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A B S T R A C T   

Cold spray (CS) has proven to be a versatile deposition method with considerable capabilities in multiple fields 
including coating, additive manufacturing, and repair. Despite the significant progress in new applications of 
cold spray, there are still several challenges associated with controlling the shape of cold spray deposits that 
consequently affect their range of application and functionality. In this study, we discuss and demonstrate a new 
application of CS to connect adjoining edges along with repair local damages, focusing on deposit shape pre
diction. To do so, we start by proposing a numerical model that can predict the CS deposit geometry, by 
providing specific input parameters for a given set of particle and substrate properties, substrate geometry and 
nozzle position. Then we employ this numerical method to design the toolpath required for filling the artificial 
local damages and/or the welding grooves with controlled geometries. Through comparing the predictions with 
the shape of experimentally obtained depositions, we propose some corrections for the model. In both local 
repair and welding cases, the experimental results show a great resemblance to the predicted deposit profile and 
after applying the corrective measures, to the deposit height.   

1. Introduction 

In cold spray (CS) method, particles’ high kinetic energy, arising 
from their high velocity, is the main contributor to the adhesion phe
nomenon. Hence, in contrast to other thermal spraying methods, CS 
does not require high gas temperature, making it less prone to unde
sirable characteristics such as recrystallization and extensive oxidation 
[1]. Hence CS allows for additive manufacturing (AM) deposition of 
oxygen-sensitive, temperature sensitive, and highly reflective materials 
[2]. Furthermore, in comparison to other AM methods, CS can achieve a 
very high deposition rate and thus has higher buildup rate [3,4]. These 
advantages along with the possibility of working with dissimilar mate
rial systems [5], make CS a compelling solution for repair of local 
damages as well as welding different joint configurations [6]. 

When considering methods of joining metallic parts, conventional 
welding procedures would be the initial widespread options. However, 
those methods inevitably involve the melting and re-solidification of 
either a filling material or the adjoining edges of the involved parts 
themselves. In either case, the welding requires a considerable energy 
input, mostly in the form of thermal energy, which will lead to changes 
in the material microstructure, and may cause the formation of micro- 
cracks at the vicinity of welding region. The material at the zone 

between the weld and the base unaffected material, referred to as the 
Heat Affected Zone (HAZ), experiences severe thermal changes. The 
relevant temperature variation will result in change of grain size, crys
talline structure, and arrangement, and eventually mechanical proper
ties of the HAZ. Furthermore, the thermal input of the welding process 
followed by the solidification phase may result in distortion, undesired 
residual stresses, formation of hot cracks due to the presence of impu
rities, and cold cracks arising from rapid cooling or hydrogen absorbed 
by the molten pool [7,8]. The aforementioned issues can be mitigated 
using conventional methods such as pre-heating or post-weld heat 
treatment [9] or novel methods such as the use of weld fillers with low 
transformation temperatures [10], all of which increase the overall cost 
and time and thus limit the application scope of the welding methods. 

In addition to thermal parameters, the quality of welding and the 
joint’s mechanical characteristics depend on the joint type, welding 
position, and base metal thickness. Many studies have discussed and 
demonstrated the effect of weld seam geometry on the weld fillet ge
ometry, and their consequent influence on properties such as fatigue life 
of the weld [11]. This calls for a careful selection of the weld seam 
geometry. 

On the other hand, similar set of challenges exist for conventional 
methods of repair and remanufacturing, where in addition to restoration 
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of the original geometry, the performance of the restored section should 
be recovered to be the same as the pristine part if not better. Some of 
these methods include brazing [12], Tig welding [13], laser engineered 
net shaping [14,15], direct energy deposition [16–18], etc. It should be 
noted that repair methods generally may require surface preparation 
and extension of the damage geometry to a controlled form, as well as 
thermo-mechanical pre- and post-processes. 

When considering the characteristics of CS, it seems to satisfy 
numerous requirements of a repair and joining method, while avoiding 
many of the above-mentioned critical shortcomings of current processes. 
However, its application for these purposes demands a high control over 
the deposit shape. Hence, a method to predict the geometry of deposited 
material will be essential. There have been previous attempts at devel
oping numerical models to simulate the deposition process and the final 
geometry of the coating. Observations suggest that the final geometry 
depends on combination of substrate-coating material, spraying pa
rameters such as gas temperature and pressure, stand-off distance, 
nozzle traverse speed, nozzle inclination, and the spatial arrangement of 
tracks. 

Klinkov et al. [19] developed a model, which predicts the cumulative 
deposit profile for a series of parallel tracks based on the substrate ge
ometry, relative placement of the spraying tracks, and the variation of 
deposit height across transverse cross section of a single track. Their 
model attempts to predict the deposit height at any given point across 
the transverse cross-section as a function of its coordinate across the 
single-track width, angle of spray, and time. The track profile approxi
mates the observed CS deposit cross-section geometry resulting from one 
straight pass for a set of powder-substrate material and spray parameters 
combination. Later, they introduced a generalized definition of nozzle- 
substrate angle [20]. By employing this new parameter in a modified 
definition of deposition efficiency (DE), along with and definition of 
particle jet distribution parameter, they proposed a formula to predict 
the deposit profile growth in 3D. The model is described in detail in 
Section 2. 

Wu et al. considered the formation of CS deposits on non-flat sub
strate surfaces. They employed a thickness growth function similar to 
one proposed by Klinkov et al. [20]. But their model relies on dividing 
the sprayed powder beam into rays that originate from nozzle outlet and 
diverge until they reach the deposit radius at intersection with the 
substrate. Then from intersection point of each ray on the substrate, a 
cylinder is raised along that ray. Each cylinder has a diameter of 0.02 
mm and a height that corresponds to the value of Gaussian deposit 
growth function at that point. Consideration of non-flat substrate sur
faces led to the proposal of the shadow effect [21]. Shadow effect refers 
to the situation where the powder trajectory coincides with more than 
one section of the substrate surface, therefore the most proximate sec
tion prevents the powder flow from reaching, impacting, and probably 
depositing on the subsequent surfaces beneath it. 

In an attempt to further increase the application of CS as an AM 
method, Vanerio et al. [22] proposed an enhanced model capable of 
predicting more free-form deposits. To do so, they based the model on 
the one proposed by Klinkov et al. [20], but developed it to include the 
effect of wide-range nozzle inclination, shadow effect, deposit profile 
shape for materials with non-gaussian track profiles, its development on 
non-planar substrates, and the generation of superimposed tracks in 3D. 
The model was then validated against an extensive range of experi
ments, confirming the high accuracy and flexibility of the developed 
model. 

Along with the growing interest in this topic, some researchers such 
as Ikeuchi et al. have started to incorporate novel methods like “artificial 
neural network” (ANN) as a predictive model for geometric control of CS 
deposits [23]. They demonstrated the capability of their model to pre
dict the effect of nozzle angle, transverse speed, stand-off distance, and 
its application for online programming of the robot-actuated motion of 
the nozzle to achieve a desired final profile. However, as it is inherent to 
the nature of an ANN algorithms, the quality of the results relies heavily 

on the existence of a massive library of experimental data for training 
the algorithm. 

In this research, we developed a numerical model based on a pre
vious study in our group [22]. The presented numerical model can 
predict the amount of deposited powder and its spatial distribution on 
the substrate, depending on nozzle’s placement. The deposit geometry 
depends on the volumetric distribution of the outcoming powder with 
respect to the nozzle axis, the powder impact angle, and the duration of 
time nozzle spends at any given coordinate, expressed as nozzle’s tra
verses speed and number of passes over each track. The model was used 
to accurately predict the geometry of cold sprayed deposits for repairing 
superficial cavities with various geometries and welding joints with 
different inclinations. 

The target of these simulations was to achieve a good deposit shape 
with a feasible trajectory, to potentially reduce the post-process 
machining steps. At this stage of our study, other factors, such as 
minimizing the powder waste, while noteworthy, were not targeted. 

In the following sections, first, the numerical model for simulation of 
deposit growth is described. Then the experiments are described and 
categorized in two series; the first series of experiments are conducted 
for obtaining input parameters required to set up the predictive model, 
while the second series of experiments are focused on replicating the 
welding and repair configurations derived from the simulations. The 
results are then compared to evaluate the accuracy of the numerical 
model. This analysis leads to the definition of a correction factor for the 
numerical model based on a few intrinsic complications and simplifying 
assumptions that will be discussed. Finally, the corrected results are 
compared, and the applications and further possible enhancements of 
the numerical model are discussed. 

2. Method and materials 

2.1. Numerical model 

2.1.1. Deposit growth simulation 
The intended function of this numerical model is to predict the CS 

deposit profile of a specific powder on a substrate of arbitrary material 
and shape, with a given set of primary (e.g., Carrier gas stagnation 
pressure and temperature, particle size distribution, etc.) and secondary 
(e.g., nozzle’s traverse speed, stand-off distance, etc.) parameters with 
any desired scanning strategy. 

The model consists of a series of scripts implemented in MATLAB, 
based on the mathematical, time-dependent model proposed by Klinkov 
et al. [20], further developed by Vanerio et al. [22]. Klinkov’s model 
assumes that for a given position of nozzle with respect to the substrate, 
the deposit profile height at each point depends on  

– the volumetric distribution of the outcoming powder with respect to 
the nozzle axis,  

– the powder impact angle, and  
– the duration of time the nozzle spends at any given coordinate. 

First, substrate’s coordinate system should be defined, where the xy 
plane lies on the substrate surface with the x axis directed along the 
nozzle’s trajectory, making the z axis normal to the substrate plane. 

Powder impact angle, α, can be defined as the angle between the 
target surface – which will be substrate surface during the first pass or 
deposit’s plane during consequent passes – and the plane perpendicular 
to the nozzle axis. To define α in 3D, 2 vectors need to be defined, the 
normal vector of the deposit’s plane and the nozzle’s axis vector. Normal 
vector of the deposit’s plane can be defined using its angle with respect 

to substrate plane at each point 
(

γx, γy, 0
)

. Knowing this, the deposit’s 

plane normal vector can be expressed by the deposit profile’s gradient as 

vn =
[
tanγx, tanγy, 1

]
, and consequently by profile derivative vc =
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[
− ∂z

∂x, −
∂z
∂y, 1

]
. Meanwhile, the nozzle’s axis vector can be described 

using its tilt angles with respect to the substrate 
(

βx, βy

)
as 

[
tanβx, tanβy,1

]
. Therefore, the impact angle will be calculated as Eq. 

(1): 

tan(α) = ‖vc × vn‖

vc.vn
(1) 

This model assumes an initially flat substrate and proposes that DE is 
primarily a function of the powder impact angle. This correlation is 
proposed for 3D model in the form of Eq. (2): 

DE(tan(α) ) =

⎧
⎪⎪⎨

⎪⎪⎩

e
− k

(
tan(α)

tan(αm )

)2

− e− k

1 − e− k tan(α) < tan(αm)

0 otherwise

(2)  

where k = 4.5, and tan(αm) = 1.2 that corresponds to a maximum 
impact angle of αm = 50◦ for successful particle adhesion. These con
stants are reported by the Klinkov et al. [20] and have been extracted 
from the experimental data of cold sprayed Cu and Al powders. 

Klinkov et al. proposed an axisymmetric, gaussian-based approxi
mation for the distribution profile of powder flow, introducing it as 
volumetric specific feed rate J(r) as expressed in Eq. 3; this assumption 
implies that the distribution depends only on the distance of the target 
point from the nozzle axis (r). 

J(r) =

⎧
⎪⎨

⎪⎩

e− k2(r/rn)
2
− e− k2

1 − e− k2
r < rn

0 otherwise
(3) 

rn and k2 are fitting parameters that depend on the width of single- 
track profile and its inclination at the boundaries. r is the distance be
tween a generic point on the deposit and the nozzle’s axis. 

Klinkov et al. [20] assumed the deposit’s growth to be along the z 
direction, regardless of the nozzle’s inclination. Thus, it is necessary to 
transform the powder volume passing through a portion of the jet’s cross 
section to the volume being deposited on the corresponding coating 
target area, and consequently on the corresponding substrate area. This 
can be done by sequential projection of areas based on the angles be
tween the nozzle and the deposit surface and that between the deposit 
surface and the substrate surface. 

By substituting these equations into the formula proposed for the 
deposit growth rate, the following partial differential equation (PDE) 
will be achieved. 

∂zaxis

∂t
= A • DE(tan(α) ) • J(r) (4) 

This equation is first discretized using method of lines [24]; then 
boundary and initial conditions taken from the basic experiments are 
used to determine the value of the constants and coefficients. Time is 
discretized with appropriately chosen step values. Since the final 
equation is an ordinary differential equation (ODE), a simple predictor- 
corrector method (following Heun’s method [25]) is used to first 
approximate the slope of the function at a specific time interval (using 
Euler’s method), and then to increase the accuracy of the estimated 
value (using trapezoidal rule). 

2.1.2. Modifications with respect to the original model 
Vanerio et al. [22] generalized this model by assuming the particle 

jet distribution being still axisymmetric, but not necessarily with a 
Gaussian form. In addition, the limitation of initially flat substrate was 
relaxed, offering the possibility to consider a freeform substrate. The 
substrate geometry CAD file can be defined in stereolithography (STL) 
format, discretized into well-refined triangular elements. Each element 
was represented by its normal vector and coordinates of its three 

vertices. This independence from a fixed coordinate system also allows 
the assumption of a non-straight nozzle trajectory. Having the nozzle 
trajectory and the STL of substrate offers the flexibility to calculate the 
deposit growth for each triangular face along the direction of nozzle, and 
not only along the z-axis. 

The updated model also considered the effect of spray distance, ds,

(aka.stand − off distance, by introducing a new deposition efficiency 
term that depends on stand-off distance (DEd(dS)) and considering ds as 
a new variable in the jet’s particle distribution profile (J(r, ds)). The 
values for these two additional variables should be extracted from 
experimental data. 

Finally, the shadow effect, that is the obstructive effect of some faces 
of the substrate or already-formed deposit on the powder flow and 
deposition on the covered sections behind them, was also considered. To 
do so, the powder flow was assimilated to parallel rays initiating from 
the nozzle’s outlet. Then the intersection points of these rays with all the 
faces was identified, and the deposit growth was simulated only on the 
face closest to the nozzle outlet. 

2.1.3. Required inputs for the numerical model 
This model allows for considering shadow effect, dynamic remesh

ing, capability of accepting any 3D STL file as the substrate geometry, 
simulation of deposit growth parallel to the nozzle direction, extending 
dependency of deposition efficiency to stand-off distance in addition to 
angle of impact, and flexibility in simulating the resultant deposit for 
any nozzle trajectory. Furthermore, this model offers the possibility to 
assume a non-gaussian powder jet material distribution, which has been 
observed for some powder materials. The mentioned enhancements 
allow for implementation of any desired substrate geometry and tool
path trajectory and make it possible to predict the deposit geometry and 
final profile for a wide variety of material combinations and different 
applications, efficiently and accurately. This makes the results more 
reliable and makes the code suitable for a wider variety of sprayed 
materials. However, each aspect of the model relies on the knowledge of 
specific parameters for CS deposits of a specific material system (powder 
and substrate materials combination), and parameters, which define the 
desired motion of nozzle with respect to the substrate. The first set of 
parameters are determined as described here, and the second set of 
parameters are achieved by iterative optimization of their initial pro
posed values. 

Implementation of this numerical model requires the knowledge of 
deposit’s cross-section profile for a specific pair of substrate-powder 
materials and various nozzle angles, stand-off distances, and nozzle 
traverse speeds. DE functions DE(tan(α) ) and DEd(ds) can be acquired 
by fitting a curve to the mapped experimental values of DE for a variety 
of nozzle angles and stand-off distances, respectively. DE(tanα) is 
approximated with the proposed modified form of the Gaussian func
tion, and DE(d) is expressed as a fourth order polynomial function. The 
width and steepness angle at the lateral ends of acquired profiles for 
single tracks sprayed at 90◦ with constant primary parameters, varying 
only ds, together with consideration of constant mass are used as the 
input for fitting the modified Gaussian powder distribution J(r, ds). The 
single-track profiles with same sets of parameters and variable numbers 
of passes are used to determine coating growth speed at the center of 
track A (mm/s). This data will help solve the PDE for deposit growth 
estimation. 

The determined deposit thickness growth equation, together with the 
parameters that describe the motion of nozzle including initial and final 
point coordinates xi, xf , spray angle βy, stand-off distance ds, transverse 
speed vt , time step tstep and number of passes np will help estimating the 
deposit profile after a specific motion. A script was developed to auto
matically calculate the nozzle position vector v→nposition, the nozzle axis 
vector v→n, and the time vector t→. 

Another modification implemented in the model, As presented by 
Vanerio et al. [22], is individual consideration of the powder impact 
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angle and deposition growth for each triangular face, through which 
powder stream is passing. Hence, simulation results will be more accu
rate compared to other methods. 

The developed model was initially validated by simulating and 
comparing the predicted and reported results of three cases for which 
the required input data and the coating profile were available in the 
literature [22,26]. The cases involve deposition of Ti6Al4V powder on 
two tracks with different nozzle inclinations on a flat substrate, a single 
track on a curved substrate, and spraying on a substrate with complex 
geometry to evaluate the shadow effect. In all three cases, our model’s 
predicted deposit profiles were closely aligned with the experimental 
results. 

2.1.4. Determination of the optimized nozzle toolpath 
The current model is developed to accommodate any complicated 

substrate geometry in 3D, based on its stereolithography (STL) file. For 
cases considered in this research, we assumed the nozzle traverse speed 
to be constant and all optimized toolpaths to consist of parallel tracks 
along the X-axis (along the length of the cavity slot and welding edge). 
Moreover, it is assumed that in all cases, the excess material of the final 
CS deposit will be machined to achieve a flat surface. 

The optimized toolpath strategy is determined through an iterative 
approach demonstrated in Fig. 1. The first step is to decide whether to 
start with a central track or to fill in the corners before proceeding with 
the other tracks. After establishing the arrangement of the first track (or 
two initial corner tracks) the general cycle begins. Each iteration cycle 
starts with the definition of a track’s deposition parameters (nozzle axis 
position, nozzle angle, number of passes, etc.) and is followed by 
simulation of the resultant deposit. If the achieved deposit is satisfac
tory, the next iteration of the cycle will start with definition of the 
track’s placement and the parameters for the next track. Otherwise, 
track parameters will be individually modified in a sequential manner 
until the deposit quality criteria (e.g., relative flatness or appropriate 
condition for placement of the next track) are satisfied, at which point 
the cycle will restart with parameter definition of the next track. In 
either case, before definition of a new track, three main criteria are 
controlled, and if all are satisfied, the cycle will be terminated. The first 
criterion is symmetry of the deposit with respect to longitudinal plane of 
symmetry of cavity or the butt joint. The second criterion is verification 
of a minimum overall flatness of the surface, which is determined in 
terms of the height difference between the lowest and highest point of 
the deposit profile inside the repair or welding region. A 0.5 mm 
threshold is set for the maximum allowable height difference. The third 
is that the deposit should protrude the cavity (both in the case of welding 
and filling the local defect) so that after machining the excess material, a 
flat surface can be achieved. 

It should be noted that the kinematic parameters were selected 
considering the constraints of the available cold spray gun and the ro
botic arm as its maneuvering device. These include robotic arm’s range 
of motion, collision evasion, as well as general CS deposition re
quirements like the necessity for a direct line of sight. 

2.2. Experimental tests 

2.2.1. Material and methods 
Having a widespread use in industry, stainless steel AISI S316L was 

selected both for the substrate and powder feedstock, with the nominal 
chemical composition as reported in Table 1. 

Spherical 316L powder (Metalpine GmbH, AT) with D10 =

16.62 μm,D50 = 27.16 μm, and D90 = 42.35 μm and apparent density 
of 4.77 g/cm3 was used as the feedstock. Size distribution and the 
sphericity of the powder were assessed with Malvern Mastersizer 2000E 
(Malvern Instruments Ltd., Worcestershire, UK) and through SEM im
aging, respectively. The results indicated notable sphericity with an 
aspect ratio of 0.98 ± 0.178, as confirmed by Fig. 2. 

All the substrates were cut from the same 5 mm thick rolled S316L 
sheet and then slots, cavities, or edge shape, as described in the next 
section, were made using CNC machining. In all cases, the spraying was 
performed using the Impact cold spray gun 5/8 equipped with the 
tungsten carbide de Laval nozzle Out1 (Impact innovations, DE). 

An extensive literature review was done on the CS of S316L to set the 
optimum spraying parameters for the experimental campaign 
[3,28–39]. Based on previous parameter optimizations found in the 
literature and the limitations of the employed CS system, the baseline 
process parameters were set as reported in Table 2. 

2.2.2. Initial characterization tests and equipment 
The first set of experiments, carried out to obtain the input data for 

the shape prediction model, consists of 13 single-track depositions on 
rectangular (25 × 16 mm2) samples with different secondary parameters 
reported in Table 3. 

Each sprayed sample was englobed and polished. After sufficient 
polishing of the surfaces, the deposit profiles were photographed in 
slices with an optical microscope. The images were stitched together to 
form a continuous photo of the deposit profile. The composite images 
were then processed using the program, ImageJ [40]. First the com
posite images were transformed to grayscale, as displayed in Fig. 3(b). 
Then their pixel/length ratio was calculated, and finally the profile 
points, which were extracted by a MATLAB code, were transformed into 
coordinates, the result of which is the black profile shown in Fig. 3(c). 
The digitized profiles were analyzed to calculate different parameters of 
the constituent equations of the deposit growth model. Fig. 3(a) repre
sents a composite image of deposit profile for the parameter set number 
10. 

After acquiring the deposit profile for all the samples and considering 
the prescribed general forms of the constituent equations, a MATLAB 
code was employed to calculate the fitting parameters, minimizing the 
RMSE of the experimental and the fitted profiles difference. The calcu
lated model parameters are reported in Table 4. 

The DE for each parameter set was calculated as the ratio of the 
weight of deposited powder to the weight of the sprayed powder while 
nozzle traveled over each sample. To further establish the pragmatic 
aspects of the approach, porosity of the obtained deposits was measured 
through analysis of the SEM micrograph images (with an example pre
sented in Fig. 4) of each series. The average values for measured porosity 
of specific samples are reported in the results section to reflect the effect 
of nozzle travel speed, stand-off distance, and impact angle. 

To validate the developed code, it was implemented for simulating 
the deposit profile for three distinct reference cases. These three cases, 
which are fully explained in [22], are designed to evaluate specific as
pects of the code’s capabilities, including the effect of spraying angle, 
effect of substrate’s geometry, and shadow effect. In all three validation 
cases, the general form of the experimental and numerical profiles was 
in very good agreement. Furthermore, the model successfully appreci
ated the target aspect of each benchmark case. However, a slight over
estimation of the deposit height was perceivable in all three validation 
cases, which as discussed in future sections if not checked, may lead to 
an exacerbated deviation from the experimental results in cases with 
higher number of passes. 

It should be noted that the code works based on the polynomial 
equations that are fitted to the experimental deposit profiles. As the 
input parameters of the predictive model are taken from these poly
nomial curves and the building blocks of the code for deposit profile are 
also smooth polynomials, it cannot appreciate the local non-smooth 
nature of the deposits. 

2.2.3. Repair and welding experiments 
Three sets of experiments were conducted: 1) repair of various 

configurations of cut-through slots, 2) repair of enclosed cavities with 
varying geometries, and 3) welding of different butt-joint arrangements. 

In real cases, the initial geometry of the damage zone is usually 
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Fig. 1. The iterative algorithm for definition of the optimized toolpath strategy.  
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modified and machined to a more regular shape, which is suitable for 
repair. In the case of CS repair, this defect bed preparation is necessary 
to assure that all the regions of target volume are accessible by the 
powder jet, a practical minimum DE is achievable on all target surfaces 
promoting the deposition of a uniform coating, which prompts a ho
mogeneous and seamless integration with the original part. In addition, 
previous studies from our research group on the effect of cavity geom
etry on the quality of CS deposit, were consulted for selection of 
representative cavities [41], described schematically in Fig. 5 and 
Table 5. 

It is worth reminding that the simulated scanning strategies consist 
of deposit tracks parallel to the longitudinal direction of the cavity. 

Furthermore, while nozzle’s track can be modified to avoid over 
spraying on the far edges of the enclosed cavities, this was not a point of 
focus during this study. 

Cut-through slots were studied to initially eliminate the boundary 
effect of the closed ends of the enclosed cavities and to provide a more 
accurate representation of the resultant simulated deposit profile. Two 
profiles with similar depth of 1.5 mm and width of 16 mm were 
considered for the cut-through samples: one with a 5r curved edge and 
the other with a 30◦ slope, as demonstrated in Fig. 5. 

Five configurations of enclosed cavities were selected to evaluate the 
effect of edge shape, as well as the isolated effect of depth and width size, 
with their dimensions reported in Table 5. 

Table 1 
Nominal chemical composition (wt%) of 316L stainless steel for substrate and powder [27].  

Element C Ni Cr Mn P S Si Mo N 

wt% 0.020 11.21 17.38 1.860 0.027 0.0054 0.510 2.360 0.038  

Fig. 2. SEM micrographs of the spherical S316L powder.  

Table 2 
Cold spray system parameters.  

Gas 
type 

TG (
◦C) PG (bar) Powder feed 

rate g/min 
Nozzle traverse 
speed (mm/s) 

Stand-off 
distance 
(mm) 

N2 700 35 20 250 30  

Table 3 
Spraying parameters used for characterization tests.  

Sample 
number 

Sample 
length 
[mm] 

Nozzle 
traverse speed 
[mm/s] 

ds 

[mm] 
Number of 
passes 

Impact 
angle [◦]  

1  15.2  250  30  20  90  
2  15.3  150  30  20  90  
3  15.0  350  30  20  90  
4  15.3  250  30  20  80  
5  15.1  250  30  20  70  
6  15.1  250  30  20  60  
7  15.1  250  30  20  50  
8  14.9  250  30  10  90  
9  14.9  250  30  14  90  
10  14.9  250  25  20  90  
11  15.1  250  35  20  90  
12  14.8  250  40  20  90  
13  15.0  250  45  20  90  

Fig. 3. Composite cross-section image of the profile of characterization deposit 
number 10. 

Table 4 
Calculated parameters for fitted constituent equations.   

A rn K2 

A.J(r) parameters 2.2 4 0.9    

tan(αn) k 

DE(α) 3.098 7.61    

a0 a1 a2 a3 a4 

DE(Standoff) − 4.415 0.6542 − 0.02953 0.00059 − 4.4E − 6  
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The butt joint geometries employed for the analysis of CS welding 
were selected from the most conventional arrangements, with the con
dition that CS deposition constraints will allow for a complete and ho
mogeneous deposition at the weld root. The first constraint was the 
target maximum deposit thickness of 5 mm to be achieved, which was 
selected as an achievable thickness with reference to previous studies on 
the application of CS as an AM method [3,42]. The second point that led 
to discarding some configurations such as K-shape or double-J shape, 
was the requirement for an acceptable deposition efficiency and 
compatibility with system’s line of sight for all the weld faces. Another 
constraint was the necessity of accurate alignment of weld butts at the 
root, and a tight tolerance for the zero root gap during the CS, that is 
necessary for fabrication of a strong integrated weld. In specific 

configurations such as V+ or similar geometries, the interface at the root 
consists of two very thin edges, which are challenging to align and keep 
together while exposed to the high pressure of CS process gas. This led to 
discarding V+ and similar geometries. Therefore, the V-shape butt welds 
with 20◦ and 30◦ face angles were selected for the analysis. Weld-face 
slope angles were selected to accommodate a wide and simultaneously 
deep enough groove for placement of at least two deposit tracks of 8 mm 
width. The selected geometries are presented in Fig. 6. 

While the focus of this paper is on optimization of CS toolpath 
strategy for achieving a satisfactory final deposit profile through pre
dicting the geometrical evolution of the deposit, it is worth reminding 
that future research should also include a thorough evaluation of the 
final mechanical properties of the realized CS deposits. To address this 
concern, while remaining within the determined framework of this 
paper, results of preliminary measurements for microhardness and 
tensile strength of the created deposits are briefly discussed in the 
following section. 

3. Results and discussion 

The porosity of characterization samples with different process pa
rameters are compared to choose the optimum set of process parameters 
for the other cases. The deposit profiles acquired from the experiments 

Fig. 4. Processing of SEM images for measurement of deposit porosity.  

Fig. 5. Definition of geometric aspects of considered (a) enclosed and (b) cut-through cavities, and dimensions of cut-through slots with (c) 30◦ sloped edge and (d) 5 
mm radius curved edge. 

Table 5 
Selected configurations for samples with enclosed cavities.   

16 16 32 Width (mm) 

1.5 2.5 1.5 Depth (mm) 

Curved R5 ✓ ✓ ✓  
Sloped 30◦ ✓    
Sloped 45◦ ✓     
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and those simulated by the developed model are presented and 
compared in this section. In all cases, certain deviations of deposition 
parameters from those prescribed, and the fundamental assumptions of 
the numerical model are discussed for evaluating the capabilities of the 
presented model. 

3.1. Measured porosity 

Deposit porosity of eight characterization samples was measured by 
analyzing their cross-section SEM images with the help of ImageJ soft
ware [40]. The analyzed samples were selected to reflect the effect of 
variation of three process parameters in isolation, namely Nozzle tra
verse speed, stand-off distance, and impact angle. The measured 
porosity values are reported in Table 6. 

Comparing the porosity for samples 1–3 it can be inferred that in
crease of nozzle traverse speed results in an overall increase of porosity. 
While the trend is not a steady decline, the variation of porosity with 
traverse speed is in line with the other experimental results reported in 
the literature [43]. The same observation can be made for the increase of 
deposit porosity with increase of stand-off distance, observed in samples 
1, 11, and 13 [44]. An increased number of tests with wider range and 
smaller increments of process parameters can more clearly demonstrate 
their effect on porosity. It should be noted that, as also reported in the 
literature [44–46], the optimal process parameter is not always the 
lowest value and it may be indicated by the dip in porosity as well as 
deposition efficiency. On the other hand, the detrimental effect of 
smaller impact angle on the porosity is more evident through compari
son of samples 1 and 5–7. 

Based on the measured porosity, deposition efficiency, and the de
posit profile of the 13 characterization samples, the process parameters 
presented in Table 2 were implemented for the spraying of the repair 
and welding samples. 

3.2. Repair of cut through slots 

For each case, the optimal deposition strategy was identified and 
simulated by following the proposed process indicated in flowchart of 
Fig. 1, with an example presented in Fig. 7. After spraying the cut- 
through samples with the optimized toolpaths, they were cut across 
the central transverse plane and the deposit profiles were extracted 
through microscopy observations. Comparison of the simulated and real 
profiles for the sample with cut-through slot with curved edges, as 

shown in Fig. 8(a), indicates that while predicted profile closely de
scribes the shape of the achieved profile, the overall height of experi
mentally obtained deposit is less than the one predicted by the model. 

This can be interpreted as an overestimated DE by the model that can 
be attributed to uncertainties in fittings performed to define the input 
parameters. The input parameters for the numerical model are in all 
cases evaluated for depositions with a maximum of 20 passes on the 
same track. However, optimized repair deposition toolpaths rely on 
deposition of a higher number of passes. There might be a turning point 
after which the DE diminishes, as it is reported in the case of CS, since 
the shape of the deposit evolved and thus the angle of impact and 
consequently the local DE can be reduced as the number of passes in
crease. Another contributing factor may be the geometry of the cavity 
and how it diverges from the flat substrates, which were used in the 
characterization. The raised side edges of the cavity may result in a 
distinct disturbance of the impinging gas flow or may enforce the 
rebounding flow, and subsequently decrease the DE. 

Fig. 6. Final geometries selected for the welding experiment.  

Table 6 
Measured porosity for characterization samples.  

Sample no. 1 2 3 5 6 7 11 13 

Speed (mm/s)  250  150  350  250  250  250  250  250 
Impact angle (◦)  90  90  90  70  60  50  90  90 
SoD (mm)  30  30  30  30  30  30  35  45 
Porosity (%)  0.793  0.609  0.668  1.557  3.914  1.345  0.643  2.775 
SD  0.0141  0.0556  0.0589  0.5510  0.5789  0  0.0598  0.3455  

Fig. 7. Progressive view of deposition strategy for a cut-through slot of 1.5 ×
16 mm2 after (a) 1, (b) 2, (c) 4, (d) and 10 steps. 
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To solve this discrepancy a corrective coefficient (DEC) was 
considered, equal to the ratio of average deposit height across the width 
of the slot for the experimentally obtained deposit to that of the simu
lated deposit. The simulation for both curved and sloped edges was 
repeated implementing the DEC calculated as 0.71 in case of the cut- 
through slot with curved edges. As can be seen in Fig. 8(b), consider
ation of the DEC resulted in a significantly closer prediction of the 
observed deposit profile. 

Fig. 9(a) demonstrates the comparison between the acquired and 
simulated deposit profiles for the slot with 30◦ sloped edges after 
applying the DEC. However, despite the well predicted average deposit 
height, some local peaks can be identified in the experimental results 
that cause local deviation between the predicted and the real profiles. 

A careful inspection of the manufactured slot before deposition re
veals that placement and overall geometry of the peaks is a close pro
jection the traces left after machining the bottom surface of the defect 
bed, which may be the reason for unexpected local deviations from the 
simulated profile. To assess this theory, small equilateral peaks were 
added to the substrate profile in the simulation. As confirmed by the 
results presented in Fig. 9(b), the simulated profile shows better con
formity with the experimental data, proving that the local artifacts in the 
substrate’s surface will be projected in the deposit’s profile throughout 
the deposition process and will be eventually reflected on the top 
surface. 

3.3. Repair of enclosed cavities 

The next series of experiments included repairing the local enclosed 
cavities represented by the five selected geometries described in Fig. 5 
and Table 5. The simulation results revealed that except in the case of 
deeper cavities, there is no benefit to spraying with inclined gun. 
Therefore, in cases with shallow cavities, the optimized toolpaths consist 
only of parallel tracks connected at the end through perpendicular 
motions along cavity’s width. 

As an example, the optimized toolpath strategy for the first sample 
with smallest cavity of 16× 1.5 mm2 with 5r curved edges is presented 
in Table 7 with an overview of the resultant deposit in Fig. 10. The 
toolpath strategy is presented in terms of placement of tracks, which is 
described by expressing the lateral distance between the track and 
center of cavity Δy (mm) and the number of passes along each track. 

Comparing the profiles in the mid-section of the deposit with the 
simulated profile, presented in Fig. 11 reveals that the acquired deposit 
height is still slightly lower than the simulated profile. Therefore, 
following the same procedure as explained in Section 3.2, a DEC equal to 
0.6 was calculated for this case. The further decrease in DE is proposed 
to be attributed to the more constrictive effect of fully enclosed cavity, as 

Fig. 8. Comparison of deposit profiles for the 5r curved edge cut-through slot (a) from experimental results, and simulation (b) before and (c) after modification.  

Fig. 9. Comparison of deposit profiles for the cut-through slot with 30◦ sloped 
edges (a) from experimental results, and simulation (b) without and (c) with 
consideration of machining traces. 
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well its small aspect ratio on the carrier gas flow. 
Also in this case, some local deviations from the smoother predicted 

profile were observed in the extracted profile in Fig. 11(a), which closely 
follow the machining marks present on the bottom and edges of the 
cavity (see Fig. 10). 

The same process was followed for the other sample with enclosed 
but deeper cavity, with the only difference that deeper cavities required 
spraying some of the tracks with the nozzle inclined to efficiently fill the 
corners and make a more suitable bed for the subsequent layers. This 
contrasts with the cases for shallow cavities where the nozzle was always 
at 90◦ with respect to the cavity’s bottom surface. The toolpath strategy 
for repair of the 2.5 × 16 mm2 cavity with 5r curved edges is presented 
in Table 8. Here a row is added to describe the deviation of nozzle’s 

inclination from the usual 90◦ (Δα). 
It should be noted that employing a similar DEC as that of the 1.5 ×

16 mm2 cavity with 5r curved edges, a good agreement between the 
profiles is observed, as in Fig. 12. However, there are still some local 
discrepancies as well as a more pronounced asymmetry in the experi
mental profile. 

The first reason for this deviation is the minor variation of gas 
pressure and temperature during spraying of initial inclined tracks. The 
inclination of nozzle results in variation, a decline during first track and 
increase during second track of gas pressure and temperature. Therefor 
during spraying the first two tracks, the parameters are not at the 
optimized level, leading to a lower DE than predicted. The other reason 
is slight misalignment of the nozzle’s initial position with respect to the 
cavity, which results in an overall offset of the experimental deposit 
profile with respect to the cavity. 

However, considering the good agreement of the obtained and 
simulated results with a DEC the same as that of a cavity of 1.5 mm 
depth, one can suggest that the depth variation (at least in the range 
considered in this study) does not significantly affect the DE. 

The last repair sample to discuss has a 1.5 × 32 mm2 cavity with 5r 
curved edges. The optimization process revealed that the efficient repair 
of this cavity, like other shallow cavities, does not require inclined 
spraying. In addition, applying a new calculated DEC equal 0.85 results 

Table 7 
Toolpath strategy for the 16 × 1.5 cavity with 5r curved edges.   

Track number 

1 2 3 4 5 6 7 8 9 10 

Number of passes  16  16  16  16  16  16  22  22  16  16 
Δy (mm) 4.6  − 4.6  − 1.2  1.2  6  − 6  − 2  2  6  − 6  

Fig. 10. Overview of the 1.5 × 16 mm2 cavity before and after spraying, (a) a combined view of the CAD design and actual machined cavity with the optimized 
toolpath strategy according to Table 7 overlayed, (b) the damage cavity after CS spraying with the proposed toolpath strategy. 

Fig. 11. Comparison of deposit profiles for the 1.5 × 16 mm2 enclosed cavity with 5r curved edges with different DECs.  

Table 8 
Toolpath strategy for first six tracks for the 1.5 × 16 mm cavity with 5r curved 
edges.   

Track number 

1 2 3 4 5 6 

Number of passes  26  26  22  22  22  22 
Δy (mm) 6  − 6  − 3.5  3.5  1  − 1 
Δα  30◦ − 30◦ 0  0  0  0  
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in a satisfying profile prediction, as is evident in Fig. 13. 
Even though the collected data may not be conclusive, the results 

indicate that if the cavity’s aspect ratio is defined as the ratio of its 
length to its width, a relation between cavity’s aspect ratio and the DEC 
can be proposed. It is proposed that for aspect ratios close to zero (very 
wide cavities) the DEC approaches a value of 1, and it may decrease in a 
non-linear manner with respect to increasing aspect ratio. 

3.4. Welding of different butt joint arrangements 

Optimization of toolpath strategy for the two selected butt-weld 
geometries started with investigating the deposit growth at the 
adjoining edge interface with varying numbers of passes. The deposit 
track covering this region is critical because it determines the quality of 
the final weld, especially since this track has the most complex substrate 
configuration among all other subsequent deposit tracks. As can be 
perceived from Fig. 14, this effect is less pronounced for the 20◦ notch 

compared to the 30◦ notch geometry. Our preliminary analyses revealed 
that even with the relatively narrow notch and even with high number of 
passes, it is impossible to fill the notch completely with a single track. 

To develop a realistic strategy, first, adding a track should contribute 
to increasing the flatness of the deposit. Hence, the lowest points on 
deposit surface would be the initial choices for addition of the next track. 
Second, the detrimental effect of edges on DE, and therefore slower 
deposit growth at these points should be considered. The final optimized 
toolpath strategies for 30◦ and 20◦ notches consisted of 270 and 384 
passes, respectively. The toolpath strategy for filling the 30◦ notch is 
presented in Table 9 and the predicted deposit geometries for both 
configurations are presented in Fig. 15. 

The slight asymmetry evident in deposit profiles, which is more 
pronounced for the 20◦ notch deposit, arises from the imperfect initial 
alignment of the adjoining edges of the two pieces of substrate, as well as 
misalignment of the nozzle’s starting point and motion direction with 
respect to interface edges. Both factors can be further mitigated through 
implementation of a more accurate fixture and better calibration. 

Also in this case, comparison of the obtained and predicted profiles 
revealed the necessity of implementing a corrective coefficient, which 
was found to be equal to 0.69. The lower value compared to the DEC 
determined for the repair cases may be due to the more constrictive 
geometry of the V-notch in comparison to that of the cavities. However, 
after applying this corrective factor a very good agreement between the 
predicted and experimentally obtained profiles was found, as can be 
observed in Fig. 16. 

3.5. Mechanical characterization of the realized CS deposits 

3.5.1. Microhardness measurements 
The tamping effect of the progressively impacting particles will 

induce work hardening and an increase in the hardness of the deposited 
powders in comparison to that of the bulk material (i.e., in this case the 
substrate). This leads to the brittle behavior of the CS deposit in the as- 
sprayed state. In many cases, higher ductility is desirable, and various 
studies in the literature have proposed the necessity of performing a 
post-deposition heat treatment to recover the ductility and fracture 
toughness of the CS deposit [3,47–49]. Providing a preliminary analysis 
of microhardness variation across the deposit-substrate cross-section can 
highlight the necessity of post-processing for achieving satisfactory 

Fig. 12. Comparison of deposit profiles for the 2.5 × 16 mm2 enclosed cavity 
with 5r curved edges. 

Fig. 13. (a) An overview of repaired enclosed cavity of 1.5 × 32 mm2 and (b) comparison of achieved and simulated profiles.  
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mechanical properties. 
To this end, a representative repair sample (the sample with enclosed 

cavity of 1.5 × 16 mm2 with 5r curved edges) was cut orthogonal to the 
spraying tracks, englobed, and polished and then Vickers microhardness 
measurements were conducted on its cross-section at equidistant steps of 
0.30 mm from the deposit’s top surface, as indicated in the Fig. 17. 

For the microhardness measurements a load of 300 gF was applied 
with a dwelling time of 20 s. Furthermore, the indentation points were 
positioned far enough from each other and the deposit’s top surface and 
the deposit-substrate interface. The results clearly indicate the effect of 
work hardening on the hardness of the deposit and a clear decline of the 
hardness when passing from the deposit to the substrate. 

The hardness was measured on the cross-section of the repair sample 
at five levels with the sixth measurement conducted on the substrate 
near the interface, each repeated three times. Table 10 summarizes the 
average values of the measured Vickers microhardness and the corre
sponding standard deviation. It should be noted that the microhardness 
distribution across a coating is not expected to be perfectly uniform and 
can be highly affected by the measurement position with respect to the 
splat boundaries and their size and deformation, among many other 
factors. 

As can be seen, a significant decrease in the measured microhardness 
between the fifth and the sixth measurements is a clear indication of 
transfer from the deposit to the substrate. In addition, the considerably 
higher microhardness of the deposit (almost twice the microhardness of 

substrate), as expected, is a result of work-hardening of the CS deposited 
particles and considerable tamping effect of the consequently deposited 
layers. 

3.5.2. Tensile strength of the CS deposited welds 
To have a qualitative evaluation of the interface adhesion strength 

and the integrity of the weld, a tensile test was conducted on the welded 
parts with excess deposit machined down to a flat surface. The 20◦ V and 
30◦ V notch samples failed at an average stress of around 5 MPa and 13 
MPa, respectively, with the 30◦ V notch sample showing a significantly 
higher strength. In both cases the fracture initiation and growth 
occurred through the deposit and no delamination was observed. While 
the reported tensile strengths seem rather low for welding applications, 
this behavior at the tested state is expected. First, a literature review 
[3,50] reveals the necessity of various post-processes such as heat 
treatment to recover the ductility and decrease the porosity of the CS 
deposit. Furthermore, as stated in the reported observations, a more 
robust fixture should be designed and employed to hold the weld joint 
edges of the separate parts aligned throughout the CS process. In addi
tion, the nozzle’s initial calibration should be improved to enhance the 
alignment of the weld edges and the nozzle tracks. These adjustments 
improve the integrity and in turn mechanical properties of the CS weld, 
which can be explored in future studies. 

Fig. 14. Comparison of central track growth after (a) 20 and (b) 50 passes over 30◦ notch, and after (c) 20 and (d) 50 passes over 20◦ notch.  

Table 9 
Toolpath strategy for welding the 30◦ notch butt weld joint.   

Track number 

1 2 3 4 5 6 7 8 9 10 11 12 

Number of passes  40  20  20  40  20  20  30  20  20  20  10  10 
Δy (mm) 0  − 4  4  0  − 4  4  0  − 6  6  0  − 4  4  
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Fig. 15. Comparison of predicted progressive deposit growth and final deposit profile in 2D and 3D with the acquired profile for (a) 30◦ notch and (b) 20◦ notch.  

Fig. 16. Comparison of acquired and predicted deposit profile for 20◦ V notch weld (a) before and (b) after applying DEC.  

Fig. 17. Arrangement of microhardness measurement points across the cross section of the repaired sample.  
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4. Conclusions 

Here a deposit shape prediction model, previously developed in our 
research group, was further enhanced by being integrated into an iter
ative scheme, which allows the optimization of toolpath strategy for 
efficiently filling different geometries of cavity with desired criteria. In 
this research two general applications, repair of different cavities and 
welding of two adjoining parts, were considered. 

The developed numerical model can be successfully applied for 
different substrate geometries and powder-substrate material combina
tions. Here, the deposit shape prediction parameters for CS of 316 L steel 
powder on the substrate of the same material were determined from 
experimental results. The developed model together with the iterative 
scheme were used to optimize the arrangement of deposition tracks 
based on the target geometry. The qualitative optimization criteria were 
set as the relative deposit surface flatness and the minimum number of 
tracks necessary to protrude from the substrate flat surface. After ac
counting for some discrepancies in deposition efficiency, it was shown 
that in all cases the developed model can successfully predict the deposit 
profile shape with high accuracy. 

Based on the findings it can be concluded that:  

– It was demonstrated that a corrective coefficient, which is proposed 
to depend on geometrical aspects of the cavity, can be introduced to 
account for variation of deposition efficiency from the characterized 
value.  

– This variation, which is proposed to be attributed to the disturbance 
of impinging gas flow on non-flat surfaces, is more pronounced in the 
welding cases with V-shaped butt welds.  

– An accurate calibration of nozzle’s motion with respect to the 
deposition target and implementation of a robust fixture for each 
application can further increase the consistency between the pre
dicted and experimentally acquired deposit profiles. 

Overall, the developed enhanced numerical model can successfully 
predict the cold sprayed deposit distribution and profile of any desired 
material over any arbitrary substrate geometry, provided that the 
required input parameters are calculated with high precision, and the 
experiments are accurately conducted. 
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Appendix A. Additional figure

Fig. A1. A1 (a) The cut-through slot sample with 30◦ slope, (b) enclosed cavity pf 16 × 1.5 with 30◦ sloped edges.  
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