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Abstract

An experimental study is performed to assess the surface integrity of cold sprayed and laser cladded 17-

4PH stainless steel deposits after turning and ball-burnishing. A special emphasis is given to near surface

microstructure and residual stress distribution. It is shown that both cold spray and cladding deposits

could be machined under cutting conditions close to those employed for a conventionally rolled 17-4 PH

stainless steel. Analysing the resulting microstructure in the near-surface revealed that the turning and

ball-burnishing processes a�ect the coating surface and generate a thin layer where the microstructure can

be hardly identi�ed. Residual stress measurements by an X-ray di�raction method revealed that turning

results in tensile residual stresses in the near-surface of both the cold spray and laser cladding deposits.

Surface treatment by ball-burnishing can be signi�cantly bene�cial as compressive residual stresses were

measured in both coatings in the near-surface zone but to a larger extent in the cladded material. The

comparison of the two pro�les showed that the cutting and deformation mechanisms can be signi�cantly

di�erent depending on the intrinsic nature of the deposited microstructure.
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1. Introduction

In many industrial applications including metallurgy, nuclear, aerospace or mining industries, extreme

working conditions can lead to the early failure of mechanical components. In order to avoid catastrophic

consequences, regular maintenance and often advance replacement of the concerned component have to be

carried out. If optimizing the design of the latter or the composition/microstructure of its basis material

were the preferred strategies, applying an overlay onto a core material appeared as a promising solution.

This is not only true for new high added-value functional parts but also as an alternative method to repair

the used ones. Recent advances in coatings and thermal-spaying technologies indeed made it possible by the

deposition of �lms with enhanced wear [1, 2] or corrosion resistance [3, 4] and fatigue properties [5, 6]. As far

as repairing is concerned, thick deposits are especially sought-after leading to the use of relevant processes

such as �ame [7] or High Velocity Oxy-Fuel (HVOF) spraying [8], welding [9], but also laser processes [10, 11]

or even recently cold spray [12, 13].

Laser cladding (LC) is a high temperature material deposition technology where the powder material

is transported by an inert gas toward a molten pool created by a laser beam. After a melting phase, the

material rapidly solidi�es forming a bead with a thickness that can exceed 2mm and a width up to 5mm

[14]. The powder can be delivered to the substrate either laterally or coaxially with the laser beam. In the

latter con�guration, particles reach the base material with a higher temperature due to a longer interaction

time while travelling into the laser beam. A thick coating can thus be generated by overlapping successive

cladding beads. On one hand, LC is known to be a �exible but also an e�cient deposition method because

of the dilution of the coating into the substrate resulting in a strong metallurgical bond [15]. On the other

hand, LC being based on successive melting and solidi�cation of the deposited material, tensile residual

stresses develop due to the high thermal gradients involved and di�erential thermal expansions [16, 17, 18].

Stress-relieving heat treatments are therefore required to ensure the functionality of the coating [19].

Cold Spray (CS) is a deposition process in which the powder particles are accelerated in a high-speed

gas �ow delivered by a supersonic nozzle [20, 21]. The particle velocity is a key parameter governing the

impact energy and leading or not to a severe plastic deformation of both particle and substrate surfaces [22].

Oxide �lms formed on each of them being broken after the impact, a strong bonding is achieved via the

new chemically active surfaces [23]. One speci�city of CS compared to many thermal spraying techniques, is

the relatively low deposition temperature which does not exceed the powder melting temperature. This of

course avoids melting of the deposited material but most of all oxidation or crystallization. One of the main

advantages of cold spray resulting in this low temperature is the possibility to produce very thick deposits

due to the relatively low level of residual stresses induced in the sprayed layers [24].

These two techniques have been proved to be e�cient in producing various deposits such as functional-
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gradient [25, 26], composites [27, 28] or multi-layer ones [29, 30]. Moreover, there is currently a growing trend

for using these deposition techniques not only for coatings or repairing but also for the direct manufacturing

of functional components, i.e. as additive manufacturing processes. Both cold spray and laser cladding are

being explored as viable solutions especially due to their free-form fabrication capabilities, �ne deposition

resolution and the possibility to build parts based on a layer-by-layer deposition. More than ten years

ago, Blose et al [31] and Pattison et al [32] were the �rst authors to reports that cold spray appeared as

a promising additive manufacturing technique. Several lastly published works[33, 34, 35] con�rmed this

trend and showed the great potential of cold spray. Laser cladding is also concerned and this direct metal

deposition alternative already showed some successful [36, 37, 38] However, their main drawback is that few

surfaces can be directly manufactured meeting the �nal functional requirements in terms of dimensional

accuracy, surface roughness or even surface integrity. Fine dimensional tolerances are indeed hard to achieve

as the width of a spraying track is commonly larger than 1mm. Resulting surface �nish can widely exceed Ra

values of 50µm whereas near surface properties such as residual stresses, microstructure, hardness or porosity

can be found highly detrimental. These surface and near surface properties are of primary importance as

they directly govern the fatigue life of the coated or manufactured components [6, 39, 5]. Post-processing

of the deposited material is then often required.

Several research works tried to apply post-treatment methods such as laser treatments to improve CS

porosity [40], laser shock peening [41], laser annealing or deep rolling to modify the residual stresses distri-

bution in LC [42]. Despite the fact that machining and super�nishing processes such as ball burnishing are

widely employed in industry, really few studies investigated their e�ects on CS and LC deposits. Recently,

Zhang et al. [43] showed how to improve the machining of LC coatings in terms of surface roughness using

wiper inserts. In two others studies, the same authors focused their work on surface integrity aspects [44, 45]

and highlighted the positive in�uence of turning and ball-burnishing on properties such as residual stresses,

porosity or bonding strength. The recent work of the present authors [46] especially proved that the bene-

�cial properties of a as-deposited CS 17-4PH coating, i.e. deep and large compressive residual stresses, can

be totally lost once a machining operation is applied whereas a ball-burnishing process can partially recover

them. A major bene�t is that ball-burnishing can be naturally combined to a �nish turning operation as

the required tooling can be mounted on a standard CNC lath. This has the advantage of keeping the whole

process smooth, simple and �exible without the need to mount the part on another machine or device. The

later works of Chew et al. [5] and Zhang and Liu [45] especially tried to connect these coating modi�cations

to �nal in-use properties such as fatigue life or corrosion resistance. These recent investigations showed

the potential of applying �nishing and super�nishing methods but unfortunately there is still a limited

knowledge on how those can a�ect the mechanical and metallurgical properties of thick CS or LC coatings.

Especially, no studies reported a comparison of the �nal properties reached for the same material deposited

by two di�erent techniques once a machining or super�nishing operation is applied.
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This paper thus aims at providing a new insight into the near surface properties of thick 17-4 PH

stainless steel coatings deposited by CS and LC after turning and ball-burnishing. A special emphasis is

given to residual stresses distribution and subsurface microstructure as this aspect has yet not been deeply

investigated in the literature.

2. Materials and Methods

2.1. Powder and Substrate

Commercial gas-atomized 17-4 PH stainless steel powder produced by TLS GmbH (Germany) was used

in the di�erent experimental campaigns. The particle size distribution are described in Figure 1a whereas the

morphology of the powder is shown in Figure 1b. The powder particles are both characterized by a spherical

shape with the presence of some satellites. However, the powder used in CS has a �ner size (D10/D50/D90

= 10/28/43µm) compared to the one employed in LC (D10/D50/D90 = 50/69/89µm) as it can be seen in

Figure 1a.

Regarding the deposition performed by Cold Spray, the substrates were made of 1050 aluminum as

cylinders with an outer diameter of 50mm. Spraying was performed on the as-turned surface without any

preparation procedures.

In Laser Cladding, a standard a E335 0.4% carbon non-alloy steel was selected according to the higher

deposition temperatures. Cylinders with an outer diameter of 50mm were machined and no speci�c prepa-

ration process was applied on them before deposition.

2.2. Coating deposition parameters

Cold spray coatings were applied using a CGT KINETIKS 4000 system �tted with a Type 40 converging-

diverging nozzle. The cylindrical substrates were clamped on a rotating system controlling their angular

position and speed while the deposition took place with the nozzle moving parallel to the cylinder axis.

Nitrogen was used as a propellant gas, and the main spraying parameters are speci�ed in Table 1.

It has been proved that the ratio of the impact to critical velocity [47] directly govern the bonding prop-

erties of a cold spray coating and that higher impact/critical velocity ratio are bene�cial. It is also possible

to control the particle impact velocity by varying the gas stagnation pressure and temperature [20, 22, 23].

Therefore, the gas stagnation pressure was set to the highest possible value allowed by the system (4.0MPa)

whereas the temperature selected in order to avoid the clogging of the nozzle (923K) CGT KINETIKS 4000

cold spray system. This combination was assumed to ensure the highest particles acceleration resulting in

the best mechanical properties. A resulting coating thickness of 2.5mm was achieved on the as-sprayed

deposits.
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LC was performed on a 6-axis Trumpf Trulaser Cell 7040 cladding system equipped with a 4kW Nd-YAG

laser and a 3-jets injection nozzle leading to a circular beam spot on the target surface. A 1.5mm thick

coating was formed by overlapping single laser beads deposited side by side with a �xed o�set of 3 mm. In

order to avoid cracking at the coating/substrate interface, a stress relief heat treatment (HT) was processed

in a furnace with a a holding temperature of 1035◦C for 1 hour, oil quenched and tempered at 620◦C for 4

hours, followed by a furnace cooling to the room temperature.

2.3. Machining and Ball Burnishing parameters

After coating deposition, both the CS and LC samples were machined by a longitudinal �nish turning

operation (FT). A CNMG 120408-TF IC9025 coated tungsten carbide tool was used and mounted on a

PCLNL 2525M 12 tool holder, resulting in a 95◦ entering angle and -6◦ rake angle. Machining was carried

out under lubrication with emulsion and the same cutting conditions were selected: Vc = 50m/min, f =

0.15mm/rev, ap = 0.3mm.

Ball burnishing (BB) was then applied on some of the coated and turned specimens. This process is

a super�nishing technique that can be e�ciently applied to modify the surface topography as well as the

mechanical state within the near-surface layer [44, 48] (Fig. 2). A 6mm diameter ceramic ball moving on the

surface with a given feed (0.05mm/rev) and speed (50m/min) is used to generate a high contact pressure.

The normal load was exerted by a hydraulic pressure and controlled prior to the test under static contact

conditions. A load of 250 N was then applied onto the workpiece, which is found to be common for ball

burnishing of martensitic stainless steel [48].

2.4. Characterization Methods

Selected specimens have been cut, in parallel and perpendicular directions relative to the cylinder axis,

mounted and polished with SiC grinding paper up to 1200 grit size followed by diamond based suspensions

down to 1 µm. Porosity was estimated by image processing of these polished cross sections. Microstructural

characterizations were performed after etching using a ASTM24 solution and analysed with a light optical

microscope and scanning electronic microscopy (SEM). The microhardness was measured using Buehler

OmniMet MHT 5104 device with Vickers indenter.

The residual stresses measurements have been performed with an X-Ray Di�raction (XRD) system

equipped with a 2-mm diameter collimator with the following con�guration:

• Cr Kα radiation with 18 kV, 4 mA;

• λ = 0.229 nm, planes 211;

• Bragg's angles: 2θ = 155.00◦;

• Ω acquisition mode;
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• 7 β-angles (from -30◦ to +30◦);

• β oscillations: ±6◦.

Stresses were calculated using the elliptic treatment method with the following radio-crystallographic

elasticity constants: 1
2 S2 = 5.92 ×10−6MPa−1, S1 = 1.28 ×10−6MPa−1.

The in-depth residual stress distribution has been investigated after successive layer removal using an

electrochemical polishing system with a diameter of 5 mm. Electropolishing was employed to prevent a

strong alteration of the initial residual stress pro�le.

3. Results and Discussion

3.1. Near surface microstructure

The initial microstructures and microhardnesses of the as-deposited (AD) coatings are shown in Figure

3a-b in CS and Figure 3c-d in LC.

The typical structure of a cold spray deposit can be seen on the CS-AD coating with deformed and cohered

particles with residual inter-particle interfaces (Fig. 3a). A relatively low porosity has been achieved with

an average value of 0.8%. The substrate/coating interface is shown in Figure 3b with stainless steel particles

that strongly penetrated the aluminum substrate.

The LC coating after heat treatment exhibits a common martensitic microstructure, with a quasi equi-

axis grain structure and locally slightly elongated ones towards the surface, i.e. remaining history from

the growth oriented into the direction of the heat �ow (Fig. 3c). Martensitic laths are visible within the

prior austenitic grains whereas a speci�c microstructure appeared near the coating/substrate interface (Fig.

3d). Even if this is far from the region of interest, microstructural investigations showed an evolution of the

typical dilution zone between the cladded material and the substrate towards a carbon-rich microstructure

with a microhardness exceeding 475 HV0.1 (Fig. 4). According to the lower hardness values measured at the

interface on the substrate side, 125 HV0.1 against 200HV0.1 for the bulk E335 material, a carbon di�usion

from the substrate towards the 17-4PH coating via the dilution zone during the heat treatment has been

assumed.

It can be noted that, with both processes, mean hardness values of the AD deposits over the �rst 200

µm, approx. 350-355 HV0.1 (Fig. 4), are comparable with the bulk hardness of a hot rolled 17-4 PH steel

bar, heat treated under standard H 1075 conditions (340 HV.01 ± 10).

Once the two post-processing techniques were applied, the bulk microstructure of the CS coating did not

appear a�ected as shown in Figure 5. The integrity of the coating remained without any crack, delamination

or torn particles. However, focused analyses on the near-surface revealed a modi�ed microstructure as it can
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be seen in Figures 5b-c. A �nish turning operation tends to cut and deform the CS particles at the surface

toward the material removal direction (Fig. 5b). The particle boundaries are compressed and even become

hardly visible when getting closer to the top surface. After �nish turning and ball-burnishing (Fig. 5c),

plastic deformation of the particles was ampli�ed with the inter-particle boundaries highly oriented toward

the material deformation direction.

Similar results have been observed on the LC coating (Fig. 6). The microstructure is transformed on 5

to 10µm from the top surface with the martensite laths deformed and oriented towards the cutting direction

(Fig. 6b-c).

As these transformed thin layers deserved a deeper analysis, high resolution SEM analyses were carried

out. The Figure 7 tends to show that severe plastic deformation induced by turning and ball-burnishing led

to the activation of a grain re�nement process due to an intense shear localisation as described in several

research works [48, 49, 50]. However, this had never been clearly reported in CS or LC coatings. EBSD

analyses should be performed to con�rm clearly the occurrence of this phenomenon.

Surface microhardness measurements exhibit a slight variation showing that the in-depth hardness has

not been a�ected by the two processes (Fig. 8). However, these values are the average of 3 measurements

at depths from 50 to 200µm in order to avoid any boundary e�ect when getting closer of the top surface.

Considering the thickness of the transformed layers identi�ed in the previous �gures, these slight increases

reveal a modi�cation of the in-depth properties but could signi�cantly underestimate the hardness of the

surface and near-surface region. Nanoindentation should be employed to extract their actual mechanical

properties with a more local measurement technique.

3.2. Residual stresses

Residual stresses are an important feature of the functional surface impairing the lifetime of a mechanical

component. Residual stresses of the AD coatings have not been characterised in this work for two main

reasons:

• the context of the proposed work concerns the processing of thick coatings obtained by CS or LC. This

means that the coated part will never be used as-deposited but will be functional only once its surface

has been machined;

• in our earlier study [46], the present authors showed that once a �nish turning operation is applied,

according to the selected depth of cut (0.3mm), the main a�ected depth of the coating is removed

which will result in a new a�ected functional surface. The history of the deposition process can there-

fore be neglected as the residual stress state will directly depend on the last process applied.
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The Figure 9 shows that FT can induce tensile residual stresses up to 150MPa into the �rst 5 to 15µm in

both axial and tangential directions, followed by a compression peak close to -300MPa around 40µm. The

pro�le is then progressively reaching -130MPa which has been shown to be the residual stress level of the

AD CS coating at this depth [46].

Ball-burnishing is able to change the residual stress pro�le left by the �nish turning into a compressive

one. -50MPa can be achieved at the top surface which progressively decreases to -200MPa along the �rst

200µm below the surface, showing a potential deeper e�ect compared to FT. One can also notice that axial

and tangential stresses are really close in magnitude all along the depth compared to FT. Due to the material

removal itself, FT certainly applies anisotropic loadings onto the machined surface leading to this residual

stress pro�le.

In LC, residual stresses were �rst investigated in FT but checking the potential in�uence of the selected

heat treatment (HT). FT was thus applied on some raw AD and some heat-treated AD samples. Interestingly,

surface tensile stresses were found to be really close whereas compressive stresses beyond 20µm were slightly

larger after HT that on the raw AD coating (Fig. 10). The heat treatment does not �nally drastically a�ect

the stress distribution within the near-surface which is mainly a�ect by the last �nish turning operation.

Applying a further ball-burnishing operation completely modify the residual stress pro�le as shown in

Figure 11. The post-processing technique results in deep and intense compressive stresses almost reaching

-1GPa at around 25µm from the surface in the axial direction. Whereas the e�ect of FT appears to be

limited to 100µm, BB is able to a�ect up to 300µm of the near-surface region. These �ndings are consistent

with the experimental results presented in [48, 51, 52] as well as the theoretical studies conducted by Yen

et al. [53] or Kermouche et al. [54] using a �nite element model.

Finally, the large di�erence in amplitude between the axial and tangential stresses along the �rst 100µm

in BB proves that this process has a high anisotropic e�ect on the treated surface.

3.3. Comparison between CS and LC

From a microstructural point of view, both CS and LC deposition processes exhibited a modi�cation of

their as-deposited microstructure in the near-surface region on a depth of approximately 5 to 20µm once

FT and BB were applied. If the generated LC microstructure appears closer to those obtained by Mon-

delin et al. [51] on a bulk 15-5PH martensitic stainless steel after FT, those on the CS samples are a bit

speci�c considering the particular cohered particle type of microstructure. Indeed, not only the material

within the particles is a�ected by the selected post-processing technique but also the inter-particles bound-

aries which are found to disappear by deformation and compression of the neighbouring particles. Material

removal or deformation of a CS microstructure can almost be considered as post-treating a granular mate-

rial due to the intrinsic nature of the CS deposit while the LC coating appears to be closer to a bulk material.
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An interesting �nding concerns the residual stress state within the two coatings. The latter are plotted

side by side in the Figure 12 using the same scale on both axis and reveal the following aspects:

• after FT, stresses induced in the LC coatings are moderately larger in magnitude compared to those

in the CS deposit, especially in the tangential direction;

• after FT and BB, the CS coating exhibit signi�cantly lower compressive stresses compared to the

cladded material. Stresses in both directions are similar whereas the di�erence between the stresses

in the axial and tangential direction is more pronounced in the LC coating;

• the e�ect of BB after FT is relatively limited in the material deposited by CS whereas it is clearly

predominant in LC.

As discussed in the previous section, the stress distribution observed in the LC coating after FT and

FT+BB is consistent with those reported by Mondelin et al. [51] and Chomienne et al. [48] on a bulk 15-

5PH. The authors highlighted surface tensile stresses between 300 and 500MPa after FT whereas BB led to

surface stresses between -300 and -600MPa with a compression peak exceeding 1GPa [48]. Similar results

with BB were found on a bulk 17-4PH by Zhang et al. [52]. This tends to show that the 17-4PH LC coating

presents a behaviour similar to a bulk hot rolled martensitic stainless steel.

On the contrary, the di�erent evolutions observed in the CS coating con�rm that the behaviour of a CS

type of microstructure is completely di�erent from the similar bulk material. A tentative explanation could

be the speci�c mechanisms occurring when cutting or ball-burnishing a cohered particle based material.

The Figure 13a shows that after FT not only the bulk microstructure of a particle is deformed but also

the inter-particle boundaries. Those are still open beyond 2 to 3µm from the top surface whereas they

completely disappeared within the �rst 2µm. In the Figure 13b, one can noticed that after applying BB,

the inter-particle boundaries got closed and completely disappeared all along the depth of the deposit.

This deformation phenomena occurring at the inter-particle boundaries could explain the lower compres-

sive stresses achieved in the CS coating compared to the LC one. Indeed, part of the energy induced by the

BB operation is in fact dissipated in deforming and compressing the inter-particle boundaries in the near

surface instead of plastically deforming the bulk material. The lack of knowledge regarding residual stress

distributions induced in CS martensitic stainless steel coatings impairs the validation of this statement and

does not make possible the comparison with previously obtained data from the literature.

4. Conclusions

This paper focused on the e�ect of a �nish turning and ball-burnishing operations on the surface and

near surface properties of thick 17-4PH coatings. Two deposition processes have been investigated: Cold
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Spray and Laser Cladding. The important �ndings of this work are as follows:

• Both deposited materials could be machined without any damage using the same cutting conditions

as for a rolled bulk 17-4PH stainless steel;

• Applying a �nish turning or ball-burnishing operation a�ected the near-surface microstructure resulting

in a 5 to 10µm thick transformed layer in both deposits. The inter-particle boundaries of the cold spray

coating were severely deformed with an orientation directed towards the material removal/deformation

direction;

• A slight increase in the micro-hardness has been observed around these layers but more local measure-

ments should be performed to speci�cally extract their mechanical properties;

• Tensile residual stresses were induced along the �rst 15 to 20µm by the �nish turning operation in

both cold spray and laser cladding coatings followed by a compression state. Larger amplitudes were

reached in the cladded material with surface tangential stresses exceeding 400MPa and a compression

peak up to -400MPa against -300MPa in cold spray;

• Applying or not a heat treatment to the cladded material did not change drastically the e�ect of the

�nish turning operation leading to a very similar residual stress distribution;

• Ball-burnishing improved the surface integrity of both deposited materials by changing the surface

tensile stresses into compressive residual ones. The a�ected depth of this process could reach 300µm

in the cladded material with deep and intense stresses down to -1GPa. However, the e�ect of ball-

burnishing was found to be more limited in the cold spray coating with compressive stresses limited

to -200MPa.

The last observation presents an interesting perspective as the reported di�erences on the residual stress

distribution between the cold spray and cladded material highlight a di�erent deformation mechanism. It

is thus assumed that cohered particle type of microstructures do not behave as bulk ones, especially due to

the inter-particle boundaries which play an important role. Further investigations should be performed to

fully understand the local mechanism behind and also clarify the microstructural evolutions observed in the

near region.
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Nomenclature

AD As deposited

BB Ball burnishing

CS Cold Spray

EBSD Electron BackScatter Di�raction

FT Finish turning operation

HT Stress relief heat treatment

HV OF High Velocity Oxy-Fuel

LC Laser Cladding

SEM Scanning Electron Microscope

XRD X-Ray Di�raction

V c Cutting speed

ap Depth of cut

f Feed rate

β Incidence angle of the beam

λ Wavelength of the incident beam

θ Angle of the di�racted beam
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Parameter Unit Value

Gas stagnation pressure MPa 4
Gas stagnation temperatur ◦C 650

Spraying distance mm 40
Substrate rotation speed rpm 12

Nozzle displacement speed relatively to the cylinder axis mm/s 0.5
Nozzle traverse speed relatively to the surface mm/s 390

Number of nozzle passes - 2
Powder feed rate g/s approx. 1.3

Table 1 � Cold spray spraying parameters.
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Parameter Unit Value

Beam sport diameter mm 6
Laser cladding speed m/min 0.8

Laser power kW 4
Powder feeding rate g/min 24
Coating thickness mm 1.5

Table 2 � Laser cladding deposition parameters.
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Fig. 1 � Particle size distribution of the 17-4 PH stainless steel powder used for each deposition process (a) and SEM
image of particles (b) of the powder employed in CS.
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Fig. 2 � Principle of the ball burnishing process [48]
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Fig. 3 � Optical image of the as-deposited (AD) coating top surface and SEM image of the substrate/coating interface
in CS a,b) and LC c,d)
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Fig. 5 � SEM images of a) the AD CS coating cross section, b) after �nish turning and c) after �nish turning and ball
burnishing taken along the parallel direction relative to the substrate axis
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Fig. 6 � SEM images of a) the AD LC coating cross section, b) after �nish turning along the perpendicular and c)
parallel direction relative to the substrate axis
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Fig. 7 � High resolution SEM images of a) the CS coating cross section, b) the LC coating both after �nish turning
and ball burnishing taken along the parallel direction relative to the substrate axis
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Fig. 9 � Residual stress pro�les of the CS coating after �nish turning (FT) and �nish turning followed by ball-burnishing
(BB)
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Fig. 10 � Residual stress pro�les of the LC coating after �nish turning (FT) on the as-deposited coating and as-deposited
followed by heat treatment (HT)
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Fig. 11 � Residual stress pro�les of the LC coating after �nish turning (FT) and �nish turning followed by ball-burnishing
(BB)
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Fig. 12 � Comparison between the residual stress pro�les of the a) CS and b) LC coatings after �nish turning (FT)
and �nish turning followed by ball-burnishing (BB)
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Fig. 13 � High resolution SEM images of a) the CS coating cross section after �nish turning, b) after �nish turning
and ball burnishing taken along the parallel direction relative to the substrate axis
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