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Abstract:  Cold spray is a solid state coating technology with high deposition rates that is very suitable for large scale 

applications of additive manufacturing (AM). For quality control of complex parts, laser ultrasonics is particularly 

attractive due to its non-contact nature and is well adapted to online implementation. In this study, various inspection 

results performed off-line on metallic parts produced by the cold spray AM process are presented. Laser ultrasonics 

combined with the synthetic aperture focusing technique (SAFT) is used to detect flaws and through-thickness 

distributed porosity is investigated using the laser-ultrasonic backscattered signal. Also, laser shockwave is used to 

characterize bond strength at the interface between the deposition and the substrate. For post heat treatment of cold 

spray AM metallic parts, laser ultrasonics is used to monitor in real time recrystallization and sintering. Inspection 

results from either the top layer or the underside of the substrate are reported and discussed. 

INTRODUCTION 

The additive manufacturing (AM) process for metallic parts is an important emerging technology. In comparison to 

other AM processes, cold spray is differentiating as a solid state, high build rate, large scale deposition process [1-4]. 

As shown in Fig. 1 reproduced from Ref. [5], 1-100 µm powder particles are injected in a heated compressed gas 

(usually nitrogen, helium or a mixture of these 2 gases) flow that passes through a converging-diverging DeLaval type 

nozzle. While expanding in the diverging section of the nozzle, the gas will accelerate the particles to very high velocity 

(300-2200 m/s). Upon impact with a substrate the particles deform at very high strain rates, building a coating through 

this consolidation process. In contrast to other high temperature deposition processes, particles remain at the solid state 

all over the coating formation. This brings significant technological advantages such as: low residual stresses in the 

deposited material; very low oxidation level of the material although cold spray is carried out in open-atmosphere; 

potential to conserve metastable feedstock structures upon coating formation. As illustrated in Fig. 2, cold spray benefits 

from high deposition rates and that makes this process very suitable for large scale AM applications. Examples of use 

include part reinforcement and consolidation, advanced mold and die fabrication, rapid prototyping, dimensional 

restoration and structural repair. 

 

 

FIGURE 1.  The principle of cold spray system (reproduced from Ref. [5]). 

 



 

FIGURE 2.  Illustration of cold spray AM process: 3 kg of Cu deposited in 20 min. 

As a new technology in its early days before widespread acceptance, R&D efforts are required to improve, optimize 

and certify the process and the parts. In additive manufacturing process, components are built up layer by layer, which 

allow one to manufacture highly complex structures including walls, hollows to reduce weight, or internal fluid or gas 

channels. Quality control of such complex parts is a challenge and new strategies have to be developed [6]. For this 

purpose, laser ultrasonics is particularly attractive due to its non-contact nature and is well adapted to online 

implementation during the AM process [6, 7].  In a previous work, results obtained on INCONEL® 718 and Ti-6Al-4V 

coupons that were manufactured using laser powder, laser wire, or electron beam wire deposition were reported [8]. 

Defects such as lack of bonding, lack of fusion and discrete porosity were clearly detected and confirmed by X-ray micro-

computed tomography (X-ray µCT). Regarding the cold spray AM process, a recent work investigated various 

nondestructive evaluation (NDE) methods including optical profilometry, eddy current and ultrasound for a set of NiCr 

on 304SS cold spray samples [9]. Distributed porosity, caused by improper process conditions such as temperature, gas 

velocity, spray parameters, powder size and surface cleanliness, was identified as the primary indicator of cold spray 

quality. Immersion focused ultrasound was used and attenuation showed some correlation with the porosity level.  

In this study, various inspection results performed off-line on metallic parts produced by the cold spray AM process 

are presented. Laser ultrasonics is used to detect flaws using the synthetic aperture focusing technique (SAFT) [10], and 

through-thickness distributed porosity is investigated using the backscattered signal [11]. The latter approach was applied 

in recent years to study porosity in composite materials [12], as well as grain shape and size distribution in steel [13-15]. 

Also, laser shockwave technique is used to characterize bond strength [16, 17] at the interface between the cold spray 

deposition and the substrate. Finally, for the post heat treatment of cold spray AM metallic parts, laser-ultrasonic 

measurement can be performed to follow the recrystallization and sintering phenomena. Inspection results from either 

the top layer or the underside of the substrate are discussed. 

LASER-ULTRASONIC INSPECTION FOR FLAW DETECTION  

Laser ultrasonics combined with SAFT is first considered for flaw or porosity detection in cold spray samples. A set 

of three Al on Al cold spray samples intentionally manufactured with conditions to produce different porosity levels were 

prepared. Figure 3 shows one such sample. Sample #1 (8.8 mm thick coating) has a low porosity, sample #2 (5.5 mm 

thick coating) has an intermediate porosity and sample #3 (4.1 mm thick coating) has a high porosity with possible flaws 

present. Each coating is deposited on an Al 4.8 mm thick substrate.  

For use with SAFT, the generation and detection zones overlapped at the surface for 1D or 2D scanning from either 

the top deposited layer or the underside of the substrate. Ultrasound generation was performed in the slight ablation 

regime (less than 1 µm) with a short pulse Nd:YAG laser in its 2nd harmonic (532 nm wavelength) to achieve high 

frequencies. For detection, a long pulse Nd:YAG laser (1064 nm wavelength) and a small spot size were used. The phase 

demodulator was a 1-m long confocal Fabry-Perot interferometer in reflection mode. Frequency content up to 80 MHz 

was successfully generated and detected in the above test samples. Mechanical scanning along single lines up to 30 mm 



long was performed for data acquisition of the waveforms with a step size of 0.1 mm. SAFT reconstruction was 

performed with an aperture angle of 30o and a frequency bandwidth from 1.5 to 80 MHz using the longitudinal mode. 

 

FIGURE 3.  Photo of one Al/Al cold spray sample used for testing. 

Using the above test conditions, line scans were performed on the underside of the substrate of the three samples over 

a length of 30 mm. B-scan images from the raw data and after SAFT reconstruction of a single scan line is shown in Fig. 

4 for sample #2 of intermediate porosity, starting with the substrate on top. Weak indications are observed from the raw 

data image, some of them as hyperbola shapes, and they are more clearly resolved after SAFT reconstruction. The more 

or less continuous indications observed in Fig. 4b are attributed to the imperfect contact between layers associated with 

the multiple passes of the cold spray AM process. Also a strong indication of the substrate interface with the coating is 

apparent in both images. A similar indication of lower amplitude from the substrate is observed close to the last cold 

spray pass (bottom of B-scan), related to an echo propagating back and forth in the substrate. The longitudinal velocity 

difference between the Al substrate and the Al coating is small and such reflections are more related to the bond integrity 

of the coating with the substrate. This is also investigated further later in the paper.  

Figure 5 shows a B-scan image after SAFT reconstruction of a particular scan line from the coating side over a length 

of 15 mm. As expected, the continuous indications attributed to the multiple passes are observed while a bit less resolved. 

Also the indication between last cold spray passes on top of the coating is missing due to the blind zone related to the 

large surface displacement in laser-ultrasonic signals.   

 a) 

  
 b) 

  

FIGURE 4.  B-scans on Al/Al sample #2 from substrate, (a) raw data and (b) after SAFT reconstruction. 



  

FIGURE 5.  B-scans on Al/Al sample #2 from coating after SAFT reconstruction. 

 

A further investigation was made on these samples using X-ray µCT as well as performing a series of micrographs. 

Figure 6a shows an X-ray µCT image after processing the radiographic data and Fig. 6b shows the series of 

micrographs concatenated in one picture. The agreement between the observations in these images and the laser-

ultrasonic results is fairly good. From the micrograph image, porosity is present everywhere throughout the thickness, 

with a slightly larger pore concentration for the interface between each pass. 

 

           a) 

 

 b) 

 

FIGURE 6.  a) X-ray µCT image and b) concatenated micrographs for Al/Al sample #2. 

LASER-ULTRASONIC BACKSCATTERING FOR POROSITY EVALUATION 

To further study porosity, the spectral analysis of the laser-ultrasonic backscattered signals obtained from the top 

surface of the coating was considered. Figure 7 presents the principle of measurement with the backscattered amplitude 

(BSA) spectrum after averaging 100 spectra from a line scan, and the decay slope in the spectrum estimated between the 

two cursors. As shown in Fig. 7, the BSA method can be applied over the full time window between the large surface 

displacement and the first interface echo arrival, as an indication of average porosity found through the sample thickness. 

Figure 8 presents the correlation found between the BSA decay slope and average porosity in this limited set of Al/Al 

cold spray samples. In a further study, an analytical model for backscattering [12, 13] could be developed to relate such 

decay slope with the porosity level.  

Additionally, a sliding small time window of typically 0.6 µs can be applied in the same time interval to estimate the 

decay slope in successive BSA spectra. Using the single scattering hypothesis, the time window location can be associated 

to an equivalent depth, where the BSA decay slope indicative of local porosity is estimated. Figure 9 shows the BSA 

decay slope as a function of depth and Fig. 10 shows the series of micrographs analyzed through the thickness of the 

three Al/Al cold spray samples. Compared to micrographs, consistent results are found between samples as well as 

through the thickness of each sample, with a larger negative slope corresponding to higher porosity near the top surface 

and a decreasing slope toward the substrate interface. Not shown here, an opposite behavior (smaller to larger negative 

slope) is found scanning from the substrate side and analyzing backscattered signals after the interface echo.  



             a) 

 

 b) 

 

 

FIGURE 7.  Principle of the BSA method used. Example of a) backscattered signal and b) BSA spectrum after averaging and 

decay slope estimated between the cursors. 

 

 

FIGURE 8.  BSA decay slope as a function of through thickness average porosity, and corresponding B-scans in the Al/Al samples. 

 

 

 

FIGURE 9.  BSA decay slope as a function of depth through the thickness of the Al/Al samples. 



 

FIGURE 10.  Series of micrographs through the thickness of the Al/Al samples. 

 

While tested on a limited set of samples, the approach appears promising and will be further investigated. The method 

should work better when porosity near the surface is not too large to avoid strong reduction of the BSA signal deeper in 

the material. Also, the effect of multiple scattering should make the method not working well typically more than 4-5 

mm deep. 

LASER ULTRASONICS / SHOCKWAVE FOR BOND INTEGRITY ASSESSMENT 

Another aspect to be considered with the cold spray AM process is the bond integrity between the coating and the 

substrate. This is particularly important for AM applications such as part reinforcement, dimensional restoration and 

structural repair. For these tests, a set of Al/Al cold spray samples were prepared with a pulsed laser surface pre-treatment 

to improve the adhesion between the coating and the substrate [18].  

Line scans were performed on the underside of the substrate of the cold spray samples over a length of 42 mm. B-

scan images after SAFT reconstruction of a single scan line of 4 samples is shown in Fig. 11, starting with the substrate 

on top.  A clear indication of the substrate interface with the coating is apparent in all cases but of variable amplitude. As 

in Fig. 4b, such reflections should be related to the bond integrity and may vary depending on the surface treatment during 

the AM process. Also, there is a need to quantitatively determine the bond strength at the interface in each case. 

 

FIGURE 11.  B-scans from substrate on the Al/Al samples with surface treatment after SAFT reconstruction. 

 

For this purpose, a laser shockwave proof test method is considered with the principle shown in Fig. 12. With this 

technique, a high-energy pulsed laser produces a compressive large amplitude wave at the top surface of the sample. 

The compressive shock wave travels through the sample and after reaching the lower surface, the compressive wave 

is changed by the free surface into a tensile wave that travels back through the sample. A shock wave amplitude that 

reaches over a certain threshold will create tensile stresses large enough to debond interfaces in the component. By 



measuring the back surface velocity response with a Fabry-Perot etalon (velocimeter) [19] for different laser energy 

and using a model for shock wave propagation [20], the stress required to delaminate the coating from the substrate 

can be assessed. Figure 13 shows an example of such calculation for one of the cold spray samples. Calculated stress 

values are generally larger than in quasi-static mechanical tests since laser shock wave measurement involves high 

strain rate, typically of 105-106 s-1. To confirm that the system debonded the interface, a post shock laser-ultrasonic 

inspection is used to perform C-scan imaging of the sample. The debonded interface will keep the ultrasound from 

propagating to the backside of the sample and this will be captured in the resulting image. 

 

FIGURE 12.  Principle of the laser shockwave proof test. 

 

             a) 

 

 b) 

 

 

FIGURE 13.  Example of a) ray tracing shock calculation with time-depth representation and b) stress evaluated at the interface 

from measured back surface velocity. 

 

To determine bond strength, the laser shockwave technique was applied on the cold spray AM samples #4-6 not 

presenting a disbond in Fig. 11. Laser energies from 0.2 to 2.2 J were tested at different locations from the substrate side 

of each sample. Figure 14 shows the back surface velocity from the velocimeter (on the coating) at the different laser 

energies (indicated on right of each graph) and the post shock laser-ultrasonic C-scans on these samples. For sample 

#6, the bond did not opened for the laser energies tested. The back surface velocity response at the threshold laser 

energy producing a disbond is then used to calculate stress at the interface. Stress values calculated for corresponding 

laser energy breakage are given in Table 1. A more precise bond strength value could be obtained by testing each sample 

with more energy levels, but it may also vary from one location to another in the component.   

 



 

FIGURE 14.  Back surface velocity at different laser energies and post shock laser-ultrasonic C-scans of the Al/Al samples. 

 

TABLE 1.  Calculated stress near breakage at the interface of the Al/Al samples. 

 

 
 

 

LASER-ULTRASONIC MONITORING DURING HEAT TREATMENT 

In some applications of cold spray AM process, a post heat treatment of the component is required. Laser-ultrasonic 

monitoring can be performed at high temperature during such heat treatment to better understand and optimize the 

occurrence of recrystallization and sintering. As a first study, cold spray samples made of H13 tool steel on mild steel 

substrate were prepared. Then, the 3.3 mm thick H13 coating of each sample was detached from the substrate and inserted 

in a Gleeble machine for direct resistance heating. A laser-ultrasonic system coupled with the Gleeble was used to monitor 

the longitudinal velocity as function of time and temperature. Such a system was developed in the past to study grain size 

evolution and phase transformation in steel [14, 15, 21]. Two different heat treatments are considered for these tests. 

Figure 15 shows the temperature history for the first heat treatment of long duration and corresponding ultrasonic 

velocity as function of temperature on a stand-alone H13 sample. The ultrasonic velocity for the cold spray sample starts 

with a quite low value of 4.5 mm/µs and reaches 6.0 mm/µs after such heat treatment, as expected for bulk H13 tool 

steel. Moreover, the ultrasonic velocity exhibits two changes in its behavior near 550oC and later at 800oC. These changes 

are found attributable as a clear effect of recrystallization and sintering, respectively.  

 

Al/Al 

Sample ID

Coating 

thickness 

(mm)

Breakage 

energy (J)

Min Stress 

(MPa)

Max Stress 

(MPa)

4 0.7 0.3 104 242

5 0.9 0.5 271 393

6 1.2  2.2+ 358 N/A



         a) 

 

       b) 

 

FIGURE 15.  a) Temperature history of first heat treatment and b) ultrasonic velocity as function of temperature. 

 

Figure 16 shows the temperature history and ultrasonic velocity for the second heat treatment of short duration on 

another stand-alone H13 sample. Again, the ultrasonic velocity starts with a low value of 4.5 mm/µs and reaches only 

5.5 mm/µs during the slow cooling phase of this heat treatment. Also, the ultrasonic velocity during heating shows a 

dynamic behavior quite different than in the previous case and this remains to be further investigated. 

         a) 

 

       b) 

 

FIGURE 16.  a) Temperature history of second heat treatment and b) ultrasonic velocity as function of temperature. 

CONCLUSION 

Several aspects were considered in this paper regarding the laser-ultrasonic inspection of cold spray AM components. 

Laser ultrasonics combined with SAFT was used to detect flaws in Al/Al samples from the substrate and from the 

deposition. Indications of multi-passes and variations in bond integrity with the substrate were observed. This was further 

validated by X-ray µCT and a series of micrographs showing larger pore concentration between each pass. 

Another aspect was considering through-thickness distributed porosity using a spectral analysis of the laser-ultrasonic 

backscattered signal. A fairly good correlation is found between the BSA decay slope and average porosity in the set of 

Al/Al samples tested. Using a sliding time window, the BSA decay slope was found promising to provide indication of 

porosity variations through the sample thickness as confirmed by a series of micrographs. 

Also, the laser shockwave technique was used to characterize bond strength at the interface between the cold spray 

deposition and the substrate. Finally, for the post heat treatment of cold spray AM metallic parts, laser-ultrasonic 

measurement was shown to be useful to monitor the recrystallization and sintering phenomena.  
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