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Abstract – Material deposition in cold spraying occurs in solid 
state and thus avoids undesired effects of melting and solidifica-
tion. However, residual stress conditions in cold sprayed coatings 
could limit possible part performance. The temperature distribu-
tion and thermal history of the cold sprayed components has sig-
nificant influence on stress distribution and thus deposition and 
part quality.  

The present study investigates the effect of substrate material 
and nozzle traverse speed (as a secondary parameter) on effective 
temperatures and residual stress distributions of titanium-grade 
1 deposits. The results demonstrate that substrate material prop-
erties and nozzle traverse speeds have significant influence on re-
sidual stresses of the cold spray deposit. It is understood that co-
efficient of thermal expansion (CTE) difference of the coating 
and substrate materials has significant effect on residual stress 
state. On the other hand, the residual stresses change from more 
compressive to more tensile state as the temperature of the com-
ponents increases by decreasing the nozzle traverse speed. These 
findings indicate that thermal parameters affect residual stresses 
substantially. Thus, by adjusting the kinematic parameters and 
reducing maximum reached local temperatures within the part, 
more favorable stress states of the finished component can be ob-
tained. The attained knowledge is essential for the development 
of high-quality deposits and the selection of the best strategies for 
repair and additive manufacturing applications. 

Keywords – Cold spray, residual stress, kinematic parameters, 
thermal property, repair 

I. INTRODUCTION 
Cold spraying, also known as cold gas dynamic spraying, 

is a solid-state coating and additive manufacturing technique. 
In this process, micron-sized powder particles are accelerated 
to high velocities by an expanding gas stream in a converging 
diverging De-Laval type nozzle. The particles impact in the 
solid state onto the substrate at high velocity. Therefore, the 
formation of coatings occurs due to the kinetic energy of the 
particles. Extensive plastic deformation and related phenom-
ena at the interfaces ensures bonding of the particles and al-
lows for forming dense and internally well bonded coatings 
[1], [2]. Due to relatively low temperature in cold spraying, 
high oxide content, phase transformations, compositional changes and other problems associated with thermal spray methods are mostly alleviated [3], [4]. That makes cold spray-
ing particularly suitable for spraying materials, which are sen-
sitive to heat or oxidation such as Ti and its alloy [3]. With 

these characteristics, cold spraying proves to be a suitable 
technique for processing of functional coatings. In addition, it 
also enables part repair and additive manufacturing of bulk 
components.  

Cold gas spraying can be used in many sectors, including 
the aerospace, automotive, transportation, metal processing, 
electronics, marine, and ceramics and glass manufacturing in-
dustries [5]. Due to advantages by low temperature pro-
cessing, cold gas spraying is currently in the focus of interest 
for repair and additive manufacturing applications. For both, 
several studies investigated the deposit quality and the effect 
of kinematic and process parameters on the deposit qualities 
for different combinations of metallic materials [6], [7], [8], 
[9].  

In all applications the integrity of the entire component 
should be ensured. As one of the factors that influence the 
quality of the deposit, residual stresses can affect the adhesion, 
wear, fatigue life and overall performance of the cold sprayed 
components [4]. Therefore, it is essential to gain a better 
knowledge about the sources of residual stresses and the pa-
rameters that change their magnitude and states. 

Residual stresses in cold sprayed components can be di-
vided into two categories: 1) Mechanical, mainly compressive 
stresses that are generated by peening effects upon particle im-
pact and consequent plastic deformation. 2) Thermal mainly 
tensile stresses that are generated by the thermal mismatch of 
substrate and coating due to different coefficients of thermal 
expansion (CTE), rapid cooling of the particles after impact 
(quenching stress), and/or temperature gradients in the multi-
pass deposition process [4], [10], [11].  

There are some studies in the literature that examine the 
effect of substrate materials, process and kinematic parameters 
on the development of residual stresses in cold sprayed com-
ponents. Their findings show that the coating - substrate ma-
terial combinations as well as the process parameters and kin-
ematics influence the final residual stress states by thermal and 
mechanical properties and reached temperature distributions 
within the component [11], [12], [13]. According to Suhonen 
et al. the generated stresses in cold sprayed coatings can be 
either compressive or tensile, dependent on (i) the density of 
particles and their deformation behaviour upon impact, and (ii) 
the CTEs of the sprayed material and the substrate [11].  
Schmitt et al. showed that slowing down the robot traverse 
speed could shift the typical compressive residual stresses to 
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tensile residual stresses for IN718 coatings on IN718 substrate 
[12]. Marzbanrad et al. have investigated the effect of sub-
strate temperature and exposure time on residual stress for-
mation in Al7075 coatings on AZ31B. They found that by con-
trolling the heat input (nozzle speed), cooling rate (substrate 
heat transfer), and the number of colliding particles (feed rate), 
desirable tensile and/or compressive residual stress were pro-
duced in the substrate near the interface and at the coating sur-
face. According to their results, the thermal mismatch between 
the Al7075 coating and AZ31B substrate caused tensile resid-
ual stress induced into the substrate [13].

However, there is no comprehensive study on residual 
stress evaluation in pure titanium deposits. Therefore, the pre-
sent study investigates the effect of the substrate material and 
nozzle traverse speed (as kinematic parameter) on the residual 
stresses of titanium-grade 1 (Ti-Gr1) coatings and respectively 
obtained temperature developments over the components. The 
aim was to gain a deeper understanding about the sources and 
effective parameters on the magnitude and final state of resid-
ual stresses in titanium coatings. The findings should provide 
a guideline for tuning of residual stresses by adjusting the noz-
zle traverse speeds for using different coating - substrate com-
bination. 

There are different methods to measure residual stress, in 
this study the hole drilling method was used to analyse the re-
sidual stresses over the entire coating thickness [14], [15].

II. MATERIALS AND METHODS

Feedstock powder of titanium-grade 1 (99.7%) from 
Eckart TLS GmbH, Germany was cold sprayed onto flat sub-
strates (70 × 50 × 3 mm3). Titanium-grade 2 (Ti-Gr2), steel 
AISI304, and commercially pure copper (CP) were selected as 
substrate materials. Powder particles were almost spherical in 
shape and the particle sizes were in the range of 32-45 μm. 
Cold gas spraying was performed by using a system of type 
5/11 from Impact Innovation GmbH, Germany. On each sub-
strate, an area of 50 × 50 mm2 was coated with Ti-Gr1 in thick-
ness of about 1 mm. The process parameters and the materials 
specific data considered in this study are shown in Table I and 
II, respectively. In order to avoid additional stresses, the sub-
strates were only cleaned and not pretreated prior to the coat-
ing process. Different heat input and thus temperatures during 
the spray process were attained by variation of the kinematic 
parameters via applying different nozzle traverse speed of 125 
mm/s, 250 mm/s and 500 mm/s, respectively. To reach the 
same coating thickness of about 1 mm in all cases, the number 
of layers differ for each traverse speed (see Table II). 
TABLE I: COLD SPRAY PROCESS PARAMETERS

Gas temperature 
(°C)

Gas pressure 
(bar)

Line distance 
(mm)

Standoff distance 
(mm)

1100 45 2 40

TABLE III: MATERIAL PROPERTIES USED IN THIS STUDY (MATWEB.COM) 

Material Conductivity
(W/mk)

Thermal 
Expansion
(μm/m-°C)

Density 
(kg/m3) 

Tensile 
Strength 
(MPa)

Titanium-Gr 1 16 9.7 4500 240

Titanium-Gr 2 16.4 9.7 4500 344

CP copper 385 20.2 8900 260

Steel- AISI304 16 18.9 8000 564

TABLE III: INVESTIGATED VARIABLES

Substrate materials
Titanium Grade 2

Steel AISI304
CP copper

Nozzle traverse speed 
(mm/s) 125 250 500

Number of layers 2 4 8 

The experimental analyses concerned thermal and residual 
stress measurements. The thermal history of the components 
over the duration of the coating process was measured by in-
serting a thermocouple into a 1 mm diameter hole, drilled into 
the substrate from backside to a depth of about 2 mm, as 
shown in Figure 1 [4]. Residual stresses through the depth of 
the coating was measured by incremental hole-drilling method 
(ASTM E837 standard), by introducing a blind hole in certain 
number of drilling steps (increments) and recording the strain 
relaxation after each step. The recorded strain is then con-
verted into stress using a specific evaluation method [15]. In-
stead of standard centre hole-drilling, for present experiments 
an orbital drilling technique was employed [16]. An in-house 
hole-drilling device at the Karlsruhe institute of technology 
(KIT), which has a high-speed air turbine facilitated by an or-
bital motion, was used for incremental hole-drilling.

FIGURES 1: PLACEMENT OF THERMOCOUPLE FROM THE BACKSIDE OF 
THE SUBSTRATE. A DEPTH OF APPROX. 2 MM, APPROXIMATELY REFERS 
TO A DISTANCE OF 1MM TO THE SUBSTRATE SURFACE

III. RESULTS AND DISCUSSION

A. Effect of Substrate Material on Residual Stress
Figure 2 displays the residual stresses throughout the 

thickness of Ti-Gr1 coatings on the different substrate materi-
als according to Table II by using a nozzle traverse speed of 
500 mm/s. Covering a depth of approximately 1.1 mm, the 
graphs show that the residual stresses are tensile in case of the 
titanium substrate and compressive in case of the steel and 
copper substrates. 

The behaviour of residual stress of Ti-Gr1 coatings on the 
steel and copper substrate, could be explained by different co-
efficient of thermal expansion (CTE) between coating and 
substrate materials. The difference in CTE of the coating and 
substrate materials induces thermal stresses due to thermal 
misfit strain [4], [10], [11]. While the CTE of the substrate is 
greater than that of the coating, it means that the substrate ex-
pands and contracts more than the coating during the heating 
and cooling phases, respectively. This results in major thermal 
misfit strain and causes compressive thermal stresses dominat-
ing the ultimate residual stress state. 

Despite the almost similar CTE, the coating stress levels 
on steel and copper substrates are different, which may be at-
tributed to the mechanical and thermal properties of steel and 
copper. The lower thermal conductivity of the steel can cause 
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a steeper temperature gradient. On the other hand, the lower 
stiffness of copper may cause more bending of the coating-
substrate bimetal than in case of the stiffer steel substrate. As 
a result, more stresses could be released. Associated different 
stress states during deposition can lead to higher compressive 
residual stresses in the overall Ti-Gr1 coating (according to 
Figure 2).

FIGURES 2: RESIDUAL STRESS THROUGHOUT THE THICKNESS OF 
TI GRADE 1 COATINGS ON DIFFERENT SUBSTRATE MATERIALS AS 
PROCESSED WITH A NOZZLE TRAVERSE SPEED OF 500 MM/S

In the case of the Ti-Gr1 coating on Ti-Gr2 substrate, the 
absence of CTE differences between the coating and the sub-
strate materials avoids contributions from thermal misfit 
strains onto the stress development. Despite the expected com-
pressive stress due to the peening effect of particles impact, 
the stress state in this case is tensile. This can be explained by 
temperature gradients over coating and substrate, and their his-
tory over the duration of the spray process. According to Fig-
ure 3, the overall temperature in case of the titanium substrate 
is higher than that by using a copper substrate. The lower ther-
mal conductivity of Ti as compared to Cu restricts fast heat 
diffusion and keeps the coating itself and the substrate vol-
umes close to the interface at higher temperatures. Less steep 
temperature gradients may be the reason for the tensile resid-
ual stresses in the case of the titanium substrate that even over-
compensate the peening effect by the impacting particles. Ac-
cording to Boruah et al., the residual stresses in cold gas
sprayed Ti-6Al-4V coatings on Ti-6Al-4V substrate deposited 
with similar process parameters (1100 °C gas temperature and 
50 bar gas pressure) were also found to be tensile in the coat-
ings [17]. 

Apart from overall stress states, also differences over the 
depth within the coatings can be distinguished. The residual 
stresses of the Ti-Gr1 coating on copper and steel substrates 
show a gradient and get more compressive near the interface 
between coating and substrate. This could contribute to peen-
ing effects by particle impact being less compensated by ten-
sile stresses due to thermal effects. During build-up of the first 
layers, the cold substrate as effective heat sink ensures fast 
heat extraction and thus lower coating temperatures. 

FIGURES 3: TEMPERATURE DEVELOPMENT WITHIN THE SUBSTRATES AS 
OBTAINED BY APPLYING A NOZZLE TRAVERSE SPEED OF 500 MM/S 
DURING SPRAYING

B. Effect of Nozzle Traverse Speed on Residual Stresses
Figure 4 shows the effect of nozzle traverse speed on the 

residual stresses of Ti-Gr1 coating on Ti-Gr2 substrate. As the 
nozzle traverse speed decreases, the residual stress in the coat-
ing tends to more tensile states. A nozzle traverse speed of 500 
mm/s causes the lowest tensile stress and nozzle traverse speed 
of 125 mm/s causes the highest tensile stress. These results 
correlate to the temperatures reached during deposition. 

FIGURES 4: RESIDUAL STRESS THROUGHOUT THICKNESS OF TI GRADE 1
COATING ON TI GRADE 2 SUBSTRATE BY APPLYING NOZZLE TRAVERSE 
SPEEDS OF 125 MM/S, 250 MM/S, AND 500 MM/S

The thermal history of the parts during deposition (Figure 
5) show that by decreasing the nozzle traverse speed, the tem-
perature in the substrate close underneath the coating increases 
with decreasing traverse speeds. That is due to a longer dura-
tion of local heating on the component (increasing the thermal 
input). This indicates that a lower traverse speed increases lo-
cal temperature and enhances the contribution of quenching 
effect by rapid cooling of the particles after impact and shifts 
the residual stress distributions towards a more tensile mode. 
This is consistent with reports from Schmitt et al. for NI718 
coatings [12] and Marzbanrad et al. for Al7075 coatings [13]. 

According to this finding, it is important to adjust and find 
the optimum nozzle traverse speed to achieve the best coating 
quality in terms of residual stress states.
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FIGURES 5: THERMAL HISTORY OF TI-GR2 SUBSTRATES BY APPLYING 
NOZZLE TRAVERSE SPEEDS OF 125 MM/S, 250 MM/S, AND 500 MM/S

C. General
In this study, the effect of substrate materials and nozzle 

traverse speed were investigated. It can be assumed that im-
pacts in the solid state at first instance contribute to compres-
sive peening stresses. These peening stresses are to different 
extent superimposed by tensile thermal stresses. The heat in-
put per unit area in combination with thermal and heat transfer 
parameters determines the effective surface temperature and 
temperature gradients during deposition and in consequence 
the thermal history and stress development within the compo-
nent during cooling. Hence, having more knowledge about 
thermal related parameters and effective kinematic parameters 
on temperature and resulting stress distributions within the 
cold sprayed components is crucial for reaching optimum part 
performance.

The levels of thermal stresses depend on substrate material 
types and applied kinematics. The choice of substrate material 
by CTE mismatch and different temperature gradients influ-
ence the contributions by thermal tensile stresses. Tensile con-
tributions scale with temperatures attained just underneath the 
coatings within the substrate. 

Apart from substrate material, also the choice of kinemat-
ics determines coating stress states following similar rules. 
Higher locally reached temperatures close to the interface by
lower travers speeds results in higher contributions by tensile 
stresses. Thus, these primary investigations allow supplying a 
first guideline to tune coating stresses by thermal management 
as attainable by kinematics during deposition. 

IV. SUMMARY AND CONCLUSION

This study investigates the residual stresses of cold 
sprayed Ti-Gr1 coatings and respective influences by substrate 
materials and local heat input by different nozzle traverse 
speeds as a kinematic parameter. The main conclusion of this 
study is summarized as follows: 

Solid state impacts by cold spraying in first instance 
cause compressive stresses by peening effects. The 
overall residual stresses are determined by the super-
position of these compressive stresses with tensile 
stresses due to local temperature rises under the spray 
jets and respective temperature gradients. 

The tensile stresses can overcompensate the compres-
sive stresses and thus determine the overall stress 
states.

The type of substrate material determines tensile stress 
levels by the mismatch of thermal expansion coeffi-
cients with respect to the coating material and the ther-
mal effusivity. A higher thermal effusivity and thus 
more efficient heat extraction reduces coating and sur-
face temperatures and thus thermal stresses. 

Tensile stress contributions depend on applied kine-
matics during deposition. A higher nozzle travers 
speed leads to a shorter heating duration and thus lower 
locally reached temperatures during one pass. The 
lower coating temperatures result in reduced tensile re-
sidual stresses.

The tensile stress contributions and thus the overall 
coating stress states can be influenced by thermal man-
agement during deposition. Thus, robot kinematics 
proves as key parameter to adjust the needed coating 
and part stress levels. 
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