity mea-

surement results given in Fig. 11.

Reduction in porosity in Al6061 and Cu associated with

the increase in impact velocity also directly correlates with

increase in ultrasound wave velocity and electrical con-

ductivity. Reduction in porosity of as deposited CS samples

associated with process parameters (e.g., increasing impact

velocity) also indicate improvements in particle–particle

bonding strength (Ref 51).

Hardness Measurements

Figure 13(a) shows that Al-2-1, which was produced using

helium and high particle impact velocities, has a higher

hardness value than its nitrogen sprayed counterparts (Al-

1-x series), which were produced with lower particle

impact velocities (Fig. 3). Figure 13(a) additionally shows

that the mean hardness values of the Al-1-x sample series

are close to each other. The difference among the samples

was tested using an analysis of variance, which showed that

there was no statistical significance to the differences with

a 95% confidence interval. Similarly, for the copper spec-

imens, incremental increase in particle impact velocity

affects the hardness value of the resulting deposit. Higher

impact velocities are expected to induce more strain

hardening. This is apparent in the incremental increase in

hardness from Cu-1 to Cu-3 samples (Fig. 13b).

Tensile Strength Measurements

Ultimate tensile strength and modulus of elasticity of alu-

minum samples are plotted in Fig. 14, which shows that the

Al-2-1 sample prepared using He as the carrier gas has

significantly higher ultimate tensile strength due to

increased particle impact velocity when compared to the

Al-1-X series samples (Fig. 3). The differences among the

tensile strength of the nitrogen sprayed Al-1-X series

samples are not statistically significant. Al-1-X samples

showed * 0.14% while Al-2-1 samples showed * 5.16%

elongation indicating increased ductility for samples

sprayed with He. Average modulus of elasticity of samples

ranged between 55 GPa and 66 GPa with an overall

average of 59 GPa. Although the helium sprayed sample

(Al-2-1) appears to have a slightly higher modulus of

elasticity, a statistical analysis of variance with a 95%

confidence level indicates that the average modulus

between all N2 and He samples are not significantly

different.

Noting that the modulus of elasticity is statistically the

same and the porosity difference between the nitrogen

sprayed Al-1-X specimens and the helium sprayed Al-2-1

specimens are approximately 1.3%, the roughly 15%

increase in ultrasound wave velocity is suggested to be

largely due to improved particle–particle adhesion and a

reduction in unbonded interfacial regions, which also

results in a significant increase in the ultimate tensile

strength. The improvement in the microstructure due to

increased impact velocity in the He spray case is clear in

Fig. 10 with increased particle deformation, interparticle

contact area, and reduced porosity. To directly consider

any possible effects of modulus in wave speed, the dif-

ference in the moduli of Al-1-1 (lowest modulus) and Al-2-

1 (highest modulus) is allowed to be significant. When

considered so, the change in the elastic modulus between

the two cases (Fig. 14b) accounts for approximately 8% of

the 15% increase in the ultrasound wave velocity according

to the relationship calculated by Eq 2 (Fig. 5). This indi-

cates that the slight increase in the elastic modulus cannot

Fig. 9 Porosity measurement results for Al6061 samples
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account for all the increase in ultrasound wave velocity and

that unbonded regions at particle–particle interfaces and

the increase in porosity cause reduction in wave velocity.

Furthermore, this observation indicates that the changes

associated with particle–particle bonding quality can be

captured via ultrasound wave velocity measurements non-

destructively and quantitatively.

Furthermore, the estimation of elastic modulus by ultra-

sound wave velocity using Eq 2 (Fig. 14b) suggests that the

elastic modulus should be lower than measured for N2

Fig. 10 Sample cross sectional microscope images from (a) Al-1-1, (b) Al-1-2, (c) Al-1-3, (d) Al-1-4, and (e) Al-2-1 samples after polishing and

etching
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sprayed samples (Al-1-X) and significantly higher for He

sprayed samples (Al-2-1). However, the elastic modulus is

statistically the same for all Al6061 samples. Therefore, the

discrepancy between the measured elastic modulus and the

modulus estimated by using Eq 2 in N2 sprayed samples can

be attributed to the poor particle–particle bonding and

porosity. In helium sprayed specimens, there is practically no

difference between the measured elastic modulus and that

predicted by Eq 2. The near wrought ultimate tensile

strength, elastic modulus, and the reduction in porosity

indicate that the use of He, which enables high impact

velocities, yields significant improvements in interfacial

bonding. Moreover, the ultrasound wave velocity measure-

ments were only conducted in the through thickness direc-

tion (Fig. 1) while the uniaxial tensile tests represent

properties in the in-plane direction. A certain degree of

anisotropy is expected between the in-plane (parallel to the

substrate surface) versus the out-of-plane (orthogonal to the

substrate surface) directions (Ref 52), which may also

account for some of the discrepancy between the cdeposit
indicated and measured elastic modulus in nitrogen sprayed

specimens. However, this effect appears to dissipate with

increased particle impact velocity in He sprayed specimens

(Fig. 15) further indicating that the increase in ultrasound

wave velocity is largely associated with improved particle–

particle adhesion and reduced porosity.

In Cu specimens, gas pressure and temperature are

increased to increase particle impact velocity (Fig. 4). A

higher impact velocity results in improved bonding, lead-

ing to an increase in ultimate tensile strength (Fig. 15a).
Fig. 11 Porosity measurement results for copper samples

Fig. 12 Sample cross sectional microscope images from (a) Cu-1, (b) Cu-2, and (c) Cu-3 samples after polishing and etching

Fig. 13 Mean and one standard deviation from hardness measurements of (a) Al6061 and (b) Cu samples
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This effect is exemplified by the low strength of Cu-1 (low

impact velocity) and the high strength of Cu-3 (high impact

velocity). Cu-1, Cu-2, and Cu-3 samples showed 0.09,

0.21, and 0.41% ductility indicating mostly brittle fracture

with minor incremental increase in ductility. From Cu-1 to

Cu-3, average modulus of elasticity dropped approximately

10 GPa. However, due to the large variability among

samples, this difference does not appear to be statistically

significant according to an analysis of variance with a

confidence level of 95%.

As in Al6061 elastic modulus analysis, the ultrasound

wave velocity increase should point to an improvement in

the elastic modulus. However, measurements show that the

elasticity of the material stays statistically constant

between samples that were produced with incrementally

increasing particle impact velocity. In CS, the feedstock

particles retain much of their internal microstructure when

consolidated except in the particle–particle interfacial

regions where severe plastic deformation is experienced

(Ref 53) unless in extreme cases where ratio of impact

velocity to critical velocity is far above unity

(Vp=Vcr � 1Þ, which is not the case in our experiments

where Vp=Vcr\1:5 (Ref 40). This can reasonably explain

why the measured elastic modulus stays approximately the

same while the ultrasound wave velocity increases in both

Al6061 and Cu samples. Therefore, the increase in ultra-

sound wave velocity can largely be attributed to improved

adhesion between particles and reduced porosity.

Fractography

Al-1-x series samples that are manufactured using the

nitrogen carrier gas have smooth, featureless appearances,

and although deformed, the curved surfaces of gas

Fig. 14 (a) Ultimate tensile strength and (b) modulus of elasticity of

aluminum alloy 6061 samples given with error bars indicating one

standard deviation. Modulus of elasticity estimated by ultrasound

wave velocity measurements (Figure 5) and using (2) are also plotted

in (b) with error bars indicating variability introduced by the

variability in the wave velocity measurements given by one standard

deviation. In (a) and (b) wrought Al6061-T6 tensile strength and

elastic modulus are plotted for comparison

Fig. 15 (a) Ultimate tensile strength and (b) modulus of elasticity

measurements of copper specimens given with error bars indicating

one standard deviation. Modulus of elasticity estimated by ultrasound

wave velocity measurements (Figure 6) and using Eq 2 are also

plotted in (b) with error bars indicating variability introduced by the

variability in the wave velocity measurements given by one standard

deviation. In (a) and (b) wrought C11000 tensile strength and elastic

modulus are plotted for comparison
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atomized spherical particles are visible (Fig. 16a-d). This

shows that fracture occurs mainly at particle–particle

interfaces in a brittle manner. As seen in Fig. 16(e), SEM

image of Al-2-1 sample that was manufactured using

helium carrier gas has a rough, dimpled appearance and is

showing signs of ductile fracture. The fractography

analysis further confirms the brittle failure experienced in

N2 sprayed samples and the lower interface quality cap-

tured in tensile tests. Fractography analysis also confirms

that adhesion between particles is greatly improved in He

sprayed Al-2-1 specimens, which further solidifies our

argument in ultrasound wave velocity and eddy current

Fig. 16 SEM images taken at 1500x magnification from the fractured surfaces of tensile specimens of (a) Al-1-1, (b) Al-1-2, (c) Al-1-3, (d) Al-

1-4, and (e) Al-2-1

700 J Therm Spray Tech (2024) 33:688–704

123



electrical conductivity measurements capturing the

improvement in particle–particle adhesion.

The fractured surface of copper specimens is studied

under SEM with a magnification of 1500x. As seen from

Fig. 17, fractured surfaces were typically smooth, and the

deformed particles and particle pull outs are also distin-

guishable. This indicates brittle fracture at particle–particle

boundaries. In fractography analysis of Cu specimens, the

improvement in the particle–particle behavior is not as

clearly defined as Al6061 samples. However, the

improvement in ultimate tensile strength given by

Fig. 15(a) is a clear indication that the results in Cu

specimens are in line with those with Al6061 specimens

with improvement in particle–particle adhesion, which is

detected with both ultrasound wave velocity and electrical

conductivity measurements.

Conclusions

In this work, nondestructive ultrasound longitudinal wave

velocity and eddy current electrical conductivity mea-

surement methods have been studied for their sensitivity in

detecting changes associated with destructively measured

metrics of porosity, hardness, and tensile strength in cold

spray (CS) produced specimens. The conclusions from this

work can be summarized as follows.

• Both ultrasound wave velocity and eddy current

readings exhibit incremental increase associated with

incremental increase in particle impact velocity, which

was manipulated with the control of gas dynamic

parameters using a fluid dynamic model and validated

through particle image velocimetry.

• Increases in through-thickness ultrasound wave veloc-

ity and electrical conductivity correlate with reduction

in porosity and increase in hardness, which were

improved because of increased particle impact velocity.

Fig. 17 SEM images taken at 1500x magnification from the fractured surfaces of tensile specimens of (a) Cu-1, (b) Cu-2, and (c) Cu-3
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• This connection is further supported by correlating

ultimate tensile strength measurements with quantita-

tive nondestructive measurements. Increase in particle

impact velocity leads to an increase in ultimate tensile

strength in both Al6061 and Cu specimens, which are

directly correlated with increases in ultrasound wave

velocity and eddy current electrical conductivity mea-

surements. Scanning electron microscope images from

fracture surfaces of Al6061 samples reveal that a

substantial increase in the ratio of impact velocity to

critical velocity in He-sprayed specimens results in

predominantly ductile fracture, whereas N2-sprayed

samples exhibit brittle fracture. This aligns with an

enhancement in elongation to fracture ([5%) in He-

sprayed specimens. However, the elastic modulus

between N2 and He sprayed samples stay statistically

the same, which indicates that the majority of the

ductility comes from improvement in reduction in

porosity and improvement in particle–particle adhesion,

which is clearly picked up by ultrasound wave velocity

measurements. The improvement in tensile character-

istics of the CS deposited specimens is also correlated

with electrical conductivity.

• In Cu specimens, elongation remains generally low

(\0.5%), with a marginal incremental increase corre-

sponding to higher particle impact velocity. Due to the

overall brittle fracture and a slight change in ductility

associated with increased impact velocity, detecting

improvements in particle–particle adhesion qualita-

tively in SEM analysis of fracture surfaces poses

challenges. Nonetheless, the clear incremental

increases in ultimate tensile strength and the relatively

constant elastic modulus indicate improvements in

porosity and particle–particle adhesion strength, which

are identified through ultrasound wave velocity and

eddy current electrical conductivity measurements.

• This study suggests that ultrasound measurement of

longitudinal acoustic wave velocity is yielding itself as

a powerful tool for quantitatively detecting the through

thickness quality of CS deposited parts across regions

of known thickness. However, it is important to note

that ultrasound testing is useful beyond a minimum

thickness defined by the acoustic frequency of the

ultrasound probe and the wave velocity across the

material of interest. Modeling the wave propagation

may also be necessary for complicated geometries.

• Furthermore, the ultrasound method, through this work,

has been proven to be effective in nondestructively and

quantitatively detecting the through thickness quality of

thick coatings, structures, and repairs while completely

intact with the substrate even in similar deposition/sub-

strate material combinations.

• Electrical conductivity measurement via eddy current

systems, on the other hand, also prove to be a useful

tool in predicting the quality of deposits near the test

surface.

• Finally, it is expected that this work, among others, will

aid in developing the generalized standards and quality

control measures necessary for increased confidence in

CS and other additive manufacturing processes.
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