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Abstract 

There has been an increased concern related to environmental pollution, caused by the emission 
of particles released during the braking process. In the future, environmental safety laws will 
be increasingly restrictive and the development of new viable alternative technologies will be 
inherent. Because gray cast iron (GCI) has a low cost and mechanical properties compatible 
with this type of application, it will be difficult to identify a similar material to replace it. In the 
case of vehicles that serve passenger transport, the most convenient solution is to cover the 
brake discs made of GCI with materials that reduce wear and corrosion, but which at the same 
time maintain or improve their functional performance. This research aims to improve the 
mechanical properties of the brake discs by laser cladding using Inconel 718 (IN718) metallic 
powder by Direct Energy Deposition (DED) method. The interface between substrate and the 
deposited material was uniform, forming a compact bonding of the two materials. The average 
hardness of the IN718 deposited material was twice higher than the one of the GCI substrates. 
The friction coefficient (CoF) of the IN718 coatings was higher by 0.12 compared with the 
substrate material. The depth of the wear track for the layers deposited with IN718 was -50 µm, 
while the depth of the wear track of the exposed substrate GCI was 3 times higher (-150 µm). 
The corrosion resistance of the coating was superior by four orders of magnitude to that of GCI 
substrate in 3.5 wt.% NaCl aqueous solution.  
Keywords: Direct Energy Deposition; Brake discs; Inconel 718; Wear resistance; Corrosion 
behavior. 
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1. Introduction 

Gray cast iron (GCI) is widely used in industry fields involving metallurgical processes 
due to its excellent physico-chemical properties (good casting behavior, superior conductivity, 
excellent thermal stability, high hardness and good abrasion resistance) which prevent 
overheating and surface wear, and it’s low cost [1–3]. However, under severe usage 
circumstances, the wear performance, hardness and corrosion resistance of GCI can be 
drastically reduced. The coarse grains and inferior surface quality of GCI are the main 
disadvantages that impede on the widening of the possible applications and relatively reduced 
service life. An important application of GCI is the brake disc, which is an essential component 
of the braking system for automobile, aviation and rail vehicles. In the last decade, the 
environmental pollution caused by the emission of particles released during the braking process 
has attracted an increased attention and concern from environmental agencies, following proves 
from numerous studies and research efforts from all over the world [4–7] Due to the fact that 
GCI has mechanical properties compatible with this type of application, and the components 
made from it can be cast and machined at low cost, it will be difficult to identify a similar 
material to replace it. Aiming to overcome the above disadvantages, surface modification 
technology could be introduced to improve the performance of GCI. This can be the most 
suitable solution, as the brake discs made of GCI could be coated with materials for reducing 
wear and corrosion, while also succeeding to maintain or improve their functional performance 
[8].  

The Fraunhofer Institute for Laser Technology ILT and RWTH Aachen University have 
developed an improved coating method using laser cladding as the basic technique, called 
"Extreme High-speed Laser Material Deposition (EHLA)". This technique seems to be 
extremely efficient in the process of coating brake discs with metallic layers with superior 
properties both from an economic and technical point of view, due to the use of high processing 
speeds (up to 8 m / s, compared to 0.008 -0.03 m/s) [9, 10]. 

Direct energy deposition (DED) is one of the numerous methods of coating metal 
surfaces with other metallic materials (air plasma spraying - APS, high-velocity oxygen fuel - 
HVOF, thermal spray, gas tungsten arc welding – GTAW, laser welding - LW, thermal barrier 
coatings - TBC) that can obtain excellent performance against wear and corrosion. DED is an 
additive manufacturing technology which allows coating in a single step of a layer with 
thickness dimensions between 0.3-2 mm. Such a layer made of metallic or composite materials 
possesses remarkable characteristics, such as reduced heat affected zone, minimal dilution and 
improves wear [11–14] and corrosion resistance [15–18]. DED can be found in literature as 
laser cladding (LC) or laser melting deposition (LMD) and has huge potential for refurbishing 
and transforming the surface of crucial components and expanding their service life [19]. 
However, the literature studies have shown that the DED technology applied to GCI materials 
has certain restrictions [20, 21] deposition of Co [22] and NiCrBSi [23] on GCI substrates has 
been studied using high power continuous emission laser sources, but cracks were observed in 
the structure of the deposited substrate. These defects were caused by the residual stresses that 
occur during the build of the deposited structure.  

Inconel 718 (IN718) is a high-strength precipitation-hardening nickel-base alloy that 
has exceptional characteristics, including excellent mechanical properties in severe conditions, 
low creep at high temperatures, high oxidation resistance and hot corrosion resistance up to 



650°C, as well as good welding behavior [16, 24, 25] Therefore, it is extensively used in various 
industries, such as petrochemical industries aerospace and marine.  

When it comes to laser coating GCI, there are many problems to be solved: obtaining a 
good adhesion between the two materials due to the different chemical compositions and 
mechanical properties, reducing the dilution at the interface of the deposited layers, limiting the 
formation of Laves phases in order to reduce cracking and stress.  

Stanciu & al. [26] deposited double layers of NiCrBSi and IN718 by laser-cladding on 
steel substrate. Thus, they obtained an increase in corrosion resistance, a reduction in dilution 
with the substrate, as well as a hardness gradient with increased values on the deposited 
NiCrBSi layer. Another study showed a successfully deposited NiCo coating on IN718 
substrate by pulsed laser cladding. In this case, the hardness of the deposited layer was higher 
with 21% that the one of the IN718 substrate and the coating's surface residual stress was 
compressive stress, which prevents crack generation and improves fatigue strength [12]. Using 
a pulsed laser source, the heat affected area was smaller [27], cracks were reduced due to low 
heat input [28] and the hardness of the deposited layer increased with the use of a high pulse 
rate [29]. To eliminate the voids that occur during the laser cladding process on GCI a study 
about remelting of the deposited material was carried out. The results revealed that laser 
remelting was an effective way to eliminate the voids generated in the interface zone and 
microhardness of the hardened region was of ~ 600HV[30]. Another research investigated the 
effects of process parameters on the geometric characteristics, microstructure, and corrosion 
resistance of the Co-based coating on 42CrMo pipeline steel. The authors obtained excellent 
corrosion resistance through the adjustment of the process parameters [15]. The microstructure 
and tribological properties of the deposited layer were studied based on process parameters 
during laser cladding Ni-based on QT500-7 ductile cast iron. The hardness, corrosion resistance 
and tribological properties were significantly improved by optimizing the process. When the 
WC content is in 5%–35%, the microhardness increased 3 times. When the WC content is 20%, 
the corrosion current is three times lower that the one of the substrate which means that the 
corrosion resistance of the coating is higher. The wear rate of the substrate is almost seven times 
higher than the cladding layer with different WC mass fractions [31].  

The effects of laser remelting speed of IN718 alloy layers obtained by LMD have been 
studied by Xin B. & all [32]. Using a high speed of LR process (3 times higher than the speed 
used in case of the LMD processing) the mean primary dendrite spacing values of the remelting 
area decreased from 6.35 to 3.28 μm gradually and the hardness increased with 12 HV. 
Mazzucatto & all [33] conducted a research study on the influence of LMD process parameters 
on the mechanical properties of IN718 depositions at room temperature and several deformation 
rates (i.e. 0.001, 200 and 800 / s) using a split Hopkinson drawbar. The results established an 
important influence of the LMD process parameters on the mechanical properties of the as-built 
metal compared to as-cast material and a good repeatability of the process. The influence of 
process parameters in case of the laser processing of cast iron in terms of dilution, layer width 
and heat affected zone were studied by Gusev & Lyukhter [34]. They developed a control 
scheme for the laser plating process to achieve a low level of dilution and to reduce the width 
of the heat affected zone. Liu & all [35] studied the effect of combined heat treatment (solid 
solution 1050ºC + double aging) on IN718 laser-coated layers. They showed that the hardness 
increased from 350HV to 500HV and the residual stress turned into compression stress after 
the heat treatment.  



This paper focuses on an IN718 metallic coating of a GCI substrate, cut from a brake 
disc by DED technique, in which the filler material is supplied by a three-beam nozzle into the 
laser beam, obtaining after solidification an adherent, compact and uniform layer on the surface. 
We will show that the hardness tests, tribological tests and corrosion resistance showed higher 
values for the direct laser deposited layer compared to the base material. Functional braking 
tests on IN718 coated brake discs mounted on an autovehicle, performed by an official 
certification car service, showed that the friction values are in accordance with the brake discs 
specifications in the legislation for cars circulation in Romania. 

2. Materials and methods 

The metallic powder used for this study was nickel-based superalloy IN718 purchased 
from Hoganas GmbH (Germany, Goslar) with spherical shape particles and 45-90 µm diameter. 
Before experiments, the material was submitted to a thermal treatment at 60oC for 4h in furnace 
in order to eliminate the absorbed humidity from the atmosphere. The chemical composition of 
the powder material is listed in table 1.  

Table 1. Chemical composition of IN718[wt%] 

Ni % Cr % Nb % Mo % Ti % Al % Si % Mn % C % Fe 

52.8  19.2 5.29  3.1 1.0 0.6 <0.10 0.02 0.05 Balance 

For this study, GCI samples obtained by cutting an automobile brake disc into 60 mm x 
20 mm x 5 mm coupons were used as substrates. The typical microstructure of GCI is 
characterized by a dispersed carbon lamella formation surrounded by α-ferrite and pearlite 
phases. The chemical composition of the GCI substrate is listed in table 2. The substrate was 
machined by turning in order to remove surface debris and impurities and then cleaned with 
acetone and ethanol in order to completely remove the debris.  

Table 2 Chemical composition of GCI [wt%] 

C  Si Mn  P  S Cu Fe 

3.2-3.5 1.8-2.2 0.6-0.9 ≤ 0.2 ≤ 0.12 ≤ 0.58  Balance 

Physical and thermal properties of the GCI and IN718 such as specific heat capacity, 
coefficient of thermal expansion and thermal conductivity are presented in table 3.  

Table 3. Physical and thermal properties of materials 

Material Density 
[kg/m3] 

Melting 
temperature 

[oC] 

Thermal conductivity 
[W/m•K] 

Caloric 
capacity 
[J/kg•K] 

Thermal expansion 
coefficient [10-5/K] 

GCI 7090 1208 39 513 1.2 

Inconel 718 8190 1260-1335 11.2 435 1.3 

From the values of physical properties results that IN718 powder is compatible with the 
GCI in terms of crystalline structure, melting temperature and thermal expansion coefficient, 
while differences appear in case of the thermal conductivity. The powder type for laser cladding 
was chosen based on the criteria of compatibility with the main physical properties of 
hypoeutectic cast iron (carbon content between 2 and 4.11wt %, microstructure with uniform 
vermicular graphite spread in a mass of pearlite), in order to obtain the increase of the corrosion 



resistance and of the coefficient of friction, without generating stress at the interface between 
the deposited material and the substrate. 

The experimental set-up used for obtaining IN718 deposition layers by DED technique 
consists in a 3 kW Yb:YAG laser source (TruDisk 3001, Trumpf, Ditzingen, Germany) emitting 
in continuous mode, with wavelength λ=1030 nm connected by optical fiber to a deposition 
optics. The optics was mounted on a robotic arm (TruLaser Robot 5020, Trumpf, Ditzingen, 
Germany) with 8 degrees of freedom using an electro-magnetic plate.  

The deposition line is equipped with a three-beam nozzle which ensures a uniform powder 
distribution, independent of the process motion (Fig. 1). The laser beam is guided and focused 
on the workpiece trough the focusing optics, while the powder stream is blown into the laser 
spot through 3 nozzles. The deposited layers were obtained by using 600 W laser power, 0.01 
m/s scanning speed, 4 g/min powder debit and 14 slpm gas mix (He-Ar).  

 
Fig. 1 Schematic representation of laser cladding and C atoms dynamics in the deposited layer 

The laser beam (Ø=800 µm) was concentrated on the surface of the substrate via a 200 
mm focal distance lens. The trajectory of the deposition layers was designed and programmed 
into the robot movement code generator, TruTops Cell® (Trumpf, Ditzingen, Germany) (Fig. 
2a). The chosen scanning strategy used for laser cladding of the brake disc was a spiral like 
trajectory (Fig. 2b), to keep a low temperature during the process and to diminish the risk of C 
evaporation from the substrate as much as possible. In order to obtain a bulk structure, the 
optimum interspace distance of the spiral was found to be at 1 mm, while the distance between 
layers was of 0.2 mm, which translates in a 40% ratio overlap. Each layer deposited using these 
process parameters had a height of 600 μm.  



 
Fig. 2 Computer Aided Manufacturing program (a); Scanning strategy of the deposition with a 

superposed spirals detail (b) 

The temperature of the molten pool was recorded by a non-contact pyrometer, IGA 5 
(Fort Collins, Colorado) and the substrate temperature via a chromel-alumel thermocouple wire.  

The deposited samples produced by DED technique on the GCI substrate were cut into 
small coupons of 10 mm × 10 mm × 10 mm by disc cutting method, which were used to analyze 
the microstructure, the hardness, the wear and corrosion resistance. The surfaces were mirror-
like prepared to reveal the microstructure using silicon carbide sandpaper grinding (400 to 2500 
grit paper), diamond abrasive paste polishing (3-0.1μm particle size), washed with running 
water, dried via cold air and then chemically etched using Kalling 2 reagent (ATM, 
Mammelzen, Germany). The geometrical characteristics of the cross section of the clad areas 
were analyzed and measured using an Olympus GX51 (Tokyo, Japan) optical microscope 
equipped with AnalySis software for images processing. The microstructure of cross sections 
through the laser clad samples were analyzed also by scanning electron microscopy (SEM) 
using Inspect S microscope (FEI, Holland) equipped with AMETEC Z2E EDS sensor.  

The hardness was measured by scratch testing performed using a multi-function 
Tribometer MFT-2000 (Rtec-instruments, Yverdon-les-Bains, Switzerland) under constant 
load of 25N with 0.15 mm/s speed and a diamond Rockwell 200 µm radius on a 3 mm length 
at 23˚C temperature environment and 40% relative humidity. The scratch hardness number was 
calculated using equation 1, by dividing the applied normal force on the stylus by the projected 
area of scratching contact, considering the hemispherical - tipped stylus groove of a radius of 
curvature 𝑟. The projected area of the contact surface is therefore a semi-circle whose diameter 
is the final scratch width. 𝐻𝑆𝑃 = 8𝑃𝜋𝑤2                                                        (1) 

where: 𝐻𝑆𝑃 – scratch hardness number [GPa]; 𝑃 – normal force [N]; 𝑤 – scratch width [µm] 

The same system was used for pin on disk tribological testing behavior under the 
following conditions: 60N applied load for 5 min, 150 rpm speed and a 6 mm diameter pin with 
spherical head made of Steel 440C. The testing machine is equipped with dedicated software 
for data analyses and interpretation. Prior measurements of the hardness and wear resistance on 
the IN718 deposited material and the GCI substrate, the surfaces were preliminary prepared by 
grinding and polishing. 



The electrochemical measurements (corrosion tests) were carried out by using linear 
polarization resistance (LPR) technique, which is a corrosion rate monitoring method that can 
give an indication of the corrosion resistance of materials in an aqueous environment.  The 
corrosion tests were carried out in a three-electrode cell using a PARSTAT 4000 (Princeton 
Applied Research - AMETEK, USA) potentiostat/galvanostat connected to the VersaStudio 
software produced by the same company. The measurements were conducted according ASTM 
G5 - 94(2011)e1 standard. The working electrode was made of the GCI without and with IN718 
coating. The saturated calomel electrode (SCE) was used as the reference, and the recording 
electrode was made from a platinum mesh (99.8% Pt). Prior each measurement, the surface of 
the working electrode was cleaned ultrasonically in pure water and dried at room temperature. 
The used corrosive environment (electrolyte) was NaCl 3.5%. The potentiodynamic 
polarization (LSV) curves were recorded by applying a potential in range of −2000 to 2000 
mV, with the scanning rate of 1 mV/s. The LSV curves were used to designate the corrosion 
potential, corrosion current density and the slope of the anodic and cathode curve of the tested 
materials. All measurements were carried out at a temperature of 24 ± 0.2 °C and to ensure 
repeatability, the tests were performed three times for each specimen. 

3. Results and discussion 

Microstructure  

Both longitudinal and transversal cross sections through deposited layers were 
performed and the resulting surfaces were prepared for analyses. Figure 3a displays the optical 
microscopy image of a transversal cross-sectioned mirror-polished deposited layer of Inconel 
718 on GCI substrate. Four cuts were performed in arbitrary places of the sample in order to 
check for the presence of defects. Tests were performed for determination of the optimal 
distance between two lines of deposited material, in order to obtain an esthetically pleasing, but 
also a defects free continuous deposition. A 40% overlap ratio between the meander lines when 
depositing the material was found to be the optimal value for achieving a homogenous, crack 
and pores-free surface in the alloyed region. This was consistent for all depositions on four 
studied samples. A typical cross-section is presented in Fig. 3b, showing a defects free bounding 
interface between the coatings and substrates. The deposited material thickness varies from 700 
µm up to 900 µm for one layer deposition. Some detailed images from the interface between 
the IN718 deposition layers and the GCI support material are presented in figures 3c and 3d.  
 



 
Fig. 3 Optical microscopy images of cross section of GCI substrate coated by DED with IN718 after 

the metallographic etching. Magnification bar: 1000 μm (a), 500 μm (b), 100 μm (c) and 50 μm (d). 

It can be noticed that the graphite lamellae were deformed and coalesced at the interface 
between substrate and deposited material. In addition, small islands of Ledeburite (Le) were 
formed in the confluence zone between the deposited IN718 alloy and the GCI substrate. In the 
transversal cross section of laser deposition (Fig. 4a), the interface line is wavy, indicating the 
formation of mixing zones with the widths corresponding to each passing of the laser beam. In 
contrast, the interface with the GCI substrate in the longitudinal cross section is quite linear and 
has a narrow mixing zone (MZ). The structure in the laser deposition area shows a cellular 
dendritic growth (Fig. 4b), oriented in the direction of heat flow, which is specific to a deposit 
of molten material on a solid substrate. Laves phases formed in the mixing zone between the 
laser-deposited layers and the GCI substrate, in the form of small light-colored islands 
precipitated interdendritically (Fig. 4c). The distribution of the chemical elements along a line 
that crosses the interface between the laser deposited layer of IN718 and the substrate of GCI 
is shown in Fig. 4d. A mixing zone of ~ 200 microns wide is formed at the interface, where an 
obvious decrease of Ni and Cr concentrations can be observed. 

  

   



 
Fig. 4 SEM images of cross sections zones through laser deposition layers. transition zone between 

two layers of IN718 Laser deposition and GCI substrate (a); cellular dendritic grains of In718 laser 

deposition (b); detail of mixing zone highlighting the Laves phases location (c); line scan through 

interface of laser clad on transverse direction (d) 

Compositional analyze 

An interesting aspect was noticed at the intersection and overlap areas of the successive 
layers deposited with laser (Figure 5). It can be seen how the first layer deposited with the 
IN718 alloy suffered the most important dilution effect with the GCI substrate, while for the 
subsequent successive layers (layer 2 and layer 3) the dilution decreased. Ni and Cr are the 
elements with the lowest diffusion tendency in GCI.  



 
Fig. 5 Chemical elements distribution on transverse cross section of laser deposited layers 

SEM image of analyzed area (a); EDS global image (b); EDS elements distribution maps. 

Magnification bar 200 μm (c) 

For the quantitative highlighting of the dilution effects at the interface between the two 
materials, EDS spot analyzes were performed in different areas: on the layer 1 and 2 of IN718 
deposition, at the interface with the GCI substrate, in the cast iron at approx. 25 μm below the 
interface, on the mixing zone at intersection between layers 1 and 2, on the carbon-rich areas 
situated on the interface with the GCI substrate (Fig. 6).  



 
Fig 6. EDS spot analyzes around the interface zone. SEM image with the spot analyzes loccation (a); 

elements spectrum for EDS spot 1 (b); elements spectrum for EDS spot 4 (c). 

EDS measuring points (spots 9 and 10) are placed in the mixing zone between GCI and 
IN718 deposited layer, while spots 4, 6, 7 and 8 are situated on the interface between clad and 
the GCI substrate. The chemical composition for each EDS measurement point is shown in 
table 4. Small amounts of Cu (of 0.47wt% to 0.58wt %) from GCI are present in the EDS 
analysis, but were not taken into account in Table 4.  

According to EDS chemical analysis data, the Ni concentration decreased from the 
standard values of 52.8 wt% (according to the spectral chemical analysis on powder material 
IN718, Table 1) to less than 31 wt % at the interface with the GCI substrate, and the iron content 
increases as mixing effect of the two materials. The variation of Ni concentration in different 
points of the cross-sections is due to dilution effect. The maximum dilution effect occurs in the 
first layer of IN718 deposited on the gray cast iron substrate (about 31.33 wt% Ni). For the 
second layer, dilution is lower, and the Ni content reaches 45.86 wt% (spot 1). For the next 
layers (3 and 4) the Ni concentration reaches the nominal value specified in the powder quality 
certificate. Below the GCI substrate separation line, the Ni concentration reaches about 0.1 
wt%, indicating the lack of diffusion effect of this element in the substrate.  

A similar evolution can be observed in case of Cr, whose concentration decreased from 
19.2 wt% in standard composition (Table 1) to 18.09 wt% in second laser-coated layer and then 
to 15.68 wt% in the first laser-clad layer. Small quantities of Cr have been detected bellow the 
interface with the substrate (0.29 to 0.83 wt%). 



Other chemical elements from IN718 alloy, such as Nb, Mo, Ti and Al, have a decrease 
in chemical concentration as they approach the substrate interface. However, on the interface 
area (Spot 4, Table 4), an increase in the concentration of Nb (7.23 wt%) has been obtained, 
due to the formation of Laves phases or carbides [36]. No fragile compounds and no cracking 
effects have been detected at the clad interface with the GCI substrate. 

Table 4. Chemical composition of EDS spot analyzes for Fig. 9[wt%] 

EDS 
spot 

Ni  Cr  Nb  Mo  Ti  Al  Si  Mn  C  Fe  

1  45.86 18.09 2.68 2.00 0.79 0.88 0.63 0.52 0.63  

 

 

 

balance 

2  37.22 14.24 0.85 1.38 0.33 0.79 0.91 0.37 0.50 

3  36.28 15.68 1.08 1.79 0.46 0.81 1.16 0.47 0.46 

4  31.33 11.83 7.23 2.29 1.50 0.55 1.00 0.35 0.73 

5(GCI) 0.10 0.29 0.20 0.22 0.17 0.57 2.48 0.47 0.73 

6 - 0.83 - - - 0.54 2.25 - 081 

7 1.27 1.56 - - - - 2.42 0.46 0.80 

8 0.34 1.34 - - - - 2.46 - 0.81 

9 45.31 18.34 3.56 2.24 1.07 0.99 0.61 0.35 0.62 

10 14.64 5.87 0.28 0.56 0.25 0.58 1.56 0.35 0.65 

In the mixing zone of the overlap molten layers (Spot 10, Fig. 9a), a decrease of Ni and 
Cr concentration was observed, together with an increase of Fe concentration (75.26 wt%). This 
evolution is due to mixing effects between the layers during DED. When the first laser layer is 
deposited, the IN718 powder and a surface layer of GCI are melted together. Some of the 
alloying elements from IN718, like Cr, Nb and Ti form carbides and Laves phase. The 
convection currents from the molten metal allow carbon from GCI to rapidly react with the high 
carbon affinity elements (Cr, Nb, Ti) from IN718, in the interface area. The carbon atoms 
cannot diffuse too much into the deposited metal, this phenomenon being limited by the low 
diffusion coefficient of C in the Ni-rich alloy and by the short interaction time with the laser 
beam. 

In carbon rich (2-6.67wt%) Fe alloys such as GCI, this element is found either free 
(nodular graphite, lamellar, stellate, vermicular) or in cementite or ledeburite. Marangoni 
convection model can be used to explain the mechanism of carbon migration from the graphite 
lamella trough the melt pool and scattered in the deposited structure, close to the interface. 
During the DED process, the recorded temperature of melt pool was constant ~1450˚C. Due to 
rapid heating-cooling cycles, the C structures can coalesce and migrate from the GCI in the 
deposited structure and be trapped inside the new layer during solidification. A schematic 
representation of this mechanism is presented in figure 2. However, we demonstrated that using 
the optimal process parameters the free carbon accumulation in the deposited layer can be 
almost completely ruled out. 

Hardness 

Sets of ten measurements were performed in 6 different of each sample in order to 
achieve an accurate value of the deposited material’s hardness. The average hardness of GCI in 
a commercial brake disc was of 290 ± 9 HV, while the hardness of the IN718 deposited material, 



conducted on the polished surface of the deposited layer, showed a 430 ± 16 HV value, which 
is higher by ~50%, as compared to the substrate. It must be mentioned that tests were performed 
in various locations of the coated samples and on multiple samples, indicating a homogeneous 
hardness of the coating. The values for casted IN718 commercially available alloys are ≤380 
HV [37]. In case of Selective Laser Melting (SLM) lower microhardness values of around 
281±18 HV [38] or 330-390 HV [39, 40] were reported. For DED, the hardness increase by 
10% as compared to the highest reported values in case of SLM or casted samples could be due 
to the high Nb content close to the surface. It is known that the increase of the Nb content favors 
the formation of hard phases in Inconel alloys [41, 42]. Nb is soluble in the Ni based austenite 
and it strengthens it by producing both an elastic stress caused by the atomic size difference and 
an internal stress by the difference of elasticity modulus between austenite and Nb atoms [43, 
44] From Table 4, one can see that closer to the surface the Nb content is of ~3 w.t.%, while in 
the vicinity of the interface with the GCI substrate, it was not detected by EDS.   

Tribological properties  

The wear resistance of GCI substrate and IN718 deposited layers was tested at room 
temperature under dry sliding conditions and the friction coefficients evolution is shown in Fig. 
7. The IN718 surface presents a superior wear resistance compared to the substrate specimen at 
the same wear parameter conditions. The coefficient of friction (CoF) between the round head 
of Steel 440C stylus and the GCI substrate was of 0.53 with the tendency to decrease after 200 
s of continuous testing. This is a sign that the surface was leveled by the stylus and became 
smoother after repeated passages over the same area. Oppositely, the IN718 coatings displayed 
a 0.12 higher CoF vs the 440C pin, as compared with the substrate specimens. In this case, the 
COF was not affected by the repeated interaction between the pin and the coating over the 300 
s testing interval, which was indicative of a higher hardness. The pin had not succeeded to 
induce a smoothening of the surface after repeated passage over the same surface in the testing 
interval. 

 
Fig. 7 Coefficient of Friction in case of GCI and Inconel 718 registered in the circular motion 

The wear tests performed on the GCI substrate and Inconel 718 superalloy specimens 
were finalized with an inspection of the worn areas via three-dimensional mapping with a 
confocal microscope. The 3D morphology and cross–section profile of the wear tracks are 
shown in Fig. 8. The circular wear reciprocating test showed significant tribological differences 
between the uncoated and Inconel 718 coated samples, tested at room temperature. Fig. 8a 
reveals a low value of the wear track depth for the IN718 deposited layers (-50 µm), while the 
wear track depth of the GCI uncoated substrate (Fig. 8b) was 3 times higher (-150 µm) than the 
one of the samples coated with IN718.  



 
Fig. 8 Graphical representation of wear track depth (a) and a selected section (b) of the IN718 vs GCI 

surfaces 

Corrosion properties 

It is expected that the IN718 layer to have superior corrosion properties to GCI 
substrates, as the IN718 is mainly a Ni-Cr alloy, both elements being known for their ability to 
form a natural oxide protective layer against corrosion. The following tests aim to show the 
magnitude of the IN718 corrosion protection superiority as compared to GCI.  The corrosion 
tests were conducted in 3,5% NaCl aqueous solution. Fig. 9a shows the variation of the open 
circuit potential (EOC), while Fig. 9b presents the potentiodynamic polarization Tafel curves 
for the investigated samples. From the Tafel curve, the corrosion potential (Ecorr), corrosion 
current density (icorr), the slope of the anodic (βa) and cathode (βc) curve of the tested materials 
were determined. The values of the corrosion parameters of the tested materials are listed in 
Table 4. 

 
Fig. 9 The open circuit potential evolution (a) and the potentiodynamic polarization Tafel curves (b) 

of the IN718 deposited layers and the GCI substrate. 

It can be observed (Figure 9b and Table 5) that Ecorr of the IN718 deposited layers is 
significantly higher than the GCI substrate. The higher the corrosion potential of the material, 
the lower the corrosion current, resulting in a superior corrosion resistance. Also, a smaller 
value of the corrosion current density (icorr) indicates a better corrosion resistance and it 
validates once again that the IN718 deposited layers protect the brake disc from corrosion.  



Table 5 Corrosion parameters of GCI substrate and IN718 deposited layers by DED 
Sample Eoc (mV) Ecorr (mV) icorr (µA/cm2) βc (mV) βa (mV) 

GCI -729 -760 3.925 237.21 59.82 
IN718 -604 -597 1.501 98.91 103.08 

Based on the parameters presented in table 5, we can calculate the polarization resistance 
according to ASTM G59-97 (2014) standard, given by the equation: 𝑅𝑝 = 12.303 𝛽𝑎|𝛽𝑐|𝛽𝑎+|𝛽𝑐| 1𝑖𝑐𝑜𝑟𝑟                                                          (2) 

where, 
Rp is the polarization resistance; 
βa is the slope of the anodic curve of the tested materials 
βc is the slope of the cathode curve of the tested materials 
icorr is the corrosion current density  
The polarization resistance is defined as the resistance of a sample to corrosion during the 
application of an external current.  
The way to calculate the corrosion rate (CR) based on the icorr [45], which is recommended by 
ASTM G102-89 [46] is shown in equation (3): 𝐶𝑅 ( 𝑚𝑚𝑦𝑒𝑎𝑟) = 𝑖𝑐𝑜𝑟𝑟×𝑘1×𝐸𝑊𝑀𝑒𝑡𝑎𝑙𝜌                                                  (3) 

where, 
k1 is a constant that defines the units for the corrosion rate and its value is 3272 mm/(A cm 
year) 𝐸𝑊𝑀𝑒𝑡𝑎𝑙 is the equivalent weight in grams, which for metallic compounds is 27.92 𝜌 is density, which for GCI is ~7 g/cm³ and for IN718 is 8.12 g/cm³ 

The resulted values of polarization resistance (𝑅𝑝) and corrosion rate (CR) are presented 
in table 6 for both investigated materials, IN718 deposited by DED and the GCI substrate. 

Table 6 Polarization resistance and corrosion rate of GCI substrate and Inconel 718 deposited layers  
Sample Rp (kΩxcm2) CR (mm/year) 

GCI 5,29 0.05 
IN718 22,20 0.01 

It was found that the surface coated with IN718 by DED increased by four times the 
polarization resistance of the electrode. This information is validated by the corrosion rate of 
the GCI, which is three times lower than the CR of the IN718 deposited layers, in 3.5 wt.% 
NaCl aqueous solution.  

Functional tests 

Once the IN718 deposited layers demonstrated to have improved mechanical properties, 
the optimal parameters were used to fully coat two brake discs by DED (fig. 10a). After 
deposition, a post-processing step by turning machining (fig. 10b) was inherent in order to 
achieve the dimensions specified in the technical drawing.  

Brake discs coated by DED with IN718 layers and post machined by turning were tested 
for measuring the braking force on a roller brake tester at an authorized car service. The discs 
were mounted on a Renault Megane and tested for conformity with the national legislation for 
vehicles circulation (Fig. 10c).    



 
Fig. 10 Brake discs coated by DED with IN718 (a); final product post machining (b) and 

functionally tested on a vehicle in an authorized car service unit(c) 

The friction force was the interest parameter for these tests. The friction force is 
calculated using Eq. 4:  

, (4) 

where, 
Ff  is the friction force; cf is the friction coefficient; Fp is the pressing force of the brake pad 

The test results showed a value of ∼2700 N.  
The friction coefficient is calculated based on Eq. 5:   

, 

 
(5) 

where,  
Fis (daN) – braking force on the left wheel on the left side of the front axel i;  
Fid (daN) – the braking force on the right wheel on the right side of the front axel i; 
n – number of front axels;  
G (daN) – weight of the vehicle. 

The friction coefficient value for the DED IN718 coated brake discs was of 71. We 
mention that the critical value over which a braking system of a vehicle is considered reliable 
is of 58, according to the legal regulations for circulation of vehicles on public roads [43].  

Overall, the braking system consisting of the brake disc and brake pad fulfilled the 
testing standards for vehicles imposed by European regulations and received a conformity 
certificate.  

4. Conclusions 

In this paper, the properties of a IN718 metallic deposited layers obtained by Direct 
Energy Deposition laser method on GCI substrates were analyzed. The coating material IN718 
alloy was initially in form of spherical powder, which was guided by three-beam nozzle and 
melted by the laser beam, obtaining an adherent, compact and uniform layer after solidification, 
on the surface of the GCI substrate.  
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The results reveal improved mechanical properties of GCI coated with IN718 by DED and the 
following conclusions can be drawn: 

• The interface between substrate and the deposited material was uniform, forming a 
compact bonding of the two materials. The 40% overlap ratio was selected as the 
optimal value in order to achieve a homogenous, crack and pores-free surface in the 
alloyed region. The diffusion of main chemical elements (Ni, Cr, Nb, Ti) from IN718 
laser deposited layers on the GCI substrate was negligible and no fragile compound that 
can produce cracks has been detected at the interface.  

• The average hardness of GCI is 290 ± 9 HV, while the hardness of the IN718 deposited 
material was of 430 ± 16 HV value, which is ~50% higher.  

• The GCI substrate had a friction coefficient (CoF) of 0.5 and dropped to 0.4 during 
testing because of the surface leveling following multiple passes of the pin over the 
same area, while the IN718 coatings presented CoF higher by 0.12 as compared to the 
substrate material and were not affected significantly by erosion during testing. The 
depth of the wear track for the layers deposited with IN718 was -50 µm, while the depth 
of the wear track of the exposed substrate GCI was 3 times higher (-150 µm). IN718 
succeeded to protect the substrate against wear, which translates into an extension of 
the brake disc lifetime.  

• The corrosion resistance of the coating was superior to that of the GCI substrate in 3.5 
wt.% NaCl aqueous solution. It was found that the surface coated with IN718 by DED 
method increased by four times the polarization resistance of the electrode and 
displayed a 40% smaller value of the corrosion current density (icorr), which indicates a 
better corrosion resistance. 

• The couple between the coated brake discs and the brake pads was tested by measuring 
the braking force and the friction coefficient in real environment in an authorized car 
testing facility.  They fulfilled the testing standards for vehicles imposed by European 
regulations and received a conformity certificate. 
The brake disc coating with a hard and highly resistant to corrosion alloy could be an 

interesting solution for the vehicles wheels engineering. The cost is kept low, as the main part 
of the disc is made of inexpensive GCI, while the deposited layer adds a prolonged lifetime of 
the part and reduces pollution caused by metal particles expelled in the atmosphere during 
braking.  
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