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 A B S T R A C T

Following previous studies regarding the suitability of cold gas spray (CGS) for repairing large cavities in flat 
Inconel 718 components, circular specimen geometries were produced which contained tapered cavities with 
a depth of 4 mm. Two sets of process parameters, a hot and a cold parameter set, were used to fill the cavities 
with similar material by employing CGS. To evaluate the local residual stress state in the as-sprayed condition, 
non-destructive high-resolution neutron diffraction experiments were performed on the SALSA instrument 
at the Institut Laue-Langevin (ILL). 2D mappings of residual stress distributions were determined over the 
cross-sectional area in the centre of the specimens. Additionally, complementary laboratory residual stress 
analyses were carried out. The results of residual stress analyses indicate compressive residual stresses within 
the repaired zone, which are balanced by tensile residual stresses in the substrate adjacent to the repair 
site. Supplementary metallographic investigations show a good bonding between the repair filling and the 
substrate as well as strongly deformed particles within the repaired region. The latter indicates significant 
work hardening occurring during CGS. This is further supported by the increased widths of the diffraction 
lines recorded by neutron diffraction analyses and micro hardness distributions.
1. Introduction

Cold gas spray (CGS) is a well-established thermal spray process, 
combining solid phases in order to deposit materials that are either 
similar or dissimilar onto a substrate. Powder particles, typically with 
a diameter of 10 μm ≤ 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 ≤ 100 μm, are accelerated via a super-
sonic gas jet to velocities of up to 1500m s−1 and directed towards a 
substrate, where they form a dense coating [1–4]. The basic deposition 
mechanisms have been identified as a confined deformation due to the 
significant plastic deformation during impact, promoting mechanical 
interlocking and adiabatic shear instabilities, which leads to a removal 
of oxide scales and a metallurgical connection of the deposited particles 
even without melting [5–8]. To achieve the level of kinetic energy nec-
essary to overcome the material specific critical velocity, the particles 
are mixed in a convergent–divergent nozzle with a pre-heated high-
pressure gas. As the mixed gas–particle flow passes the de Laval nozzle, 
it is accelerated to supersonic speed, resulting in cooling of the gas. 
This is illustrated in the schematic in Fig.  1. It is essential to pre-heat 
the gas in order to increase the temperature of the particles and the 
sonic speed of the gas, thereby enabling the particles to be accelerated 
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to higher velocities. For high-pressure CGS, the process gas is usually 
Nitrogen or Helium due to their thermodynamic properties, which are 
well-suited for the process [9,10]. 

In comparison to conventional thermal spray processes, CGS is 
regarded as a low-temperature process, as the deposition occurs in 
the solid state, rather than in the liquid or gaseous state, thereby 
minimising adverse effects resulting from phase transformation. Fur-
thermore, it is a more environmentally friendly technique, as the power 
demand is relatively low and the use of toxic gases or chemicals is 
unnecessary [11–14]. CGS is a versatile process that can be used in a 
variety of applications. These include surface functionalisation, where 
it can be used to improve wear and corrosion resistance [15,16] or to 
develop antimicrobial surfaces [17]. Furthermore, it can be employed 
in the additive manufacturing of components [18–21]. Finally, it can be 
used in the repair of damaged components. Recently, there has been 
a notable increase in research activities within the field of aerospace 
component repair using CGS. For instance, the MOOG Aircraft Group 
observed that worn Inconel nose-wheel steering actuators repaired by 
means of CGS, exhibited superior corrosion resistance when compared 
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Fig. 1. Schematic diagram of the cold spray process.

to replacement parts [22]. In military aircraft, chafing around fastener 
holes in the aircraft skin leads to wear damage and the fit failing to 
meet tolerances. The use of CGS enabled the repair of skin panels using 
aluminium particles, thus avoiding the necessity for replacement and 
resulting in cost savings and the conservation of resources [23,24]. The 
repair of even larger defects on parts made from Inconel 718 presents 
an opportunity to expand the circular economy and thereby generate 
economic benefits, while simultaneously reducing the environmental 
impact. 

The procedure for the repair of near-surface defects is illustrated 
in the schematic in Fig.  2: A near-surface damage, e.g. wear during 
operation, marks the initial state. In a first step, the defect is worked 
out, and the surface is prepared for the subsequent coating, i.e., cleaned 
and conditioned, similarly to other conventional repair techniques. The 
CGS is then used to deposit the repair material into the repair cavity. 
The last step is to machine the repair site to restore the final geometry 
in order to recover a restored component for recommissioning.

A comprehensive understanding of the interaction of CGS deposit 
with the component is essential for optimising performance and ensur-
ing the durability of repaired components. Local residual stress (RS) 
distributions, which are crucial for assessing the structural integrity 
of such coating systems, represent a key area of investigation in CGS 
repair applications, particularly for large or deep defects. In the CGS 
repair of large cavities, there are three major effects contributing to 
the formation of RS in the coating system: a peening effect, due to 
the continuous particle impact on the surface, a temperature effect, 
due to thermal input and subsequent cooling of the surface, and a 
property mismatch resulting from differences in the physical properties 
of the materials involved. Depending on the material combination and 
specific CGS processing parameters, the resulting RS can be tensile 
or compressive. Boruah et al. [26], for example, found tensile RS in 
4.5mm high Ti–6Al–4V deposits on Ti–6Al–4V substrates. Vassen et al. 
[27] studied Inconel 718 coatings with different thicknesses deposited 
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on Inconel 718 substrates by means of CGS. They found axisymmetric 
compressive RS depth profiles for all investigated coating thicknesses. 
Schmitt et al. [28] found that for the combination of thin full-surface 
layers of Inconel 718 particles deposited on Inconel 718 substrates, 
the resulting RS can effectively be adjusted by the appropriate choice 
of spraying parameters between tensile and compressive RS. While 
near-surface compressive RS can have a positive impact on the fatigue 
behaviour, for CGS applications high compressive RS can also cause 
delamination of the coating. The research of Singh et al. [29] shows, 
that the adhesion strength of Inconel 718 deposits on Inconel 718 
substrates is influenced by the compressive RS state and the coating 
thickness. Fiebig et al. [30] concluded that the dependence of the 
adhesion strength on coating thickness for CGS Inconel 718 on Inconel 
718 might effectively be affected by RS.

For the extension of CGS to the repair of substantial defects, particu-
larly in Inconel 718 components intended for the use in turbine engines, 
it is crucial to examine the interaction between the repair site and the 
component in question. It is essential to ensure that the repair is fully 
and effectively bonded to the substrate. In order to evaluate the repair 
in terms of mechanical integrity in service, it is necessary to investigate 
the microstructure and analyse the RS. This is not only relevant for 
the filling, but also particularly for the interface and the component 
beyond. Given the intended application for the repair in aerospace 
components, which makes subsequent heat treatment challenging, it 
is important to ascertain whether the resulting repair properties can 
be controlled by suitable process parameters in case of filling confined 
cavities. Such an approach will ensure that the final repair is not suscep-
tible to distortion and that it possesses adequate mechanical properties. 
Following our previous investigations into the suitability of CGS for the 
repair of defects with up to 4mm depth on flat specimens made from 
Inconel 718 [25], this study extends the repair to large cavities on more 
practice relevant geometries, i.e. cylindrical specimens. The curvature 
causes different mechanical constraints that can influence the interac-
tion of the CGS repair with the substrate. Elongated and tapered cavities 
with a depth of 4mm were milled into the circumference of cylindrical 
Inconel 718 samples and subsequently filled by means of CGS using a 
powder feed stock with a chemical composition similar to Inconel 718 
and two sets of processing parameters. The parameters mainly differ 
in the gas pressure and the gas temperature, in order to investigate 
the influence of different thermodynamic spraying conditions on the 
integrity of, and the resulting RS distribution in the repair of 4mm deep 
cavities in Inconel 718 components. An assessment of the bonding of 
the filling to the substrate was conducted using microscopic analysis 
with a special focus on the interface region between repair site and 
substrate. The CGS repaired process zone was characterised in terms of 
hardness distribution and microstructure. Complementary RS analyses 
were conducted using incremental hole analysis, a destructive approach 
to analyse near-surface RS depth profiles on a laboratory scale, and non-
destructive neutron diffraction experiments for in-depth RS analysis. 
Fig. 2. Schematic sequence of component repair using the cold gas spray process (CGS): A surface damage is milled out and the surface is prepared (Step I). The filler material 
is deposited in the cavity by means of CGS (Step II). Afterwards, the component is re-machined to the final geometry (Step III) in order to produce a refurbished component for 
recommissioning.
Source: Modified from [25].
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Fig. 3. Schematic showing the specimen geometry of the cylindrical samples and the corresponding sample coordinate system. All dimensions are given in mm.
Table 1
Selected CGS process parameters used to repair the specimens.
 Sample designation Gas pressure

𝑝𝑔𝑎𝑠
Gas temperature
𝑇𝑔𝑎𝑠

 

 Parameter I 4MPa 1223K  
 Parameter II 4.5MPa 1323K  

Although, neutron diffraction is limited to large-scale facilities, it is a 
particularly well suited method for the non-destructive analysis of RS 
stress distributions with a sufficiently high spatial resolution through-
out the repair cavity and in the specimens. It is crucial to ascertain 
the distribution of RS in a repair cavity in its as-sprayed condition, 
i.e. without compromising the mechanical equilibrium, which can in-
fluence the final RS state. The combination of both methods provides 
a more comprehensive representation of the RS distribution, which 
extends from the surface of the repair site into the substrate beyond 
the interface. This is of significant importance for the assessment of the 
repair and the potential for distortion during a mechanical or thermal 
post-treatment, or during service operation.

2. Experimental

2.1. Sample preparation

Based on our findings in [25], this continuation of the research 
project focuses on a more practically relevant sample geometry. As 
most components exhibit some form of curvature, we were investigat-
ing a cylindrical specimen geometry. Two cylindrical rods made from 
Inconel 718 in an as-delivered solution annealed state (≈250HV10) 
were used as substrate material, with a length of 𝐿𝑅 = 80mm and a 
diameter of ∅𝑅 = 40mm. The cavities have a depth of 𝐷𝐶 = 4mm, 
a length of 𝐿𝐶 = 30mm and a width (in circumferential direction) 
of 𝑊𝐶 = 6mm at the bottom of the cavity, so that in the projection, 
the cavities have the same dimensions as in [25]. Using an angular 
milling cutter tool, the sidewalls of the cavities were tapered to an 
angle of 𝛼 = 60◦ in order to improve the gas flow. Pre-trials showed 
an insufficient bonding of the repair filling to perpendicular sidewalls. 
As shown in [31], the incident angle plays a crucial role for the bonding 
and spray efficiency. Fig.  3 shows a schematic of the sample geometry 
with the repair cavity on the outer circumference and the sample 
coordinate system.

Two sets of spraying parameters were used to fill the cavities with 
AE10718 powder (Oerlikon-Metco, Troy, MI, USA) using CGS. The 
particles have a spherical morphology with a mean diameter of 𝑑50 ≈
14 μm and the same chemical composition as Inconel 718. In addition 
to the Inconel 718 particles, there are Al-rich Ni solid solution particles 
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mixed in with the powder, in order to improve the deposition [32]. 
More details about the powder are given in Vassen et al. [27] and Singh 
et al. [33]. Using an Impact Gun 5/11 (Impact Innovations GmbH, 
Rattenkirchen, Germany), the 4mm deep cavities were filled with 46 
layers, arranged as a meander of 20 line profiles oriented along the 
length of the cavity. Fig.  4 shows pictures of the cylindrical specimens 
with the milled-out cavity (a) and the specimen processed with Param-
eter I in the as-sprayed condition (b). The specimens were processed at 
the Forschungszentrum Jülich. The spraying parameters mainly differ 
in the gas pressure and the gas temperature and are given in Table 
1. The higher gas temperature for Parameter II is aimed at a lower 
compressive RS level in the CGS coating system and thereby reducing 
the risk of delamination and component distortion during a subsequent 
post-treatment or in-service operation. Prior to CGS coating, three pre-
heating cycles were used to adapt the specimen surface to the gas 
temperature in order to increase the deformability of the substrate. 
This work focuses on investigating the specimens in the as-sprayed 
condition, after filling the repair site by means of CGS (cf. Step II in 
Fig.  2) and before the component is re-machined to the final geometry 
(cf. Step III in Fig.  2), as any alteration of the mechanical equilibrium 
can impact the resulting residual stress distribution.

2.2. Metallographic analyses

To assess the coating quality of the CGS repair filling as well as 
the bonding of the deposition to the surface of the repair cavities, 
metallographic analyses were performed on the mid-plane cross section 
of the repair cavity (cf. A-A reference in Fig.  3) sectioned by means 
of electrical discharge machining (EDM) wire cut. The samples were 
embedded in a two component universal embedding resin (VariKEM 
200, Schmitz Metallographie GmbH, Herzogenrath, Germany) and then 
ground, polished and finally fine-polished using an oxide polishing 
suspension (OPS). Microstructure observations were performed using 
a Zeiss LEO 1530 scanning electron microscope (SEM) (Carl Zeiss 
Microscopy Deutschland GmbH, Oberkochen, Deutschland) in the back-
scattered electron (BSE) imaging mode with a magnification of 1000𝑥. 
Micrographs were taken at several locations within the repair filling as 
well as along the interface.

2.3. Microhardness mapping

A mapping of the Vickers microhardness (HV 0.1) distribution was 
conducted for both parameters on the mid-plane cross section. Using 
a Q10 A+ hardness testing device (ATM Qness GmbH, Golling an 
der Salzach, Austria), a total of 2000 indentations were conducted 
according to the specifications outlined in DIN EN ISO 6507-1 [34]. 
The locations were arranged in a 22mm × 5.5mm grid adapted to the 
cross section of the cylindrical specimens with the distance between 
two indentations being 𝛥𝑦 = 𝛥𝑧 = 250 μm.
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Fig. 4. Photographs showing the cylindrical specimens before CGS (a) and in the as-sprayed condition for Parameter I (b), showing overspray around the filled repair cavity.
2.4. Incremental hole drilling analysis

The incremental hole drilling method, a semi-destructive approach 
standardised by ASTM E837-20 [35], is widely used to analyse stress 
depth profiles. For this method, a blind hole is drilled gradually into the 
specimen in the area to be investigated. High-speed drilling methods 
are preferred, since conventional drilling induces undesirable residual 
stresses in the vicinity of the hole, which may corrupt the results. 
Material removal causes a redistribution of residual stresses around 
the blind hole and result in strain relaxation. This can be measured 
on the specimen surface using strain gauges placed at fixed angles 
(0◦/45◦/90◦) around the blind hole. The residual stress state can be 
calculated from the measured strains. Depth profiles of the near-surface 
RS distribution were analysed in the centre of the repair cavity in the 
as-sprayed condition. A RS-200 Residual Stress Milling Guide (Micro-
Measurements, Raleigh, NC, USA) in combination with TiN coated 
end mills with a nominal diameter ∅𝑚𝑖𝑙𝑙 = 1.6mm were used for 
drilling. Strain relaxations at the surface were measured using strain 
gauge rosettes (Type B according to [35]) CEA-06-031-120 (Micro-
Measurements, Raleigh, NC, USA). Prior to the application of the strain 
gauges, the surface at the measurement location had to be carefully 
ground to reduce the surface roughness after CGS. The RS calculation 
was performed using the differential approach outlined in [36], using 
the bulk values of the elastic constants 𝐸 = 204GPa and 𝜈 = 0.299
for Inconel 718 according to Kröner [37], based on single crystal 
coefficients determined by Dye et al. [38].

2.5. Neutron diffraction

Neutron diffraction residual stress mappings were carried out at the 
SALSA instrument [39] located at the Institute Laue-Langevin, Greno-
ble, France. The analyses were carried out according to Hutchings [40] 
for both parameters in the as-sprayed condition in the three principal 
directions 𝑥, 𝑦 and 𝑧, inferred from the specimen geometry (cf. Fig. 
3). The dataset is available at Gibmeier et al. [41]. For measurements 
in 𝑦- and 𝑧-direction of the sample, the gauge volume was defined to 
4mm × 0.6mm × 0.6mm using radial collimators (FWHM 0.6mm), with 
the 4mm in 𝑥-direction of the sample, to increase grain statistics while 
assuming a homogeneous distribution in this direction. For analysis in 
𝑥-direction, the gauge volume was 2mm×2mm×0.6mm. A wavelength 
of 𝜆 ≈ 1.63Å was set using the {422} reflection of a bent double focusing 
Si-crystal monochromator, resulting in 2𝜃0 ≈ 97◦ for the 𝛾-Ni {311}
reflection of Inconel 718. A schematic of the instrument setup can be 
found in [25].

Using the described setup, triaxial RS mappings were performed at 
26 positions, arranged in a grid on the mid-plane cross section of the 
cylindrical specimen (A-A ref. in Fig.  3). The grid spans an area of 
−12.28mm ≤ 𝑦 ≤ 0mm in 𝑦-direction and 14.5mm ≤ 𝑧 ≤ 19mm in 𝑧-
direction from the centre of the cavity into the surrounding substrate. 
Based on our findings for the RS distribution in large cavities filled by 
means of CGS in a previous work [25], we can assume symmetry of 
the RS distribution with respect to the 𝑦-direction of the sample. All 
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data treatment was performed using the LAMP [42] software. RS were 
calculated using the diffraction elastic constants (DEC) for Inconel 718 
𝑠ℎ𝑘𝑙1 = −1.523 × 10−6 MPa−1 and 12 𝑠ℎ𝑘𝑙2 = 6.445 × 10−6 MPa−1 according 
to Kröner [37] based on single crystals coefficients by Dye et al. [38]. 
The strain free lattice parameter dℎ𝑘𝑙0  was analysed using cut-free cubes. 
The cubes were 2mm × 2mm × 2mm and EDM wire cut from twin 
samples for the substrate as well as for both process zones.

3. Results and discussion

3.1. Coating quality and bonding

BSE-SEM images of the microstructure are shown in Fig.  5. The 
micrographs are taken at a reasonable distance from the interface (see 
A-A reference in Fig.  3) for the substrate material as well as in the 
filled process zone for Parameter I and Parameter II. The results reveal 
a plastically deformed microstructure in the filling that is common 
for AE10718 particles deposited on Inconel 718 substrate material by 
CGS, as is discussed in literature e.g. [28,30,33]. Orientation contrast 
in the BSE mode enables the identification of individual grains in the 
substrate (Fig.  5a). Due to the high degree of plastic deformation the 
particles are subjected to during CGS, individual crystallites cannot be 
discerned by orientation contrast within the filled process zone (Fig. 
5b, c). The Al-rich Ni solid solution particles can be distinguished from 
the surrounding material due to their darker appearance, which is a 
consequence of the materials contrast (Z-contrast) in BSE-SEM images. 
Metallographic analyses revealed no significant differences between the 
two parameters and a macroscopically homogeneous microstructure 
throughout the filled repair cavity.

In order to evaluate the bonding of the filler material to the surface 
of the cavity, SEM investigations were carried out along the interface 
for both parameters. Fig.  6 compares the results for both parameters at 
different locations along the interface. For both parameters the results 
show good bonding of the repair filling to the surrounding substrate 
material, even at locations where the spraying angle deviates from the 
optimum angle, i.e Fig.  6 blue and violet. These findings are in good 
agreement with results from previous studies on the repair of large 
cavities in flat specimens [25]. The narrow zone of approximately 40 μm
on the substrate surface in which a microstructural change is visible 
is not the result of the cold gas spraying process, but comes from the 
shearing during the machining of the surface, i.e. from the milling out 
of the cavity. At the transition from the cylindrical surface to the repair 
site, the investigations, shown in Fig.  7 revealed delamination of the 
deposit for both parameters and on both sides of the cavity cross sec-
tion. This behaviour might be due to the interaction of the gas stream 
with this specific geometric feature at the transition from cylindrical 
surface to the repair cavity. In addition to the spray angle not being 
the optimum of 𝛼𝑠𝑝𝑟𝑎𝑦 = 90◦ [33] at this location, the gas jet is likely to 
be deflected, which further impedes an efficient deposition of AE10718 
particles onto the Inconel 718 substrate. A further potential cause may 
be that the adhesion strength at this location may not be sufficient to 
withstand the high stress gradients created by the CGS process and, 
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Fig. 5. BSE-SEM micrographs showing the substrate material (a), the repair filling for Parameter I (b) and the repair filling of Parameter II (c). All images are taken at a reasonable 
distance from the interface.
Fig. 6. Schematic representation of the cylindrical specimen’s cross section (top) and BSE-SEM micrographs along the interface between repair filling and substrate along at the 
tapered sidewall (blue), the sidewall to ground transition (violet) and the cavity ground (yellow) for Parameter I (a) and Parameter II (b). The interface is highlighted in red.
consequently, leads to the local delamination of the deposit. This is 
emphasised by the findings in our previous work where a good bonding 
without delamination at the transition from substrate surface to repair 
cavity in case of a flat specimen geometry was observed, as presented 
in [25].

3.2. Microhardness mapping

Fig.  8 shows the Vickers microhardness (HV0.1) map on the mid-
plane cross section of the specimens (see A-A reference in Fig.  3) 
for Parameter I (a) and Parameter II (b). The shape of the cavity is 
indicated by a dashed line. The shaded markings indicate the specimen 
geometry beyond the measurement. The low-hardness white region in 
the top-centre location of the repair filling corresponds to the location 
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of the bore hole from the incremental hole drilling analysis. After the 
residual stress analysis, the specimens were EDM wire cut and the 
sections were metallographically prepared, according to Section 2.2, 
before the microhardness analyses were performed. The results show 
a rather homogeneous Vickers microhardness distribution in the sub-
strate as well as in the repair filling with a steep gradient between 
the two for both parameters, despite the high spatial resolution and 
the small indentation size. This is in agreement with the findings from 
the metallographic analyses in Section 3.1 and with the results for 
flat specimens presented in [25]. It can be surmised that variations 
in the mechanical boundary conditions of the substrate geometry have 
a negligible impact on the hardness and cold hardening properties of 
the repair filling. The average microhardness value in the substrate is 
≈265 ± 14HV0.1, in the repair filling for Parameter I ≈511 ± 43HV0.1
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Fig. 7. Schematic representation of the cylindrical specimen cross section (top) and 
BSE-SEM micrographs at the transition from cylindrical surface to repair cavity for 
Parameter I (a) and Parameter II (b) on both sides of the cavity cross section.

and ≈537± 38HV0.1 in the repair filling of Parameter II. The hardness 
values in the process zone are in the range of precipitation hardened 
Inconel 718.

3.3. Incremental hole drilling analysis

The results of the near surface RS analysis from the incremental 
hole drilling analyses are presented in Fig.  9. The diagram shows the 
RS depth distribution for Parameter I (filled symbols) and Parameter 
II (unfilled symbols) in the 𝑥- (blue) and 𝑦-direction (green) of the 
samples in the as-sprayed condition in the centre of the repair cavity. 
The results show compressive RS in the repair filling for Parameter I 
with a rather homogeneous depth distribution in 𝑥- and in 𝑦-direction. 
The average compressive RS 𝜎𝑎𝑣𝑔𝑥 ≈ −73 ± 19MPa in 𝑥-direction are 
lower than 𝜎𝑎𝑣𝑔𝑦 ≈ −256 ± 44MPa in 𝑦-direction, which is in contrast 
to the direction independent RS distributions observed for AE10718 
coatings deposited on planar Inconel 718 substrates by means of CGS in 
literature, e.g. [27,29]. This is due to the larger geometric constraints in 
𝑦-direction, i.e. the length of the cavity 𝐿𝑐 in relation to the width 𝑊𝑐 . 
Such geometric constraints could also result in different temperature 
gradients in the two directions. For the second parameter however, 
the average RS 𝜎𝑎𝑣𝑔𝑥 ≈ 22 ± 29MPa in 𝑥-direction are tensile, which 
is attributed to the higher thermal input with Parameter II. This effect 
is consistent with the findings in [28]. In contrast, the average RS in 𝑦-
direction 𝜎𝑎𝑣𝑔𝑦 ≈ −262±40MPa are of compressive type and in the same 
range as for Parameter I. This emphasises the geometric influence on 
the RS distribution created by the elongated repair site.
6 
3.4. Neutron diffraction residual stress analysis

Work hardening
The contour plots in Fig.  10 show the full width at half maximum 

(FWHM) of neutron diffraction lines, normalised to the FWHM of the 
powder prior to CGS for the specimens processed with Parameter I (a) 
and Parameter II (b), according to 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑𝐹𝑊𝐻𝑀 = 𝐹𝑊𝐻𝑀

𝐹𝑊𝐻𝑀𝑝𝑜𝑤𝑑𝑒𝑟
. 

The results for Parameter II are mirrored along the 𝑧-direction of 
the sample, for visualisation purposes. The hatched area marks the 
specimen, black crosses show the measurement locations and the shape 
of the repair cavity is marked by a dashed line. The graph reveals 
strongly broadened peaks within the filled process zone, a result of 
the high amount of plastic deformation the particles are subjected to 
during CGS. The average levels for the FWHM increase are comparable 
for Parameter I and Parameter II with an average FWHM increase 
of ≈1.72 ± 0.23 and ≈1.83 ± 0.18 for Parameter I and Parameter II, 
respectively. In both cases the distribution is almost homogeneous, 
which suggests a rather homogeneous state throughout the process 
zone. This is in agreement with the results from the metallographic 
analyses shown in Section 2.2.

Residual stress analysis
This work focuses on the RS distributions in the as-sprayed state 

of these two sample states and the comparison to the results for flat 
specimen geometries, with different mechanical constraints shown in 
our previous work [25]. The results of the triaxial RS distributions, 
analysed by neutron diffraction, are shown in Fig.  11 top, mid and 
bottom for the 𝑥, 𝑦 and 𝑧-direction, respectively. The contour graphs 
show the RS maps for Parameter I (a) and Parameter II (b). The speci-
men beyond the mapping grid is represented by the hatched area. The 
measurement locations are marked by black crosses. The results reveal 
compressive RS throughout the process zone and balancing tensile RS in 
the substrate near the interface (c.f. A-A reference in Fig.  3), illustrated 
by a dashed line, of the as-sprayed condition for both parameters. In 
agreement with our results for the repair of cavities in flat specimens 
by means of CGS presented in [25], the highest compressive RS are 
in the 𝑦-direction of the sample with similar magnitudes 𝜎𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝐼𝑎𝑣𝑔,𝑦 ≈
−308 ± 72MPa and 𝜎𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝐼𝐼𝑎𝑣𝑔,𝑦 ≈ −306 ± 79MPa for Parameter I and 
Parameter II, respectively. In support of the findings of the RS ana-
lysis by incremental hole drilling analyses (c.f. Section 2.4) the RS are 
lower in the 𝑥-direction of the specimen. This could be caused by the 
different geometric constraints as a result of the elongated cavity shape, 
i.e. the relation of the length of the cavity 𝐿𝐶 and the width 𝑊𝐶 (c.f. 
Fig.  3). The compressive RS level in 𝑥-direction is lower for Parameter 
II (𝜎𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝐼𝑎𝑣𝑔,𝑥 ≈ −160 ± 71MPa and 𝜎𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝐼𝐼𝑎𝑣𝑔,𝑥 ≈ −141 ± 91MPa for 
Parameter I and Parameter II, respectively) which can be attributed 
to the higher heat input in the sample processed with Parameter II as 
the gas temperature is higher (c.f Table  1). With regard to a further 
repair step, i.e. the machining to the final component shape, or thermal 
post-treatment, this could prove beneficial, due to a reduced risk of 
distortion. The results in the 𝑧-direction for both parameters (Fig.  11 
bottom) demonstrate RS levels approaching zero in comparison to 
the other two directions, as well as a less uniform distribution. This 
may be attributed to the relatively low magnitude of strains in this 
direction and the increased diffraction line widths, which complicate 
the determination of exact peak positions. The level of balancing tensile 
RS near the interface is comparable for Parameter I and Parameter II 
with 𝜎𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝐼𝑎𝑣𝑔,𝑥 ≈ 108 ± 65MPa and 𝜎𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝐼𝐼𝑎𝑣𝑔,𝑥 ≈ 108 ± 59MPa in 𝑥-
direction, 𝜎𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝐼𝑎𝑣𝑔,𝑦 ≈ 89 ± 70MPa and 𝜎𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝐼𝐼𝑎𝑣𝑔,𝑦 ≈ 102 ± 62MPa in 
𝑦-direction, and 𝜎𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝐼𝑎𝑣𝑔,𝑧 ≈ 51± 77MPa and 𝜎𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝐼𝐼𝑎𝑣𝑔,𝑧 ≈ 92± 30MPa
in 𝑧-direction. In the case of steep gradients (e.g. around the interface), 
the mapping grid smears out the results so that the exact extreme values 
cannot be mapped under certain circumstances.

Additional uncertainties in RS analyses by neutron diffraction ex-
periments may be associated with relatively small gauge volume and 
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Fig. 8. Vickers microhardness (HV0.1) distribution on the mid-plane cross section of the repair cavity for Parameter I (a) and Parameter II (b). The surrounding substrate 
material beyond the measurement is represented by the hatched area. The geometry of the repair cavity and the cylindrical surface are marked with a dashed line. The individual 
measurement locations are represented by dots.
Fig. 9. Residual stress depth distribution analysed by means of incremental hole 
drilling analysis for Parameter I (filled symbols) and Parameter II (unfilled symbols) in 
𝑥-direction (blue) and 𝑦-direction (green) of the sample (cf. Fig.  3).

the complexity in determining strain-free lattice spacing dℎ𝑘𝑙0  in com-
bination with an unfavourable geometry for diffraction experiments. 
The combination of measurement direction and measurement position 
can result in a notable increase in beam paths (secant line on the 
circular cross-section (c.f. A-A reference in Fig.  3)) within the speci-
men. This phenomenon results in enhanced absorption, which in turn 
attenuates the signal that can be detected. This renders the precise 
determination of peak positions challenging, thereby impeding the 
analysis of RS distributions. Consequently, the results of measurements 
may, on occasion, exhibit a notable degree of variability, as evidenced 
by the standard deviation of the data set. The maximum error in 
stress analysis is comparable in all three directions and accumulates to 
𝜎𝑒𝑟𝑟𝑜𝑟𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ≈ 34MPa and 𝜎𝑒𝑟𝑟𝑜𝑟𝑓 𝑖𝑙𝑙𝑖𝑛𝑔 ≈ 138MPa in the substrate and filling, 
respectively. Regardless of the higher uncertainties, the results from 
neutron diffraction RS analysis are in good agreement with results from 
incremental hole drilling analyses (see Section 3.3). Although these 
results are analysed closer to the specimen surface, the overall range 
of direction dependent compressive RS within the filled process zone is 
similar for both parameters. This provides a basis for confidence in the 
results of neutron diffraction.

In spite of the differences in the mechanical constraints imposed by 
the cylindrical specimens when compared to the flat specimens in a 
7 
previous study [25], the neutron diffraction RS distribution results are 
in good agreement, which suggests that the delamination seen at the 
transition from cylindrical surface to the repair cavity (see Section 3.1) 
does not influence the final RS distribution throughout the 4mm deep 
repair cavity.

4. Conclusion

A series of complementary RS analyses and metallographic studies 
were conducted on cylindrical Inconel 718 specimens, which feature 
elongated 4mm deep tapered cavities filled with AE10781 powder via 
CGS. The principal conclusions that can be drawn are as follows:

• Cavities with a depth of 𝐷𝐶 = 4mm on the surface of cylindrical 
specimens made from Inconel 718 can be repaired with powder, 
having a chemical composition similar to Inconel 718, using CGS 
in combination with two different spraying parameters.

• Both Parameter I and Parameter II exhibit a rather homogeneous 
microstructure with strong plastic deformation throughout the 
filled process zone. This homogeneous state is further empha-
sised by the uniform microhardness distribution as well an al-
most homogeneous increase in the neutron diffraction line width 
(FWHM), resulting from the particle deformation during CGS 
deposition.

• Investigations along the interface suggest the bonding of filling 
to the surface of a large tapered cavity is good. Particularly at 
the tapered sidewalls of the cavity, where the deposition angle 
deviates from the optimum, and the transition from sidewall to 
cavity ground, that could promote vortexes, neither cracks nor 
delamination could be observed.

• At the transition from the cavity sidewall to the cylindrical sam-
ple surface, delamination occurred for both parameters. Further 
research is essential to gain a deeper understanding of the interac-
tion between the cavity geometry and not only the CGS gas flow, 
but also the component to be repaired.

• The characterisation of the filled process zones and the sur-
rounding substrates using neutron diffraction RS analysis revealed 
direction dependent compressive RS throughout the filling, as 
well as compensating tensile RS in the substrate in the vicinity 
of the interface in the as-sprayed condition. These findings are 
corroborated by complementary incremental hole drilling analy-
sis near the surface of the filled cavity, which revealed direction 
dependent, almost constant RS depth profiles for both parameters.
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Fig. 10. Contour graph of the normalised FWHM for Parameter I (a) and Parameter II (b), determined by neutron diffraction. The FWHM is normalised to the FWHM of the 
powder before CGS. The dark, hatched area illustrates the substrate material, while the light, hatched area represents the CGS deposit in the as-sprayed state. The dashed line 
marks the cylindrical outline of the sample as well as the repair cavity. The measurement locations are depicted by black crosses. For visualisation purposes, the data for Parameter 
II are mirrored with respect to the symmetry axis.

Fig. 11. Contour graphs showing the triaxial residual stress distribution for Parameter I (a) and Parameter II (b), in 𝑥-direction (top), 𝑦-direction (mid) and 𝑧-direction (bottom). 
The dark, hatched area illustrates the substrate material, while the light, hatched area represents the CGS deposit in the as-sprayed state. The dashed line marks the cylindrical 
outline of the sample as well as the repair cavity. The measurement locations are depicted by black crosses. For visualisation purposes, the data for Parameter II are mirrored 
with respect to the symmetry axis.
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• Overall, these observations are in good agreement with the results 
obtained for the repair of deep cavities on flat samples made 
from Inconel 718, despite the delamination that occurred at the 
transition from cylindrical surface to repair cavity for both Pa-
rameter I and Parameter II. Although this might suggest, that 
the mechanical integrity is not jeopardised by this delamination, 
especially during the next repair step, i.e. the machining to the 
final shape geometry, this defect could have major impact.
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