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A B S T R A C T

The Selective Laser Melting process was used to perform cobalt-based alloy coatings on a C35 steel substrate. The 
relationships between interlayer times, iron dilution, crystalline structures, and micro-hardness were studied for 
different numbers of layers with an initial lased powder layer of 50 µm thickness. Reducing the interlayer time 
increased the temperature reached in the melting bed and promoted matter transport from the substrate. The 
coating thickness consisted of a Co-Cr-Fe mixture, divided into two zones: a transition zone near the interface and 
a stabilized zone towards the substrate. The real coating thickness was found to be always greater when the 
interlayer time was reduced. For an interlayer time equal to 11 s (series 2), the iron dilution was always higher 
than for an interlayer time ranging between 42 s and 16 s (series 1), leading to a higher coating thickness. The 
microstructural state was also dependent on the interval time between successive layers. The coating micro-
structure was always cellular because of the high cooling rate. XRD analysis of the surface showed that this 
microstructure is essentially composed of two non-equilibrium phases: FCC and α’ BCC. The high hardness is due 
to the high content of iron which induces a martensite phase (series 2). Starting from 5 layers for series 1 and 
from 6 layers for series 2, the α’ BCC phase disappeared if the iron content on the coating surface was reduced by 
more than 45% content in weight. The mean coating hardness decreased with an increasing number of layers 
because of the decrease in the iron content. Finally, the micro-hardness of the FCC phase, for its part, was found 
to be dependent on the iron content in solution in the Co matrix.   

1. Introduction

Cobalt-based alloys are often used as coatings on steel substrate to
improve surface properties, such as corrosion and oxidation resistance, 
and also to improve wear resistance [1,2]. The most common 
cobalt-based alloy grades used in industry are CoCrMo alloys called 
stellites [2]. 

To apply CoCrMo coatings to the steel substrate surface, different 
depositing processes can be used, such as Metal Inert Gas MIG [3], laser 
cladding [4–6] or spraying processes [4]. During the CoCrMo alloy 
coating processes, iron dilution from substrate to coating can occur. This 
is due to the high input energy during these processes. The degree of 
dilution depends on the type of process and the input energy density, 
which is linked to the process parameters [3,4]. In order to characterize 
the behavior of samples, it is important to study this dilution of iron 

since it modifies the initial chemical composition of CoCrMo coatings 
and consequently the resulting microstructure. 

It is well known that for MIG, laser clad and spraying processes, the 
microstructure of cobalt alloy coatings is made of dendrites surrounded 
by hard carbides [3–5,7]. 

Usually, the cobalt crystallizes on an FCC structure at a high tem-
perature and on an HCP structure at room temperature. Because of the 
high cooling rate induced by quenching during the depositing processes, 
the crystalline structure of the CoCrMo coating remains FCC at room 
temperature. It can be transformed into an HCP structure after plastic 
deformation, because the FCC presents on out-of-equilibrium state. The 
FCC to HCP transformation is martensitic in nature and occurs without 
diffusion. It is known as plastic strain induced phase transformation. 

The iron content also increases the stacking-fault energy, which has 
an influence on the plastic deformation mechanism of Cobalt alloys [8]. 
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Where P is laser power, v is scan speed, s is scan spacing, h is layer 
thickness. 

To the authors’ knowledge, no scientific studies have been carried 
out on the case of coating applied by the SLM process on the substrate, or 
more specifically on the case of Cobalt-based alloy coatings on a steel 
substrate. Tan et al. [21] studied the interface between a Copper sub-
strate and a maraging Steel part produced by SLM. Their study provides 
access to primary results dealing with the interface, where it was 
demonstrated that an interdiffusion region between iron and copper is 
created and that the thickness of this region is estimated to be 40 µm. 
Another study, by Chen et al., was carried out using SLM on the interface 
between 316 L steel an CuSn10 and showed that the interdiffusion 
thickness is about 600 µm [22]. 

The SLM process is carried out to perform cobalt base alloy coating 
on steel substrate. Using different fabrication conditions and for the 
same SLM parameters (ie scanning speed, laser power,…), the time in-
terval between two successive layers can be varied even if the laser 
scanning time is equivalent for each layer. This work studies the effect of 
the time interval between two successive layers (ie inter-layer time) on 
iron dilution in the cobalt base alloy coating, the resulting microstruc-
tures and crystalline phases due to SLM process. The variation of iron 

dilution is also presented versus the coating thickness. EDX-SEM ana-
lyses are performed to estimate the iron content and XRD ones are used 
to identify the crystalline phases formed and the rate of each phase. 

2. Material and methods

2.1. Sample manufacturing

The CoCrMo powder used in this study is a commercial product 
provided by SLM Solution. The particle size is in the range of 15 and 
45 µm diameter, as specified by the supplier. The percentiles of this 
powder, as measured by laser particle sizing, are D10

1
4 15.95 µm, D50

1
4 

29.77 µm, D90
1
4 53.69 µm. It can be noted that most of the particles are 

smaller than 50 µm in diameter. For this reason, the layer thickness will 
be 50 µm in this study, so as to include most of the particles in a single 
pass during SLM manufacturing. The chemical composition of the 
powder, according to SLM Solution’s certificate, is shown in Table 1. The 
composition analyzed by EDX is also given in the same table. It can be 
noticed that the iron content in this powder is very low and considerably 
lower than 0.5% mass. 

The SLM Solution (SLM125HL) was used with a 1070 nm wavelength 
Nd:YAG laser operating in continuous mode and delivering a maximum 
power of 400 W. The focus laser spot size ranged between 74 and 88 µm 
in diameter by default. The SLM parameters in this study are those 
recommended by the SLM Solution supplier (Table 2). The cross- 
hatching strategy defined in this study is that the scan direction ro-
tates by 60◦ between two successive layers, so the laser track returns to 
the same direction every 3 layers. The rotations of the laser track di-
rection between two successive layers are illustrated in Fig. 1. These 
conditions were the same for all fabrications and are very similar to 
those used by Tan et al. [21]. The hatching (or hatch distance) is the 
distance between two consecutive laser scan tracks. Some studies give 
hatching equal laser diameter [37] but others give hatching greater [13, 
14] or less [11] than the laser diameter depending on SLM fabrication
strategy. Literature explains when the laser spot is focused, the melt pool
can influence neighboring 2–3 scanning tracks [37].

No post-treatments (thermal treatment or grinding or polishing) are 
applied on the samples after SLM process. 

CoCrMo coatings were performed on 24 mm diameter and 10 mm 
high cylinders made of C35 unalloyed steel (Table 3). These cylinders 
were screwed directly onto a tray that had the same dimensions as the 
SLM build tray: 125 mm by 125 mm (Fig. 2.a). 

Two series of SLM fabrications were performed to apply CoCrMo 
coatings to C35 steel. For each series, the parameter that changed was 
the number of layers, from 4 to 9, leading to a variation in the diluted 
iron content from the substrate to the coating surface. Fig. 2.a shows the 
location of each cylinder for each fabrication. Fig. 2.b shows the dif-
ference in the fabrication order between series 1 and series 2. The first 
series consisted of 6 cylinders fabricated on the build tray (the same 
fabrication). The sequence of building of each layer started identically 
on each cylinder and modified the number of layers for each sample. The 
second series consisted of only one cylinder per fabrication. Therefore, 
several fabrications were performed to obtain samples with different 
numbers of layers (Fig. 2.b). 

Then, the interlayer time, which is the time between two successive 
layers, was estimated for each sample and each fabrication. For series 1, 

Table 1 
Nominal chemical composition of alloy powder used to make coating.  

Element Co Cr Mo Mn Fe Si P C 

wt% SLM 
Solution 
Data  

63.45  28.90  6.40  0.30  0.20  0.60 0.04 0.11 

wt% EDS 
analysis  

62.86  28.32  6.12  0.93  0.46  1.36 / /  

There are several plasticity mechanisms involved in a Cobalt-based alloy 
subjected to mechanical stress, such as work hardening, which is the 
result of the gliding of crystalline planes translating into tangles of 
dislocations [9]. In addition, grain reorientation during mechanical so-
licitation produces texturing in the solicitation direction, which trans-
lates into the formation of planes of preferentially-oriented grains. For 
example, Cabrol et al. reported that the reorientation of grains occurs 
after tribological solicitation in the < 111 > plane direction for FCC 
grains in the case of coatings produced by the MIG process [3]. 

Another type of additive manufacturing process, using powder bed 
technology, is Selective Laser Melting. This process uses high power to 
melt and fuse metal powder layer by layer. It is applicable to several 
grades of material powders. It provides very high accuracy in manu-
factured parts because of the small size of the laser spot and the layer 
thickness, which is usually between 20 and 100 micrometers [10]. 

However, the SLM process is usually employed to manufacture 3D 
parts on an industrial scale. Many studies have been conducted to un-
derstand the microstructural properties and mechanical behavior of 
CoCrMo alloy manufactured by the SLM process and their relationship 
with process parameters [11,12]. 

The main SLM process parameters, studied by different authors, 
impacting both the microstructural and mechanical properties of 
CoCrMo parts manufactured by SLM are: laser power, displacement 
speed, scan or hatch spacing, layers thickness and also the 
manufacturing strategy. 

Laser power impacts material density, yield stress, tensile strength, 
elongation and wear rate. The power has an impact on the size of the 
melting bed and on the size of cells on the cellular microstructure 
[13–17]. Displacement speed has an influence on the density and me-
chanical properties of the part obtained. Its influence is linked to the 
applied power [13,16–18]. Scan spacing, or hatch spacing, influences 
the same properties [14,16–18], but it is reported in [14] that it has a 
lower influence on the final density than the power of the laser. Layer 
thickness plays a role in the size of both the melting bed and the 
microstructure [18]. The manufacturing strategy, including the direc-
tion of manufacture and the rotation angle of the laser track between 
successive layers, has an influence on the final properties of the material, 
such as fatigue life and tensile strength [14,19,20]. 

To describe the energy introduced during the process, one common 
formula is used [15,18]. It describes the density of volume energy during 
the SLM process as a function of the process parameters (Eq. 1): 



it decreased with the number of layers and was between 42 s and 16 s 
(Fig. 2.b). For series 2, the interlayer time was always the same, equaling 
11 s. In the first case, the interlayer time is not constant because, in the 
manufacturing process, the laser first melts layer number N in all sam-
ples before moving on to layer N + 1. Between the fabrication of two 
layers “N and N + 1′′, the recoater applies a new powder layer. So, in 
series 1, as the number of samples involved in the fabrication decreases, 
the time required to apply a new layer is also reduced. 

2.2. Sample investigations 

First, the surfaces of all the coatings were examined. The iron content 
of the CoCrMo coating was measured by EDX-SEM analysis, considering 
the average value of 4 analyses. Each analysis was made using frames 
with dimensions of about 2 mm x 2 mm (Fig. 3). The thickness of elec-
tron penetration is estimated to 1–1,5 µm from coating surface. 

To identify crystalline phases, the equipment used was a Philips 

Laser Power 
P (W) 

Scan speed 
v (mm/s) 

Hatching 
d (µm) 

Layer thickness h (µm) Rotation angle 
θ 

275  800  120  50 60◦

Fig. 1. SLM manufacturing strategy (example of 4 layers).  

Table 3 
Chemical composition of C35 steel according to certification.  

Element Fe C Mn Si P S Cr Ni Mo Cu 

%weight balance 0,35 0,68 0,21 0016 0024 0,19 0,14 0,02 0,17  

Fig. 2. Fabrication order: a) substrate cylindrical specimen position on the SLM manufacturing tray and b) fabrication order layer per layer for: Series 1: several 
specimens per fabrication - Series 2: one specimen per fabrication. 

Fig. 3. Description of the analyzed regions for EDX analyses and XRD ones.  

Table 2 
SLM parameters used in this study.  



cylinder in the direction of the laser lines on the coating surface, 
meaning the last layer. The samples were gradually polished with 180, 
320, 600, 1200, 6, 3 and 1 µm grade papers. After polishing, they were 
chemical etched using a solution (60 ml HCl, 15 ml HNO3, 15 ml 
CH3COOH, 35 ml water) for a duration of 60 s 

Microhardness tests were performed through the coating thickness 
from the coating surface to the bulk substrate using a BUHLER micro-
hardness tester. A Vickers indenter was used with a 200gf loading. The 
spacing between two successive indentations was set to 110 µm. To 
evaluate the mean coating hardness, three tests for each sample were 
carried out: one in the middle, one at the sample border, and one in an 
intermediate position. 

Finally, the cross sections were examined using a Hitachi Scanning 

Fig. 4. Optical micrographs of samples of series 1 and series 2, showing the cross-section of the coating and the interface between coating/substrate.  

Panalytical XRD with an X′celerator detector using Cukα radiation. The 
dimensions of the frame analysis were 15 mm x 15 mm in the center of 
surface cylinder (Fig. 3). The XRD parameters were a voltage of 40 V, a 
current intensity of 45 mA and a step size of 0.033◦ with 200 s per step. 
The thickness of X-Ray penetration is estimated to 7 µm from coating 
surface. The XRD spectrum was obtained in which the intensity was 
plotted as a function of a 2θ scanning range between 25◦ and 100◦. To 
estimate the phase rate, a post-treatment was required using the Relative 
Intensity Ratio (RIR) conventional method using High Score Plus soft-
ware. This method calculates the ratio between the peak intensities of 
each phase averaged by the RIR value parameter of each phase. 

To obtain a cross-section parallel to the build direction, including the 
substrate and coating thickness, all samples were sectioned along the 



The first method uses a calculation drawn from the powder thick-
ness, considering the theoretical powder layer and the filling density. 
This method, well explained in [24] and [25], takes into account powder 
density and considers only the fusion of powder without interdiffusion 
between substrate and coating. The real layer thicknesses are then 
calculated using the following equation: 

hl = a.hpow.theo (2) 

Where"hl˝ is the real thickness of the layer after laser fusion and so-
lidification, "hpow.theo˝ is the powder layer thickness before fusion (in our 
conditions hpow.theo= 50 µm) which increases after the first layer because 
of metallic matter withdrawal. The value “a” is the filling density, which 
is the ratio between the powder density ρpow(=5.1 g/cm3) and the den-
sity of the full dense material ρCoCrMo(=8.5 g/cm3) [17,26]. 

It can be seen that the real thickness of the first layers "hl” is less than 
the theoretical thickness "hpow.theo”. This is due to the density difference 
between the powder ̋ ρpow” and the bulk material “ρCoCrMo˝, as explained 
in [24]. This difference particularly influences the heights of the first 
layers during the SLM process. It is reported in [25] that the layer 
thickness becomes very close to the theoretical thickness from the 7th 
layer. Thus, as the number of coating layers in this study is small (4 ≤

N ≤ 9), the real coating thickness obtained is very dependent on these 
first layer thicknesses. 

The second method uses optical images from which the mean 
thicknesses are evaluated directly from 5 thickness measurements. The 
boundary between the coating and the substrate is identified as the end 
of the ferrito-perlitic structure, as shown in Fig. 5.a, in which only the 
case of 4 layers is shown. The boundaries between the substrate and the 
coating are clearly observed for both series. 

The third method uses the evolution of the iron content determined 
by EDX line scans. The interface between substrate and coating is 
defined when iron content is close to 100%. The mean value of thickness 
is then obtained from 3 line-scans carried out on 3 different locations in 

Fig. 5. Measurement of the coating thicknesses by 2 different methods: a) optical measurements, b) EDX line scan in the middle of sample (one represented 
among three). 

Electron Microscope. To measure the iron content evolution along the 
thickness of the different coatings, EDX line scans from coating surface 
to coating/substrate interface EDX were performed. Three EDX line 
scans were made for each sample. 

3. Results

3.1. Cross-section observations of coating

Optical observations of the coating cross-sections for each series are 
illustrated in Fig. 4. In this study, the rotation angle of the laser between 
two successive layers is 60 ◦ (Fig. 1 and Table 1), which means that in 
the cross-sectional observation only the third layer (melting bed) could 
be clearly observable. Coating thickness depends on the series. It is 
higher for series 2 than for series 1, but the difference decreases with the 
number of layers. 

Considering the difference in interlayer times between the two series 
of fabrications, this first observation implies that the thermal flux is not 
the same for both series. When the interlayer time is low (series 2 with 
Δtl=11 s), the temperature after fusing of each layer remains high, as 
explained in [23]. Consequently, the fused substrate thickness becomes 
more pronounced. We note that according to the literature, the laser 
thermally impacts up to ten layers, and can melt three underlying layers 
during its scanning [32,37]. Thus, for thin coatings, the coating 
composition could be a mixture of the iron element coming from the 
substrate and the chemical elements of the powder. 

3.2. Coating thickness observations 

The first observations show that the interlayer time during the SLM 
process strongly influences the thickness of the coatings, because these 
values are different between series 1 and series 2, as shown from the 
optical micrographs in Section 3.1. In this section, the estimated coating 
thickness will be compared using 3 different methods: 



An explanation of this crystalline state can be found by referring to 

the equilibrium phase diagram for Cobalt-Iron at a molar scale [27,28] 
shown in Fig. 8. The molar and weight phase diagrams of the binary 
Cobalt-Iron system are very close because of the very similar molar mass 
of the two elements (MFe=55, 84 g/mol, MCo=58,93 g/mol) [29]. 

At the equilibrium state, the diagram shows that the microstructure 
presents two phases (FCC and BCC) only in a range of 8–22 at% Fe at 
150 ◦C. The microstructure becomes FCC single phase at high temper-
ature (T > 985 ◦C) with complete miscibility of each element in this 
phase. The microstructure is BCC in a range of 22–100at%Fe at room 
temperature [28]. 

The crystalline phases observed in this study do not correspond to the 
equilibrium state due to high cooling rates during the SLM process, 
resulting in an out-of-equilibrium microstructure, as explained in [30]. 
In the present study, the FCC phase is metastable and the resulting BCC 
phase is close to the martensite α’-BCC phase because of the high level of 
iron content and the high cooling rate, which leads to an incomplete 
diffusion process after cooling. 

For this reason, in the case of 4 layers in which average weight iron 
content is 45% and 83% for series 1 and series 2 respectively, both the 
metastable FCC phase and the α’-BCC (martensite) phase are present, as 
shown in Fig. 7-a and Fig. 7-b. 

A short interlayer time and a small number of layers lead to a high 
content of iron dilution through the coating. In this configuration, two 
phases are possible: the metastable FCC phase and the α’-BCC phase. 
This is clearly evident with series 2 for 4 and 5 layers because the 
interlayer time is only 11 s. For series 1, since the interlayer time is 
greater, the diluted iron content is lower through the initial layers. 

3.4. Iron profile in coating thickness 

To understand the evolution of iron dilution in the coating thickness, 
EDX line scans were performed through the cross-section of the coating, 
making it possible to compare iron content evolution between series 1 
and series 2. 

Fig. 9 presents the results of cobalt, chrome and iron weight content 
evolution performed by EDX line scans from the coating surface to the 
substrate in the case of 5 layers for both series 1 and series 2 respec-
tively. This analysis shows that iron dilution content decreases from the 
interface substrate/coating to the coating surface and this dilution is 
always greater for series 2 than for series 1. Two zones can be observed: 
an almost stable zone and a clearly transient zone. It can be seen that 
iron content drops rapidly in the transient zone and stabilizes in the 
coating thickness. This phenomenon is observed in [31], where the 
author explains that this effect reflects a good dilution of elements in the 
inter-diffusion region. 

In the case of the SLM process, the cooling rates are known to be 
high, and the temperatures reached are also sufficient to melt the 
powder and a part of the substrate volume, depending on the number of 
layers. This melting bed promotes matter transport, like iron atomic 
migration, from the substrate to the surface of the coatings [32]. It can 
be noted that the evolution of chromium follows that of cobalt, while 
iron seems to have the opposite evolution. 

The evolution of the iron content by weight from the coating surface 
to the substrate is taken by EDX line scan for all cases. The profiles are 
shown for series 1 and series 2 in Fig. 10 for all numbers of layers (from 4 
to 9). It can be noted that the iron concentration profile does not show 

Table 4 
Real coating thickness estimated by 3 methods: 1- powder layer thickness measurement. 2- EDX line scan. 3- Optical microscope measurement.    

4 layers 5 layers 6 layers 7 layers 8 layers 9 layers 

1- Calculations from layer powder thickness[24,25] Thickness (µm) 168 217 267 317 367 417 
2- Optical microscopy measurements Series 1 77 ± 8 138 ± 9 159 ± 9 182 ± 9 266 ± 12 250 ± 9 

Series 2 185 ± 11 238 ± 10 249 ± 14 325 ± 18 373 ± 15 410 ± 17 
3- EDX line scan Series 1 80 ± 14 164 ± 14 172 ± 11 192 ± 2 290 ± 24 293 ± 21 

Series 2 205 ± 21 224 ± 34 230 ± 71 337 ± 17 390 ± 57 445 ± 19  

the cross-section of the sample: one in the middle of sample and the 
others on the two sample extremities. One example is given, shown in 
Fig. 5.b for 4 layers of coating for both series. 

The comparison between the methods for the two series is given in  
Table 4. 

It can be noted that the thickness values obtained by the optical 
method are quite close to those obtained by the EDX line scan method 
and are significantly different from those obtained using the calculation 
method, especially for small numbers of layers. These results highlight 
that the thicknesses of the coatings differ significantly depending on the 
fabrication series, regardless of the number of layers (when this number 
is greater than 4). For an initial long interlayer time, as in series 1, the 
thicknesses are lower than for a short interlayer time. The thickness 
differences, in all cases, are in the range of 90–150 µm, which seems to 
suggest that it is the melting of the first layers that determines the total 
thickness of the coating. As the interlayer times are 42 s and 36 s 
respectively for layers 4 and 5 of series 1, melting occurs even in the 
substrate, the dilution of the chemical elements is significant but less 
pronounced than for low interlayer time and the thicknesses are lower. 
Finally, with the increase in the number of layers, the thickness tends to 
approach the theoretical value of the thicknesses for the results of series 
2. 

3.3. Iron dilution and crystalline phase analysis at coatings surface 

For each series, the average content of iron at the coating surface is 
determined by EDX from rectangular areas (Fig. 3). The iron content (wt 
%Fe) is plotted as a function of the number of layers of coating (Fig. 6). 
In both series of fabrication, it can be observed that the iron content at 
the coating surface decreases with the increase in the number of layers. 

In addition, the average iron content at the coatings surface is always 
higher for series 2, regardless of the number of layers. This could be due 
to a thermal effect, which is complex in the case of the SLM process 
because it involves several re-meltings of the laser, track by track and 
layer by layer. 

As can be seen in Fig. 6, iron dilution at the surface decreases dras-
tically (wt%Fe < 10%) from the fifth layer in the case of series 1, while 
in the case of series 2, iron continues to dilute until the ninth layer. 

In Fig. 7, the results of XRD analysis reveal the crystalline phases on 
the coating surface, which are reported for each series of fabrication. In 
Fig. 7-a and b, the crystalline phase amounts (in %) are represented by 
histograms and the iron weight content evolution by curves as a function 
of the number of layers for both series 1 and 2. In Fig. 7-c and d, the XRD 
pattern of the case of 4 layers is presented for each series. 

By correlating the iron content with the crystalline phases present on 
the surface, it can be seen that two phases, FCC and α’-BCC (martensite), 
exist when the number of layers is low. In the case of series 1, both these 
phases exist only for 4 layers and a small HCP phase is also recorded for 
all numbers of layers. For series 2, α’-BCC (martensite) exists until layer 
number 5, but without an HCP phase. 

The α’-BCC phase percentage is always greater for series 2 than for 
series 1. Starting from layers number 5 for series 1 and number 6 for 
series 2, the α’-BCC structure disappears. In this case, the structure be-
comes single phase (FCC) for series 2 and has two phases (FCC and a 
small HCP) for series 1 (Fig. 7). 



the same pattern for different thicknesses of the coating. For a low 
number of layers, the iron content profile is rather constant over the 
thickness of the coating and the coating/substrate transition shows a 
very marked variation for series 1 and a more gradual variation for series 
2, because the iron content is higher. The transition zone corresponds to 
a sharp increase in iron content before reaching the constant value of 
about 99.5%wt in the steel substrate. After 4 layers, the thickness of the 
transition zone is about 70–80 µm for series 1, whereas it can be more 
than 250 µm for series 2 because the iron content variation is more 
regular. 

3.5. Microstructure observations 

To understand the microstructural state indicated by EDX and XRD in 
Section (3.3) including crystalline phases and iron dilution in coatings, 
the cross-sections of all coatings were analyzed. A cellular microstruc-
ture (Fig. 11) was observed in the coatings for all samples of both series. 
In Fig. 12 the microstructure of 4 layers of coating is presented for series 
1 and series 2. 

The resulting cellular microstructure is coherent with the literature 
for CoCrMo alloys elaborated by SLM [13–15,18,19]. The fine cellular 
network is the result of a high cooling rate [33] which induces a 
non-equilibrium microstructure. This explains the existence of the 

Fig. 6. weight content of iron at the coatings surface as a function of the number of layers of coating. Series 1: several samples per fabrication, Series 2: one sample 
per fabrication. 

Fig. 7. Correlation between crystalline phase percentages estimated by XRD and Iron weight content estimated by EDX at the coating surface as a function of the 
number of layers of coating for the two series of fabrication. wt%Fe and crystalline phases for: a) Series 1; b) Series 2. Complete XRD pattern for 4 layers for: c) Series 
1; d) Series 2. 



metastable FCC structure at the coating surface, which exists only at 
high temperature, according to the cobalt-iron equilibrium diagram 
showed in Fig. 8. 

For 4 layers of coating, two different microstructures are observed in 
the coating thickness (Fig. 12) for both series 1 and series 2. The two 
revealed phases react differently to the same etching solution (Fig. 12.a 
and Fig. 12.b). EDX analysis results for each phase are presented in  
Table 5. The more etched phase is richer in iron, so the resulting 
microstructure contains two phases with two different chemical com-
positions. According to the XRD analysis presented in Section (3.3), the 
two phases could be attributed to metastable FCC and α’-BCC structures. 
It is difficult to say which of the two observed phases is attributable to 

FCC and which to α’-BCC. 

3.6. Analysis of coating microhardness 

Since the crystalline phases and chemical compositions vary along 
the coating thickness from interface to surface, inducing microstructural 
changes, a variation of microhardness gradient is expected. 

Microhardness is plotted along the cross-section of the coating, as 
shown in Fig. 13, where the profiles from coating surface to substrate in 
the cases of 4 and 9 coating layers are illustrated for both series. The 
analyses presented were performed in the middle of the sample. Similar 
trends are observed for all numbers of layers. 

It is known that the microhardness of C35 steel substrate in the 
annealing state is about 190 ± 20 HV. It has been also verified that the 
microhardness of CoCrMo coating without iron is about 409 ± 31 HV. 

In Fig. 13, for 4 layers, the evolution of the microhardness in the 
coatings is much higher than 190 HV (around 650 HV0.2 and 350 HV0.2 
for series 2 and series 1 respectively), and, again for 4 layers, the level of 
iron content is up to 80% in mass for series 2. These results confirms that 
the BCC phase in series 2 represents a martensite phase and not a ferritic 
phase and thus has to be rewritten as α’-BCC. 

For 9 layers, the evolution of the microhardness in the coating is 
lower than the average value of the microhardness of CoCrMo coating 
without iron (380 ± 28 for series 1 and 336 ± 21 for series 2). It is also 
noted that the level of iron content is less than 20% in mass and the 
phase is metastable FCC. These results indicate that small additions of 
iron decrease the hardness of the CoCrMo coatings. 

In cross-section, the Heat Affected Zone (HAZ) corresponds to the 
region near the interface with high microhardness. It is the result of a 
quenched microstructure in the presence of very high iron content. In 
the case of 9 layers, it reaches 540 HV for series 1 and 600 HV for series 

Fig. 8. Cobalt-Iron phase diagram [27,28].  

Fig. 9. Results of EDX line scans on coating thickness in the middle of sample in the case of 5 layers for series 1 and series 2: a) SEM images, b) Profiles of Iron, Cobalt 
and Chrome. 



2. It is higher for series 2 due to the iron dilution content, which is al-
ways higher in all series 2 coating thicknesses, as has already been
shown in Fig. 10.

In Fig. 14, the mean microhardness of the coating (estimated from 
surface to interface excluding HAZ) is plotted as a function of the 
number of layers, in order to compare results between series 1 and series 
2. The average coating microhardness value is estimated from 3 profiles
performed in the coating thickness at three different locations.

The two series have different mechanical behaviors. The mean 
coating hardness (Fig. 14) from 4 to 9 layers remains approximately 
constant for series 1 whereas it decreases for series 2 before slightly 
increasing between 7 and 9 layers. The mean hardness is always higher 

for series 2 than for series 1 for 4 and 5 layers, whereas the opposite is 
true between 6 and 9 layers. The high level for 4 and 5 layers of series 2 
is due to the high fraction of α’-BCC, which is very hard. From 6 layers, 
the coatings present only a single-phase FCC for both series and the 
mean hardness is always less than 409 HV (the mean hardness of 
CoCrMo). In this range, the higher the iron content, the lower the mean 
value of the hardness. For 9 layers, the mean coatings hardness starts to 
become close for the two series because the content of iron is also 
similar. 

Fig. 10. Comparison between two series samples for iron weight content evolution on the coating thickness estimated by EDX line scan in the middle of sample in the 
cases of 4, 5, 6, 7, 8 and 9 layers for series 1 (red profile) and series 2 (blue profile). 



4. Discussion

The aim of this work is to compare the effects of two different stra-
tegies for the SLM manufacturing of CoCrMo coatings on steel substrate 
by influencing the interlayer time. The interlayer time is the total period 
of time for powder recoating plus the laser exposure time in layer N [23]. 
Results shows that the interlayer time impacts both iron content and 
crystalline phases and consequently influences coating micro-hardness. 

The laser generates a high thermal energy input, equal to 57,29 J/ 
mm3 according to Eq. (1), which is in the range of the used energy value 
according to the literature, especially for CoCrMo SLM powder [15]. 
This high thermal energy causes the iron atoms to move, due to fluid 
movement and the Marangoni effect during melting. The Marangoni 
effect is the mass transfer between two fluids due to the surface tension 
gradient, which is crucial in the SLM process [34]. The iron content 
decreases when moving away from the coating/substrate interface. The 
migration of iron atoms is in the opposite direction to the thermal flux, 
from a high iron concentration zone to a low iron concentration zone, 
from the coating/substrate interface to the coating surface [9,35,36]. 

In a state-of-the-art review in [23], the authors affirm that higher 

cooling rates and higher temperature gradients are due to the longer 
time intervals between layers. Reducing the interlayer time increases the 
temperature reached in the melting bed [23] and promotes matter 
transport from the substrate. The authors prove with in-situ thermog-
raphy that reducing interlayer time from 116 s to 18 s implies that 
IR-Signal values increase from about 440 to about 610 in layer number 
2250 for a standard energy density (65,48 J/mm3). In addition, during 
the multi-layer manufacturing process of selective laser melting (SLM), 
it is noted in the literature that the laser fuses not only the last powder 
layer but also previous layers, with temperatures reaching more than 
2000 ◦C. In [32], the authors note with FE results that as layers increase, 
the maximum temperature, dimensions and liquid lifetime of the molten 
pool also increase, while the cooling rates decrease. 

In this work, the coating thicknesses of series 1 are always lower than 
those for series 2 (deviation of 100 µm), and for series 2 the interlayer 
time is constant and short (Δtl=11 s) compared to series 1 
(42 s > Δtl >16 s). In addition, for series 2, the real coating thicknesses 
are close to those calculated by the powder layer calculation method. 
This large deviation in thicknesses between the two series could be due 
to thermal flux, which is greater for series 2 because of the reduced 
interlayer time [23]. The short interlayer time increases the temperature 
reached during laser melting, increasing the thickness of the melted 
substrate during the manufacturing of the first layers and consequently 
the transport of matter from substrate to coating. For a same number of 
layers between the two series, when the dilution of the iron is higher, the 
thickness is also higher. This can be attribute to the principle of con-
servation of mater (mass conservation) for cobalt element. This agrees 
with optical observations presented in Fig. 4. 

This transport of matter leads to higher coating thicknesses, and it is 
in good agreement with the present work because the difference be-
tween theoretical and real values decreases as the number of coating 
layers increases for series 2 (Δtl=11 s). 

In the SLM process, the laser remelting between successive layers 
must be taken into account, because the laser impacts several underlying 
layers [32,37], thus increasing iron dilution to the surface. On the other 

Fig. 11. SEM micrograph near surface of coating cross-section for 5 layers 
(series 2) showing two different phases at the extreme surface and cellular 
microstructure. 

Fig. 12. SEM micrographs near surface of coating cross-section for 4 layers and EDX analysis by shot frames in different areas of coating, showing two different 
phases. a) Series 1; b) Series 2. 

Table 5 
Results of EDX (%wt Fe) analysis by shot frames in different areas of 4 layers 
coatings: a) series 1, b) series 2.  

a) b)  

%Fe %Co %Cr  %Fe %Co %Cr 

Pt 1 55.16 27.06 12.31 Pt 1 82.94 9.02 4.45 
Pt 2 8.84 58.17 26.24 Pt 2 33.67 40.73 19.61 
Pt 3 64.16 22.20 10.08 Pt 3 35.40 41.10 17.92     

Pt 4 83.45 9.14 4.35  



hand, for a same number of layers, the dilution of iron in the coating is 
higher for series 2 than for series 1 (Fig. 6). Indeed, for series 2, the 
larger dimensions of the melting bed and the lower cooling rate lead to a 
higher dilution of iron from the substrate to the coating surface. Iron 
dilution in the coating is greater because the thickness of the fused 
substrate becomes more significant. Reducing interlayer time promotes 
matter transport from the substrate and consequently leads to the 
dilution of iron. 

In this work, iron atoms are present up to the coating surface and the 
coating thickness is divided into two different zones: a stabilized zone 
which represents the Fe-Co-Cr mixture zone after melting, and a tran-
sition zone near the interface, known as the dilution zone (Fig. 9). It is 
reported in [39], for the laser cladding process, that iron is diffused from 
the substrate until 130 µm thickness, corresponding to a distance of 
560 µm from the coating surface; After that it stabilizes, and the distri-
bution of elements becomes homogenous. Thus, the shape of the iron 
content curve presented in [39] is comparable to the evolution of iron 
content in the present study, since it decreases gradually towards the 
substrate in the dilution zone and tends to stabilize through the inter-
face. The authors consider that this result is caused by the melting of the 
substrate surface along with the melting of the powder mixture com-
bined with melt pool convection. Furthermore, when dilution of iron is 

possible until the coating surface, the whole Fe-Co-Cr mixture zone, 
including the transition and stabilized zones, represents the coating. 

To explain the crystalline phases of the coating, according to Fig. 7, 
for 4 and 5 layers of series 2, the resulting state is two substitutional solid 
solutions of iron in cobalt or cobalt in iron, because of the very similar 
atomics radii of these two elements, which are 2.37 Å and 2.33 Å for 
iron and cobalt respectively [38]. The resulting metastable FCC struc-
ture for a CoCrMo alloy performed by SLM is very common in the 
literature because of the high cooling rate, which results in a retained 
FCC structure at room temperature [11,14,19]. For other processes used 
for CoCrMo coatings on a steel substrate, like MIG, laser or PTA, the 
resulting structure is also metastable FCC. This is the case even where 
the iron dilution occurs up to the coating surface, as recorded for the 
MIG process (30.73 wt%Fe in [3]) and for laser cladding (11.8 wt%Fe in 
[4]). 

Due to the high iron content (≥45%wt), the BCC phase appears on 
the surface of the coating in addition to the FCC phase, with 4 layers for 
series 1 and up to 5 layers for series 2. For more layers, the BCC structure 
disappears as the iron content decreases. It is also noted that a small 
amount of HCP phase is still present in series 1. Considering the Iron- 
Cobalt equilibrium diagram [27,28], HCP is possible - by a diffusion 
mechanism - only in the case of a very low cooling rate after the 
transformation of BCC into HCP. 

Two hypotheses could be formed for the HCP phase presence before 
any mechanical solicitations:  

• For series 1, the temperature reached is lower and the cooling rate is
higher, according to [23]. This information could imply that the
temperature reached after cooling between successive layers is lower
and thus below the FCC-HCP transition (T◦ between 160 ◦C and
410 ◦C) (Fig. 8), which may explain the appearance of a low HCP
content. This could be consistent with the current results for a longer
interlayer time.

• Another way to explain the observation of the HCP phase on the
surface of the Series 1 coatings is that higher cooling rates lead to
mechanical stresses that could be significant and induce a trans-
formation of the FCC phase into the HCP phase.

Fig. 13. Comparison between microhardness profiles performed in the middle of coating layers 4 and 9 for series 1 and series 2, correlated with iron EDX profiles.  

Fig. 14. Comparison between the average microhardness of coatings between 
series 1 and series 2. 



In addition, the iron prevents the FCC to HCP transformation in a
Cobalt-based alloy during cooling. As observed in Fig. 8, according to 
the Cobalt-Iron phase diagram, the apparition of the HCP phase is 
possible only if the iron weight content is lower than 22%. For series 2, 
the iron content is greater than it is for series 1, exceeding 22% for 
(N≤ 7), which might explain the prevention of the transformation of the 
FCC phase to HCP. 

The XRD technique, when performed on the coating surface, doesn’t 
distinguish between Body Centered Cubic (BCC) peaks and Body 
Centered Tetragonal (BCT) peaks, which correspond to martensite α’. 
Thus, in the case of 4 layers for series 2, the high hardness in the coating, 
reaching 728 HV, can be attributed to a BCT phase, instead of a BCC 
structure, which can be detected by XRD. The BCC phase can be 
rewritten martensite α’BCC. Consequently, as shown in Fig. 13, it can be 
supposed that martensite α’BCC is also present near the interface in the 
transition zone (near the interface, known as the dilution zone (Fig. 9) 
for the 9 layers case, where the hardness reaches 529 HV for series 1 and 
592 HV for series 2. The factors increasing hardness and promoting 
martensite near the interface are firstly the cooling rate, which is always 
very high for the SLM process, and secondly the iron content, which is 
greater for series 2 in all cases. Thus, the hardness in the transition zone 
is always greater for series 2. In the case of 4 and 5 layers of the series 2, 
because combined effect of quenching induced by a sufficient cooling 
rate after laser heating with the presence of high iron content, 
martensite is present up to the coating surface without any transition 
zone and the hardness is greater. 

Comparing the two manufacturing conditions of series 1 and 2 
(Fig. 14), when the coating surface presents only one FCC phase, series 2 
has a slightly lower microhardness because the iron content is higher 
than series 2 than for series 1. For a cobalt-based coating, the literature 
confirms that iron decreases the hardness of the FCC metastable phase 
[41]. 

To understand the microhardness variation in the coating thickness 
(Fig. 13) and the difference in its evolution between series 1 and series 2, 
this property must be correlated with both the crystalline phases and the 
changes that occur in the chemical composition. In [39] Zhang et al. 
obtained the same shaped hardness evolution curve as that found in the 
present work (9 layers). They obtained high hardness in the transition 
zone in their work. However, Zhu et al. demonstrate in [40] that hard-
ness increases directly from substrate to coating and becomes constant 
without any higher hardness transition zone (as in the 4 layers of series 
2). 

5. Conclusions

In this study, CoCrMo coatings are applied by the SLM process to a
C35 steel substrate. The aim of this experimental work was to study the 
dilution content of iron from the substrate to the coating and its influ-
ence on the crystalline phases and microhardness properties. Two pa-
rameters were investigated: the number of layers of coating and the 
interlayer time, which is the laser pass interval time between two suc-
cessive layers. 

Between the two fabrications (series 1 and series 2) only the inter-
layer time varies. All other parameters, i.e. scanning speed, laser power, 
rotation angle between layers, etc., are the same and the values used are 
those recommended by the SLM machine manufacturer. It can be 
observed that for the second layer in the case of series 1 the interlayer 
time is 42 s while in the case of series 2 the interlayer time is only 11 s. In 
the present work, it is found that this difference has a great influence on 
the heat flux which is tracked through by the iron dilution in the coating 
thickness. 

The main contributions presented are as follows:  

• The diluted iron content in the coating is higher with a low interlayer
time, because reducing interlayer time increases the maximum
temperature reached during laser melting layer by layer. On the

other hand, iron content decreases with the number of layers. 
Consequently, the dilution of iron up to the surface drops to very low 
value, less than 10% in weight, from 5 layers of coating for an 
extended interlayer time, but from 9 layers of coating for a reduced 
interlayer time.  

• The cooling rate is very high for the SLM process, and the dilution of
the iron content becomes more significant when the interlayer time
is reduced, inducing a high rate of martensite BCT structure called
α’BCC and indicated by BCC peaks in the XRD pattern. In this case,
the hardness of martensite is very high, up to 750HV. The mean
coating microhardness decreases and the coating remains single
phase FCC with a high content of iron and slightly increases when its
iron content is reduced.

• For a high diluted iron content exceeding 45% in weight, a
nonequilibrium crystalline system is created in the coating surface,
with two different phases, FCC and α’BCC. Both phases represent
substitutional solid solutions of iron in cobalt or cobalt in iron. In the
cross section, it is observed that both phases have two different
chemical compositions, including the iron content. Thus, regardless
of interlayer time, the resulting crystalline system for the coating,
except for a small residual HCP phase, is a totally out-of-equilibrium
system with both FCC and/or α’BCC.

• The real coating thickness is always greater when the interlayer time
is reduced.
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