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IMPROVEMENT OF TITANIUM COLD SPRAY COATING ADHESION
BY SHOT PEENING

Summary

Shot peening was applied to quenched and highly tempered C55 structural steel as a pre-
treatment to titanium coating cold spray deposition with the aim of improving the coating’s
adhesion during cyclic loading. Applying titanium cold spray directly onto the steel surface
caused significant plastic deformation of the substrate, resulting in the creation of
discontinuities on the coating/substrate interface. When shot peening was applied prior to the
cold spraying, the work-hardened surface layer served as a more suitable substrate, avoiding
the creation of major interface discontinuities. Fatigue resistance of the shot-peened specimens
was improved by up to 20% and no coating delamination was observed in the regions of fatigue
crack initiation and propagation.
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1. Introduction

Carbon steels are preferred engineering structural materials mainly due to their favourable
properties such as high toughness, hardness, good machinability, and low costs. Thanks to these
properties, they are widely used in mechanical and civil engineering, transport, energetics, and
chemical engineering [1,2]. Besides their unfavourable strength/weight ratio, their main
disadvantage is low corrosion resistance which causes a high rate of surface oxidation, coupled
with decreasing mechanical properties over the application time. Implementing effective surface
treatments that prevent corrosion could lead to significant savings in maintenance and repairs
[1,3,4]. Modern approaches to improve the corrosion resistance of carbon steels are based on the
application of corrosion inhibitors, which constitutes an easily applicable and cheap solution for
this corrosion issue. The authors in [3] confirmed the effectiveness of this method when, with the
use of organic dimethylaminoethanol (DMEA), they achieved a significant reduction in the
corrosion rate of carbon steel. However, inhibitors create only thin surface layers through
chemical reactions with the substrate with little resistance to wear or mechanical loading.
Therefore, more robust surface treatments are required in engineering applications to withstand
the severe loading conditions experienced by carbon steel components.
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Gas dynamic cold spraying (CS) is considered a relatively new coating deposition
technology, which achieves dense, high-quality layers with low oxygen content and strong
coating to substrate adhesion. The main advantage of the method is avoiding substrate back
annealing or solution annealing, as the process is performed at low temperatures while using high
particle velocities. This distinguishes it from other surface-coating techniques such as thermal
spraying, where significant substrate heating occurs during the deposition process [5]. This
consequently makes CS a promising method for the renewal, repair, and protection of damaged
components using metallic powders. The results also show that the process can preserve the
required properties of the repaired component when compared to the original base materials [6,7].

Titanium and its alloys have drawn interest due to their unique combination of functional
and structural properties, including their favourable strength to weight ratio. These alloys also
exhibit good corrosion resistance both in common and even more aggressive environments,
along with biocompatibility and low toxicity [8-13]. Thanks to these properties, titanium is
desirable for applications in the aeronautic, biomedical, and energetic industries. However, pure
titanium has significant limitations such as a low yield point and fatigue resistance, as well as
mediocre fracture toughness [11]. This has led to the addition of B-phase stabilising elements
which have resulted in a significant improvement in its mechanical properties, giving a baseline
for the development of modern grades of titanium alloys [12-14].

Methods for pure titanium coating deposition can be divided into two main techniques. The
first is characterised by deposition temperatures which lead to the melting of the titanium powder,
and the second involves deposition temperatures lower than the melting point. The first group
includes conventional methods, such as High Velocity Oxy-Fuel (HVOF), laser plating, and
plasma spraying. The second group exclusively involves the gas dynamic cold spraying process
where the lower process temperatures are compensated for by the high velocity of particles that
often exceed supersonic speeds. The high velocity impact on the substrate leads to mutual boding
with the substrate through the creation of micro and nano welds. This unique process allows for
the deposition of commercially pure titanium on a wide scale of substrates, including high-
strength steels without losing superior mechanical properties by annealing. This permits the
manufacturing of coatings with high thickness, low porosity, and a controlled microstructure
[15,16]. Increased interest is also being paid to CS coatings of pure titanium aimed at substrate
corrosion protection, mainly in aqueous environments, where electro-chemical corrosion
mechanisms can take place. Low porosity in the coating of pure Ti plays a key role in forming a
highly corrosion-resistant barrier between the substrate and the corrosive environment [17].

The majority of studies related to substrate-coating adhesion have been aimed at the
interaction between the particles and the substrate which both have similar mechanical
properties. Achieving good adhesion between identical materials (e.g. titanium on titanium) is
not as challenging as for dissimilar coatings, where the coating is processed on substrates with
different chemical and mechanical characteristics (e.g. aluminium on steel). This is due to the
mutual deformation of the particles and the substrate when the chemical and mechanical
properties are very similar. The process becomes even more challenging in the case of
dissimilar deposition when, typically, softer particles like Al and Cu are deposited on hard
substrates such as steels. Multiple studies [ 18-23] have shown that the adhesion of soft materials
on harder substrates is influenced mainly by the hardness and roughness of the substrate.
Stoltenhoff et al. [18] stated that the adhesion of cold sprayed copper is always better on softer
substrates (e.g. Al or Cu) than on harder ones (e.g. steels). More detailed studies have indicated
that soft particle adhesion on steel substrates can be improved by increasing the surface
roughness up to a threshold value, which is related to the ratio between the particle size and
surface topography parameters. In the case of cold sprayed brass on steel, Theimer et al. [19]
stated that maximal bond strength was found for a surface roughness Rz that corresponds to
d80 of the powder size distribution, roughly meeting the lateral dimensions of deformed
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particles close to the interface. In contrast, Kumar et al. [20] suggested for aluminium
depositions on soft steel a slightly lower roughness threshold which lies between Rz = 0.5 and
Rz=0.75 of the particles’ mean size. Samson et al. [24] claimed that the adhesion of soft coating
(pure Al) on slightly harder substrates (AA6061 aluminium alloy) can be improved by
increasing the surface roughness. However, they did not indicate any direct correlation between
surface topography and particle size. In the majority of works, improved coating adhesion has
been attributed to the increased number of features which are suitable for the better mechanical
“locking” of the particles combined with the effect of compressive residual stress accumulation.

A different opinion on substrate roughness before the application of CS is given in [25].
The results of coating adhesion tests showed that smoother surfaces improved the bonding of
Ti-6Al-4V deposited on Ti-6Al-4V from 7.1 MPa (Ra = 5.4 um, failure at the interface) to
68.7 MPa (Ra = 0.05 um, cohesive failure). The work of Kumar et al. [26] concludes that the
mirror-polished condition of the SS316L substrate provides better adhesion with a cold sprayed
ceramics coating than as-received and semi-polished conditions.

Conflicting findings in the published results regarding the relationship between the
substrate’s roughness and coating adhesion have created uncertainty about setting up proper
process parameters to achieve the best performance. The aim of this work is therefore to study
the effect of increased surface roughness by shot peening treatment applied to the steel surface
prior to CS deposition of a titanium coating on its adhesion and integrity when subjected to
cyclic loading. The ultimate goal is to be able to use titanium CS coating as a corrosion
protective barrier on steel components which need to withstand mechanical loading without
cracking or delamination.

2. Experimental material and coating deposition

C55 carbon steel was used as the experimental material, with its chemical composition
shown in Table 1. The steel was heat treated by quenching and high tempering: austenitisation
at 840 °C for 40 minutes followed by water quenching, and tempering at 420 °C for 180 minutes
with subsequent air cooling. The resulting mechanical properties of the material after the heat
treatment are given in Table 2. The steel’s microstructure (Fig. 1) was formed by highly
tempered martensite and retained austenite.

Table 1 Chemical composition of C55 steel (wt. %).

Chemical composition
Steel grade - -
C Si Mn P S Cr Ni Cu Fe
Part analysis | 0.597 0.368 0.800 0.037 0.014 0.245 0.193 - Bal.
Requirement
0.52 — 0.17 - 0.50 - max. max.
per steel 0.60 037 0.80 0.040 0.040 |max. 0.25|max. 0.30|max. 0.30| Bal.
standard

Table 2 Mechanical properties of the C55 steel after heat treatment.

UTS /MPa Yield point /MPa Ductility /% Hardness HV1
1320 1240 13 440

Two sets of fatigue test specimens (6 pcs each) were machined with geometry as shown
in Fig. 2. The first set was used for the direct cold spray coating deposition of pure titanium on
the machined surface. The second set was first shot peened with S170 steel balls (diameter of
0.42 mm, hardness range 40 — 50 HRC) with an Almen intensity of 12 A and 100% coverage,
after which a cold spray titanium coating deposition was performed. The shot peening process
was performed in an automated industrial peening machine at Peen Service, S.r.l., Bologna,
Italy.
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a)
Fig. 1 Microstructure of the C55 steel after heat treatment, etch. 1% Nital: a) overview, b) detail.
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Fig. 2 Geometry of fatigue test specimen.

The cold spray process was performed using Titanium powder with a 99 wt.% Ti content
feedstock (produced using the hydride-dehydride method) at Kielce University of Technology,
utilising an Impact Innovations 5/8 System (Impact-Innovations GmbH, Rattenkirchen,
Germany) in collaboration with a Fanuc M-201A robot (Fanuc Robotics Ltd., Oshino, Japan).
To achieve the highest possible velocity and temperature of the titanium powder particles, the
system was set to its maximum parameters: 800°C and 40 bar pressure. Nitrogen gas was
employed during the process with a 30 mm stand-off distance from the surface of the specimen.
To ensure consistent results, the whole set of specimens was mounted in a multi-spindle device
and sprayed simultaneously. The nozzle's traverse speed was set to 10 mm/s, while the fatigue
specimens rotated at 1500 rpm. After depositing five layers, the diameter of the samples
increased from 6 mm to the planned 8 mm. During the deposition, the specimens were cooled,
maintaining a temperature below 80°C.

3. Testing methodology

The surface roughness prior to and after the coating deposition was evaluated using a
MarSurf PS10 roughness tester in accordance with ISO 21920. The data were evaluated as an
arithmetical average of three measurements performed at different locations on the specimen’s
circumference.

The particle size distribution of the Ti powder was measured using a HELOS H2398 laser
diffractometer. The phase composition of the powder and coatings was analysed with a Bruker
D8 Discover diffractometer using Co-Ka radiation (A = 1.78897 A). The phase analysis was
performed using Diffrac EVA 3.0 software with the PDF-4 crystallographic database.
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The residual stress state of the machined and shot peened specimens was evaluated using
the X-ray diffraction technique. A ProtoiXRD device was used for the analysis, using CrKa
radiation with an irradiated area of 1 mm?. The diffraction signal from {222} planes was
collected at 20 = 156.9°. The measurements were carried out using the sin’y method, with nine
inclinations between + 39°. The measurements were performed in axial (¢ = 0°) and tangential
(¢ = 90°) directions. To obtain the depth profile of the residual stress distribution, the surface
was gradually removed by electrolytic polishing.

Fatigue life analysis was performed with the use of rotary-bending loading in accordance
with ISO 1143 at 30 Hz loading frequency, room temperature, and a cycle asymmetry ratio of
R = -1. Testing was done in a stress-controlled regime. The aim was to evaluate the effect of
Titanium cold spray coating in potential combination with shot peening on the steel’s fatigue
performance and to obtain information on the coating adhesion and integrity under repeated
mechanical loading. Although the number of available samples was quite limited and the results
do not provide large datasets, the S — N curves already provide an indication of the fatigue
behaviour. The fatigue test data were evaluated by the Basquin function (1) with the use of the
least square method:

0,=0; (N/-)b, (1)

where b is the exponent of the fatigue life curve and o is the coefficient of fatigue toughness

obtained by the extrapolation of stress amplitude on the first loading cycle [27]. Due to the
different test termination conditions of the run-out specimens, only specimens which ended
with a fracture were considered for the Basquin evaluation.

An analysis of the fracture surface together with the surface chemical composition was
performed with the use of a ThermoScientific Phenom XL scanning electron microscope (SEM)
equipped with an Energy-Dispersive X-ray detector (EDX).

4. Results
4.1 Roughness evaluation

The results of the roughness evaluation given in Table 3 show that shot peening
significantly increased she surface roughness. This is an expected effect of the peening
treatment and is a standard accompanying phenomenon [28]. The substrate surface roughness
appears not to have influenced the roughness of the Ti cold sprayed coating, as the roughness
of both coatings are identical. This indicates that in the case of thick coatings formed by multiple
deposition layers, at a certain point the coating stops copying the initial surface roughness.

Table 3 Roughness of the specimens before and after Titanium cold spray deposition.

- ined + + Ti
Roughness As-machined Shot peened As machlped Shot peer}ed Ti
parameter Ti coating coating
Ra /pm 0.422 2.226 10.706 10.443
Average value
Rz /pm 3.856 11.942 56.919 56.780

4.2  Residual stress analysis

The results (Fig. 3) show that both surface finishings (machining and shot peening)
introduced compressive residual stresses in the surface and near-surface regions of the fatigue
test specimens. The generated stresses have a similar compressive maximum; however, the
depth of the residual stress field after shot peening is significantly deeper than that after
machining.
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Fig. 3 Residual stress profiles of the as-machined and shot peened fatigue test specimens: a) in the axial

direction, b) in the tangential direction.

4.3 Titanium powder analysis

The titanium powder used in the experiment consists of irregular and angular particles
due to its production through the hydride-dehydride process (Fig. 4a). The cross-sectional view
in Fig. 4b shows that the titanium grains are uniform and free from inclusions or internal
porosity. An analysis of the powder's particle size distribution revealed the following
parameters: d10 = 18.00 pm, d50 = 35.00 pm, and d90 = 60.00 um (Fig. 5). The X-ray
diffraction patterns for the titanium powder, shown in Fig. 6, confirm that the powder is

composed of pure crystalline titanium (Fig. 6).
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Fig. 5 Grain size distribution of Ti powder.
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Fig. 6 XRD phase analysis of Ti powder.

4.4 Coating characterisation

The microstructure of the titanium coating is presented in its cross-section in Fig. 7. The
coating features a small number of very fine pores that are evenly distributed throughout the
entire cross-sectional area (Fig. 7a). This is further confirmed by examining the etched cross-
section of the coating, which reveals its microstructure (Fig. 7b). The substantial deformation
of all powder grains is clearly visible, regardless of their size. Due to impact with the substrate,
the deformed powder grains create large bonding areas with minimal porosity. This effect is
attributed to the adiabatic shear phenomenon, which generates high temperatures and local
melting between the depositing titanium powder particles. The XRD results show that no new
phases are formed in the titanium coating (Fig. 6). The cold sprayed coatings contain only the
same crystalline phase as the original feedstock.

Fig. 7 Ti cold sprayed coating: a) cross-section, b) etched cross-section.

Metallography analysis of the transversal section of the fatigue test specimens showed
large voids on the coating/substrate interface of the machined and coated specimens (Fig. 8a).
In contrast, no such voids are observed on the shot peened and coated specimen, and the overall
coating adhesion is improved (Fig. 8b). The roughness of the substrate coating interface of the
as-machined specimens appears higher than the prior shot peened one (Fig. 8).
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Fig. 8 Interface between the coating and the substrate of specimen: a) as-machined, b) shot peened.

4.5 Fatigue life and coating integrity analysis

Although the number of available specimens was limited and the results do not provide a
large statistical dataset, from the trends of the S-N curves a mild increase in the fatigue
performance can be seen when shot peening was applied prior to the deposition of Titanium cold
spray coating. The level of improvement is not identical in the whole range of the number of
loading cycles where, for the number of cycles to fracture near N = 10°, the improvement is less
evident and reaches only about 5%. In contrast, the difference in the run-out stress levels for
N = 107 loading cycles is 84 MPa, which represents a fatigue limit increase of 28.7% (Fig. 9).
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Fig. 9 S-N curves of cold sprayed C55 steel with and without the application of shot peening.

A fracture surface analysis of specimens fractured at stress levels corresponding to failure
near N = 10° loading cycles revealed that the adhesion of the Ti cold spray on the C55 machined
steel was poor, and the coating completely separated from the substrate (Fig. 10a). The Ti
coating fracture surface clearly shows fatigue features (Fig. 10b,c); however, the position of the
coating’s fracture does not match the position of the C55 substrate rod fracture. This indicates
that the fatigue process took place independently in the coating and in the steel substrate. In the
CS55 steel rod, the fatigue crack initiation site exhibits severe damage due to local contact
(Fig. 10d). Nevertheless, it can be seen that the fatigue features spread from a near-surface area,
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indicating that the fatigue crack initiation occurred on the steel surface (Fig. 10e).
No unambiguous evidence of the fatigue crack initiation location was found on the Ti coating
fracture surface. Therefore, it was not possible to determine if the fatigue crack propagated from
the surface towards to the interface or vice versa.

The surface of the C55 steel rod after deposition of the cold spray Ti coating shows marks
of plastic deformation caused by the impacts of the titanium particles at high velocity (Fig. 11a).
The EDX mapping depicted in Fig. 11b indicates remnants of titanium on the steel surface,
showing that the coating deposition resulted in some material transfer. However, this was
insufficient for proper coating adhesion.

Fig. 10 Fracture surface analysis of C55+Ti.
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Fig. 11 EDX mapping C55+Ti specimen after fatigue test.

When shot peening was performed prior to the cold spray Ti deposition, the fatigue fracture
of the coating and the steel rod occurred in the same plane (Fig. 12a), confirming improved titanium
adhesion to the substrate. The fatigue crack initiation occurred on the interface between the coating
and the substrate (Fig. 12b, ¢) and propagated towards the core of the steel rod. In this case, the
titanium coating fracture surface does not possess clear fatigue features, and the fracture is most
likely a result of static overload. It is important to note that there is no visible coating delamination
near the fatigue crack initiation area (Fig. 12c). The only coating delamination was observed near
the final fracture area (Fig. 12d), where the layer was peeled off due to bending overload. On the
interface between the substrate and the coating, in the final fracture area, a thin surface layer with a
flat appearance can be observed, which corresponds to the work-hardened surface layer created by
the shot peening process. Again, no clear location of fatigue crack initiation was observed on the
coating, and thus it was not possible to evaluate the direction of fatigue crack propagation.

—
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Fig. 12 Fracture surface analysis of C55+SP+Ti.
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5. Discussion

This study of the coating-substrate interface by means of a cross-sectional
metallography analysis (Fig. 8) has revealed that for purely quenched and tempered steel, the
particle impacts during the coating deposition induced local plastic deformation of the
surface. Due to the high velocity impacts, the substrate surface roughness appears
significantly greater than that produced by shot peening, despite the fact that originally the
opposite was the case (Table 3). However, this could not be confirmed by direct roughness
measurements, as they would require peeling off the coating without any effect on the
substrate. The process resulted in the creation of large discontinuities (voids) on the interface
(Fig. 8a) which apparently led to poor coating adhesion on the substrate. During the fatigue
loading, the coating behaved as an independent solid where the fatigue process took place
separately from the substrate (Fig. 10). A similar cold sprayed layer delamination mechanism
was observed in the work of Bond [29] where interfacial debonding was observed due to the
mechanical loading of the 6061 aluminium alloy.

When shot peening was performed prior to titanium cold spray deposition, the work-
hardened surface layer served as a more suitable interface for particle bonding. Even when the
initial surface roughness was much higher than for the as-machined specimens (Table 3), the
interface roughness appears to be much lower, containing only minor discontinuities (Fig. 8).
This can be attributed to a higher level of work hardening of the shot peened layer as the
titanium particles during the coating process were not able to significantly deform the impact
area. In fact, the increased surface roughness prior to cold spray deposition proved to be
beneficial to the coating adhesion, as stated in [19, 24]. The reason is related to maximising the
surface contact area and providing a higher number of pinning points with the uneven surface.
The authors in [19] even concluded that the optimal surface roughness Rz is 0.75 times the
mean particle size, which provides the maximal contact between the impacting particles and
the substrate.

During the fatigue loading of the prior shot peened and cold sprayed specimens, the
fatigue crack initiation occurred under the coating, in the steel substrate (Fig. 12). From this
point, it propagated towards the core of the specimen. This indicates that the coating and the
substrate behaved as a more uniform solid as no coating delamination can be observed near the
fatigue crack initiation site. Improved coating adhesion is crucial in engineering applications as
mechanical loading of the coating with poor adhesion causes its mechanical degradation
through cracking and delamination. This leads to the full loss of functional properties, including
the improvement of corrosion resistance, as the corrosive environment gains direct access to
the substrate.

The superior fatigue properties of the shot peened and cold sprayed specimens (Fig. 9)
can be attributed to the improved coating adhesion rather than the shot peening effects of work
hardening and compressive residual stress accumulation. In fact, both machining and shot
peening led to compressive residual stresses with a similar magnitude, but different depths.
While in the case of the machining process the residual stresses are generated by the contact
force at the cutting tip and the affected depth is only about 0.05 mm, shot peening generates
compressive residual stresses through the impact of hard particles, and the field reaches a depth
of about 0.15 mm. As confirmed in [30], the cold spray process also accumulates compressive
residual stress in the sub-surface material layers, as the spray particles impact the surface at an
extremely high velocity. Thus, the final effect on the substrate is very similar to the shot peening
process. However, the combination of big impact dimples (visible on the transversal sections
in Fig. 8) and discontinuities between the substrate and the coating caused accelerated fatigue
crack initiation in the as-machined and cold sprayed specimens.
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6. Conclusions

Based on the obtained experimental results aimed at investigating the effect of shot
peening applied prior to titanium cold spray coating, the following conclusions can be made:

— High velocity impacts of the cold spray titanium particles on the as-machined surface
caused significant surface plastic deformation resulting in higher apparent roughness
on the transversal section, when compared to the prior shot peened surface. The
interface was also characterised by large voids on the coating/substrate interface.

— Titanium cold spray coating applied on the as-machined surface exhibited poor
surface adhesion when subjected to cyclic mechanical loading. The fatigue crack
initiated independently in the coating and in the substrate and ended with the total
separation of the coating.

— When the surface layer is pre-hardened by shot peening followed by titanium cold
spray deposition, the coating adhesion is significantly improved. The fatigue crack
initiated beneath the coating and propagated through the substrate. No
coating/substrate separation was observed near the fatigue crack initiation site.
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