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a b s t r a c t 

Cold Spray Additive Manufacturing (CSAM) is a well-established technology that has recently attracted interest for 

forming 3D shapes in a fast and scalable fashion. Nonetheless, the resulting surface of cold sprayed parts normally 

requires post-deposition machining to achieve the desired surface finish. In this work, a convolution-based digital 

framework for CSAM yield and surface finish prediction able to calculate the optimal interline distance to reduce 

surface waviness was developed. The aim is to minimise post-deposition treatments, thereby reducing production 

time, material waste and costs. This method is applicable beyond CSAM and can be of interest for other additive 

manufacturing techniques. 

1

 

m  

r  

5  

t  

s  

i  

a  

s  

s  

r  

fi  

A  

v  

e  

g  

t  

o  

t  

o  

l  

s  

r  

t  

A  

f  

c  

t  

m  

b  

u  

p  

o  

t  

b  

b  

p  

s  

t

2

 

(  

u  

t  

A  

h  

f  

5  

u  

t  

s

 

l  

f  

h

R

2

. Introduction 

Cold Spray Additive Manufacturing (CSAM), is a well-established

aterials deposition technology that has proved suitable for coating,

epair and additive manufacturing [1] . In CSAM, powder particles of

–45 μm size are transported by a stream of supersonic accelerating gas

hrough a converging-diverging de Laval nozzle and deposited onto a

ubstrate upon high-velocity impact. The momentum of the particles at

mpact yields a high strain rate plastic deformation of both the particle

nd the substrate [2] , yielding to interlock or cold welding by adiabatic

hear instability [3] , and ultimately achieving bonding [4] . The feed-

tock particles are deposited when their velocity at impact is within a

ange called deposition window [5] ; outside this range, deposition ef-

ciency approaches zero, until no deposition or erosion take place [6] .

n intrinsic characteristic of the CSAM process is the distribution of

elocities the particles acquire when sprayed. Considering particles of

qual size and shape, due to boundary effects of the nozzle walls on the

as flow, particles at the centre of the nozzle will be accelerated more

han those closer to the boundaries [7] , yielding a radial distribution

f deposition efficiency which gives the characteristic conical shape of

he deposition. As a result, when building up an extended deposition

ver a wide area, an uneven deposition thickness and typical crater-

ike shapes are formed as a by-product of this characteristic deposition

hape. Consequently, additional crater-filling deposition and material

emoval are required to obtain a smooth surface finish of the desired

hickness [8] , increasing materials waste, costs and manufacturing time.

 possible mitigation to this problem can be offered by convolution [9] ,

or which by knowing the shape or fingerprint of the deposition pro-

ess, it is possible to predict the final deposition shape for a given addi-
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ive manufacturing pattern. Recent approaches either theoretical [10] ,

achine learning-based [ 11 , 12 ], differential equation-based [13] and

ased on gaussian approximation coupled with ABB RobotStudio sim-

lation [14] have been proposed. These methods share a Gaussian ap-

roach to spray profile fitting and tackle the prediction task with vari-

us mathematical frameworks, yielding algorithm of different computa-

ional cost. However, a convolutional approach to CSAM, which would

e an easier and computationally cheap solution, is still missing and can

e an additional powerful tool. In this work, a method is presented to

re-assess the deposition yield and shape, and to select the optimal depo-

ition parameters to obtain a desired surface finish in order to minimise

he need for post-deposition surface treatments. 

. Material and methods 

The CSAM samples in this work were deposited by Dymet DY423

Dycomet, United Kingdom) on Al6082-T6 substrates. The feedstock

sed were the commercial powder blends K-10–01 (nominal composi-

ion Al 2 O 3 60–70 wt.%, Al 30–40 wt.%) and K-20-11 (Zn 38–42 wt.%,

l 2 O 3 23–27 wt.%, Al 33–37 wt.%) supplied by Dycomet. These will

ereafter be referred to as C-Al and C-AlZn, respectively, where C stands

or ceramic. The spray parameters used were a feed rate of 0.6 g/s,

.6 bar air pressure and 10 mm stand-off distance. Optimal heating val-

es were chosen for each powder: Dymet setting T4 for C-Al (equivalent

o ∼500 °C air temperature) and T3 for C-AlZn ( ∼400 °C). A stainless

teel nozzle was used, 120 mm long and with 5 mm internal diameter. 

Three types of samples were obtained from the two powders: spot,

ine and step. In spot deposition the nozzle was directed at a fixed point

or a dwell time of 1, 2, 3, 4 and 5 s, in line deposition the nozzle was
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Fig. 1. CSAM digital framework method – (a) Measured profile filtering. (b) Gaussian fit for spot and line volume and spray yield calculation. (c) Prediction of the 

final surface waviness by convolution. 
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p  

1  

f  
oving in a fixed direction at a 5, 10, 20, 50 and 100 mm/s traverse

peed, whereas in step two lines were performed at an interline distance,

r step, of 1, 2, 3, 4 and 5 mm (at 5 mm/s). The surface profiles of the

amples were measured along a single line across the depositions using

 Talysurf contact profilometer (Taylor Hobson, United Kingdom); an

licona InfiniteFocus G5 + (Bruker, Austria) was used for two samples

hich exceeded the Talysurf measurement range. The spatial resolution

as 0.5 μm along x and 0.8 nm along z for the Talysurf and 0.44 μm

long x and y and 10 nm along z for the Alicona. The profiles were

nalysed with the software Mountains Map and Matlab using a 1.5 mm

aussian cut-off length. 

The measured profiles were analysed according to the process shown

n Fig. 1 . The measured raw profiles were levelled, and gaussian high-

nd low-pass filters were applied to decouple the roughness from the

aviness information, as in Fig. 1 a. In this work, the waviness informa-

ion was used, as it is the one giving the overall information on the de-

osition shape. The roughness information was disregarded as it cannot

e predicted or optimised by the proposed method. As shown in Fig. 1 b,
2 
or the spot depositions, the 3D Gaussian fit allowed to calculate the de-

osited volume of material. For the line depositions, the waviness profile

as used to generate a 3D line deposition used to calculate the deposited

aterial volume. The deposition yield was calculated as 𝑌 = 

𝑉 

𝑡 
where V

s the deposited volume and t the deposition time. Finally, as shown in

ig. 1 c, the superposition shape of two subsequent line depositions was

imulated by convoluting the line profiles with two delta distributions

sing the Matlab conv function, at a given distance of 1, 2, 3, 4 and 5 mm

o compare with the experimental results. 

. Results and discussion 

.1. Deposition yield 

The deposition yield was studied for spot and line deposition, as

resented in Fig. 2 . In the spot case ( Fig. 2 a) the deposition yield at

 s is higher for C-Al than for C-AlZn, then at 2 s and 3 s it decreases

or C-Al and increases for C-AlZn, reaching a steady value at 4 s and
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Fig. 2. Deposition yield measured for spot (a) and line (b) depositions, showing 

steady deposition yield after 3 s and decrease of deposition yield with increasing 

traverse speed, approaching zero at 50 mm/s. The variability is below 5%. 
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 s with average values of yield Y C-Al = (1.72 ± 0.02) mm 

3 /s and

 C-AlZn = (2.88 ± 0.02) mm 

3 /s. The inversion in deposition yield be-

ween C-Al and C-AlZn shows that the former gives better yield when

prayed onto the bare substrate, whereas the second when sprayed on

tself. In the line case ( Fig. 2 b), the deposition yield decreases for increas-

ng traverse speed, reaching no measurable deposition at 50 mm/s. At

his point, a threshold traverse speed has been overtaken. The material

tops building upon itself and only forms single-particle bonding with

he substrate – a typical configuration for single-particle impact analy-

is – therefore, only a layer of scattered particles and some erosion are

resent. The 20 mm/s velocity interestingly shows an increase of the C-

l deposition yield, confirming its tendency to have higher deposition

fficiency on the bare substrate. The explanation of this lies in the pres-

nce of twice as much ceramic (Al 2 O 3 ) in C-Al compared to C-AlZn. The

eramic acts as a shot-peening agent: it favours the metal deposition and

t the same time it compacts the existing deposition, but consequently

ot all the ceramic particles are able to get deposited, and part of them

s bounced away, not contributing to the deposition. 

.2. Surface profile prediction by convolution 

The cross-sectional profiles from the line depositions were used to

redict the surface profile given by a superposition of those at a given

nterline distance. In Fig. 3 , simulated and experimental superposition

f line deposition at 1–5 mm distance is presented for powders C-Al (a)

nd C-AlZn (b). Here, the superposition of parallel lines is considered.

he beginning, the end and the turns of the spray path in a raster config-

ration are not studied as they normally occur outside the sample area

n a typical cold spray configuration; however, the convolution method

an be used with more complex path geometries. If the two lines are

oo close, the deposition occurs on top of itself, keeping the Gaussian-

ike shape and increasing in height compared to the single line. If, on

he other hand, the two lines are too far apart, the deposition takes the

hape of two partially overlapped Gaussian distributions, with a trough

n between. Neither of these two cases is optimal for CSAM deposition,
3 
s the first case results in an excessive deposition, and the second results

n excessive surface waviness. In both cases, machining will eventually

e required for a smooth surface finish. The aimed outcome would be

haracterised by a flat top, with no trough between the two profiles,

hich occurs around 3–4 mm as visible both in Fig. 3 a and b. 

It should be noticed that this method is effective in predicting the

hape, but not as much in predicting the yield, as the discrepancy in

eight between simulation and experiment both in Fig. 3 a and b reveals.

his is due to the different yield when spraying on the flat substrate or on

 previously deposited, tilted line deposition. However, the discrepancy

n height is the lowest (around 10%) at the values of interest, 3 and 4 mm

tep. This method would be applicable also for predicting the shape of

ultiple additional lines without affecting the previous results. 

.3. Optimal interline distance calculation 

The optimal distance between two neighbouring lines was calculated

y an algorithm based on a loop that calculates iteratively the two lines

etting closer and stops at the first distance for which the trough be-

ween them disappears i.e. when the profile curve first has a single

aximum. This yielded optimal line distances d for the two materials of

 C-Al = 3.77 mm and d C-AlZn = 3.06 mm. These values are the outcome

f the algorithm: experimentally, taking into account the experimental

ncertainties of the input measurements, a range of ± 0.01 mm would

e an acceptable interline distance for practical applications. The sur-

ace finish is as flat as the initial line profiles allow and can be used

s an optimised interline distance for an extended CSAM deposition,

educing the final surface waviness and avoiding excessive deposition

hickness. Note that these values are valid only for these materials at the

pray conditions chosen: the acquisition of a new reference profile will

e needed for every change in the process, be it intrinsic (material, pres-

ure, traverse speed, temperature, substrate, stand-off distance) or ex-

rinsic (powder flowability, humidity, heating efficiency, nozzle wear).

n fact, it should be noted that the proposed method does not take into

ccount parameters such as the powder particle size distribution, the

owder distribution in the flow or the deposition efficiency. Therefore,

he method has the above limitation of requiring a new profile acqui-

ition for any new set of intrinsic and extrinsic parameters, but has the

enefit of being applicable to any of these combinations, regardless of

he individual experimental details. The convolution approach was cho-

en as it can handle any 2D track path geometry and would therefore

e easier to generalise to complex shape deposition, 3D deposition, and

econvolution to calculate optimal track for 3D shapes. 

. Conclusion 

A digitalised method for CSAM was developed, providing deposition

ield, predicting surface finish by convolution and informing about the

ptimal interline distance to minimise surface waviness and excessive

eposition thickness. The convolution method offers a semi-quantitative

pproach to deposition shape prediction; a quantitative approach would

eed to take into account the variation of deposition efficiency due to

ubstrate material, shape and roughness. To implement this strategy in

 spray run, an initial single line should be sprayed at the target tra-

erse velocity and the cross-sectional profile should be measured. The

lgorithm will inform the operator as for which interline distance to

et to reduce spray time, post-deposition machining time and material

astage. 
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Fig. 3. Experimental and simulated cross-sectional profile for step depositions at 1–5 mm interline distance for (a) C-Al and (b) C-AlZn powders. Profile heights have 

been made uniform for allowing better shape comparison; the different height can be noted in the y axes. 
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