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Abstract: Surface laser texturing is used to ensure mechanical anchoring and strengthen adhesion 
between the interfaces of bond coatless thermal barrier coating system. To anticipate a possible loss 
of mechanical properties and to adapt to the perpetual evolutions of chemical compositions of the 
system, we analyzed the microstructural evolutions of different Ni-based single crystal superalloys, 
induced during infrared nanosecond laser ablation. Localized asperities composed of a melted, re-
solidified matter, with a different microstructure from that of the bulk material, were generated. 
Regarding asperity morphologies, recrystallization within the latter could be avoided. Then, to com-
pare different Ni-base single crystal superalloys, the thermal-affected volumes were characterized 
for two patterns textured under different energetic conditions. It seems that all the studied single 
crystal superalloys behaved quite similarly during nanosecond laser ablation. Finally, according to 
these results, ablation kinetics between the γ and γ’ phases of Ni-based superalloys could not be 
homogeneous. 
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1. Introduction 
To meet environmental challenges, it is necessary to reduce fuel usage and NOx and 

CO/CO2 emissions of aero-engines. Land-based gas turbines are developed to increase the 
turbine efficiency while lowering the production costs [1,2]. Consequently, the recent de-
velopment of an internal cooling network in HP turbine blades coupled with the use of a 
thermal barrier coating allows an increase in the turbine entry temperature [3–5]. A ther-
mal barrier coating system is usually composed of three different layers, a bond coat, a 
natural oxide layer called TGO (Thermally Grown Oxide) and a ceramic top coat, depos-
ited onto a nickel-based single crystal superalloy. 

In service, the components of the hottest part of the engines are submitted to complex 
loadings: creep, thermomechanical fatigue and oxidation at high temperature, which 
could be deleterious for the TBC system durability and could lead to a premature spalla-
tion of the top coat [6]. The critical damage mechanisms of the TBC system are mainly 
related to the coupled evolution of the TGO and the bond coat [7]. These evolutions are 
due to the growth of the TGO by oxidation [8], and the deformation of TGO/bond coat 
interface by ratcheting [7] or rumpling [9], in order to relax the accumulated stresses [7,10–
16]. 

To overcome the damage mechanisms localized close to the bond coat and thus slow 
down the spallation of the top coat, studies have been carried out to develop bond coatless 
thermal barrier coating system [17–19]. Laser surface texturing strengthens the adhesion 
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between the superalloy and the ceramic layer, usually ensured by the bond coat, without 
any surface contamination. Indeed, mechanical anchoring is often favored by strong 
roughness at the interface between an adhesive and its substrate [20,21]. Therefore, con-
trolling the superalloy surface morphology by laser texturing seems to be a promising 
alternative to a sand blasted bond coat. The benefits of this surface treatment on the coat-
ing adhesion mechanisms are well known [22–28]. Kromer et al. showed that laser surface 
texturing promotes better adhesion during creep and thermal fatigue solicitations than 
sandblasting surface for a zirconia partially stabilized by yttria top coat deposited on AM1 
by air plasma spray. Indeed, cavities surrounded by melted/re-solidified matter increase 
surface roughness, strengthening mechanical anchoring, which avoids a premature spall-
ation of the top coat. Moreover, these authors demonstrate that the crack propagation in-
terface leading to spallation of the TBC is clearly deviated by surface patterns [19]. 

To follow these researchers and to respond to the perpetual evolution of the single 
crystal superalloy compositions essentially developed to increase the creep resistant of 
turbine blades [3,29–32], we aim with this study to analyze the behavior of different single 
crystal superalloys via laser ablation by nanosecond infrared laser. Apart from some au-
thors who mainly studied the behavior of superalloys via ultra-shot pulse duration (pico-
second or femtosecond) laser ablation [33–37], different superalloys have never been com-
pared. Moreover, nanosecond laser ablation seems to be the most relevant ablation regime 
in order to generate rougher surfaces with the asperity formation around cavities [38,39], 
increasing mechanical anchoring and slowing down crack propagation [40]. Finally, to 
anticipate the superalloy prospective loss of mechanical properties, it is important to 
study the possible damage mechanisms, close to the cavities, induced during laser inter-
action. This way, after exploring the surface morphologies induced by laser treatments, 
the influence of the superalloy microstructures and cavity morphologies during the laser 
ablation process are discussed. 

2. Materials and Methods 
2.1. Materials and Heat Treatments 

This study was carried out using Ni-based single crystal superalloys (first, second 
and third generation). The compositions of these Ni-based superalloys, casted using a 
standard Bridgman process, are given in Table 1. 

Table 1. Chemical compositions of the studied Ni-based single crystal superalloys. 

Alloy Solvus 
Density 
(g/cm3) 

Composition (wt.%) 
Ni Co Cr Mo W Ta Al Ti Re 

AM1 1268 +/− 5 8.59 Bal. 6.5 7.8 2.0 5.7 7.9 5.2 1.1 / 
CMSX-4 1293 +/− 7 8.7 Bal. 9.7 6.4 0.6 6.4 6.5 5.6 1.1 2.9 

CMSX-4 Plus 1334 +/− 5 8.93 Bal. 10.0 3.5 0.6 6.0 8.0 5.7 0.9 4.8 
MAR M200 + Hf 1205 −/+ 10 8.61 Bal. 9.5 8.6 - 11.8 - 4.9 1.9 - 

MC2 1265 +/− 5 8.63 Bal. 5.0 8.0 2.0 8.0 6.0 5.0 1.5 - 

The behavior of different Ni-based single crystal superalloys and the influence of 
superalloy microstructures during the laser ablation process were evaluated. It is well 
known that solution heat treatments confer a classical γ/γ’ microstructure. Additional ag-
ing treatments allow us to obtain a cuboidal morphology with γ’-precipitates having an 
average 0.4–0.5 µm edge length. Figure 1 shows an example of the influence of aging treat-
ments applied after solution heat treatment on the microstructure of a first generation Ni-
based single crystal superalloy (AM1). The different heat treatments applied are given in 
Table 2. 
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Figure 1. Example of the Ni-based single crystal superalloy microstructures (AM1 here) after (a) solution heat treatment, 
(b) aging treatments. 

Table 2. Applied solution and aging heat treatments. 

Alloy Solution Heat Treatment Aging Treatment 
AM1 1300 °C/3 h/AQ 1100 °C/5 h/AQ + 870 °C/16 h/AQ 

CMSX-4 
1277 °C/2 h + 1288 °C/2 h + 1296 °C/3 h + 1304 °C/3 h + 1313 °C/2 

h + 1316 °C/2 h + 1318 °C/2 h + 1321 °C/2 h/GFC 1140 °C/6 h/AQ + 871 °C/20 h/AQ 

CMSX-4 Plus 1313 °C/2 h + 1318 °C/2 h + 1324 °C/6 h + 1335 °C/6 h/GFC 1163 °C/6 h/AQ + 871 °C/20 h/AQ 
MAR M200 + Hf 1210 °C/0.5 h + 1225 °C/0.5 h + 1240 °C/4 h/AQ 1100 °C/5 h/AQ + 870 °C/16 h/AQ 

MC2 1300 °C/3 h/AQ 1080 °C/6 h/AQ + 870 °C/16 h/AQ 

All the superalloys studied have received at least their corresponding solution heat 
treatments. Some were also treated by additional aging treatments and were named for 
the following by the suffix “+AgT” (as mentioned in Figure 1). 

Moreover, it is well known that the γ’-precipitates morphology is fully dependent on 
the thermal history of the material [41]. So, in order to evaluate the influence of various 
superalloy microstructures during laser ablation, samples of AM1 and MAR M200 + Hf 
were water quenched, air quenched or gas furnace cooled after solution heat treatments. 
Indeed, the γ’-precipitate size is controlled by cooling rate. 

Finally, to bring additional information on the ablation mechanisms of Ni-based sup-
eralloys, pure nickel and polycrystalline Ni-based superalloy Inconel 718 were studied. 
Both materials are devoid of the γ’ phase (less than 5% for the Inconel 718). Table 3 gives 
the chemical composition of the Inconel 718 composed of γ/γ’’ morphology. 

Table 3. Chemical compositions of Inconel 718. 

Alloy Density (g/cm3) 
Composition (wt.%) 

Ni Co Cr Mo Al Ti Nb C B Fe 
Inconel 718 8.19 50–55 <1 17–21 2.8–3.3 0.2–0.8 0.65–1.15 4.75–5.5 0.04 0.02 18.5 

2.2. Laser Surface Treatments 
Polished specimens (0.18 +/− 0.05 µm) were laser textured with a pulsed fiber laser 

(Laseo, Ylia M20, Quantel, France) to structure the surface [42]. The laser operated at a 
nominal wavelength of 1.06 µm with pulse duration of 100 ns, a maximum power of 20 
W and variable frequency varying between 20 and 100 kHz. The laser beam used for this 
operation is circular with a diameter of 60 µm at the focal point and a gaussian energy 
distribution. 

Laser texturing is a surface treatment based on the principle of laser ablation in pulse 
regime [43,44]. By focusing the laser on one spot on the surface, the accumulation of im-
pacts, governed by the pulse frequency, allows the creation of cavities (see Figure 2) [45–
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47]. The physical phenomena induced during the laser-matter interaction occur during 
extremely short duration which leads to a rapid solidification of the melted matter. So, 
some asperities around cavities, composed of re-solidified matter, could be generated af-
ter the laser ablation process [48,49]. The laser-matter interaction is highly dependent on 
the nature of the impacted materials and the characteristics of the used laser [50,51]. 

 
Figure 2. (a) Top view of pattern 1, (b) top view of pattern 2, (c) cross-section of pattern 1, (d) cross-section of pattern 2. 

Laser patterning consists of series of equidistant lines covered with holes. Various 
morphologies according to the shapes, depths, diameters, asperities or even spacing be-
tween patterns could be obtained. Thus, using laser texturing, it is possible to design an 
infinite number of surfaces. We opted during this work to study only two specific geom-
etries of patterns, one with larger opened cavities and the other with deeper cavities. These 
two patterns are designated such as: 
• “Pattern 1”, formed by holes spaced 60 µm apart generated by 50 pulses at a laser 

intensity of 8.8.10−2 GW/cm². 
• “Pattern 2”, formed by holes spaced 100 µm apart generated by 15 pulses at a laser 

intensity of 1.8.10−1 GW/cm². 
These two sets of applied laser parameters (fluence, impact number) simulate two 

representative laser ablation regimes. Moreover, these two surface morphologies textured 
on the different single crystal superalloys, shown in Figure 2, could be promising candi-
dates to increase surface roughness and strengthen mechanical anchoring. Whatever the 
superalloys, the patterns seem to exhibit a regular morphology with a depth and diameter 
equal to about 53 µm and 30 µm, respectively, for pattern 1 and 20 µm and 60 µm, respec-
tively, for pattern 2. 

2.3. Characterization Methods 
Considering the laser–matter interactions and all the induced surface modifications, 

several characterization methods must be carried out. Due to the high cavity depths 
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generated, it is difficult to characterize textured surfaces by standard roughness measure-
ment techniques. Observations from cross sections of the different textured patterns have 
been compared between studied superalloys. Series of preparation steps were then im-
posed to analyze specimens after laser treatments. 

First, epoxy resin was used for the cold mounting of the sample. This step is essential 
to protect textured patterns and avoid any degradation during cutting and polishing. 
Then, samples were cut (Mecatom T210 (4500 rpm, 0.1 mm/s)) and carefully polished up 
to the micron, cleaned with ethanol in an ultrasonic bath for 5 min and etched using a 
solution of 1/3 HNO3 + 2/3 HCl (volume part) to dissolve the γ’ phase and reveal the sup-
eralloy microstructure. Finally, the samples were metallized by a nanometric layer of 
gold–palladium. Morphologies and microstructures were evaluated with a Scanning Elec-
tron Microscope (JEOL 6400, 7000 F, 7800 F) operating at 25 kV. 

For this study, we chose to analyze the microstructure close to the generated cavities 
in order to understand the ablation mechanisms of Ni-based single crystal superalloys. To 
compare the materials, the thermally affected volumes were evaluated. For this, at least 
six SEM images of each textured pattern (cross sectional view), at ×1000 magnification, 
were processed by the ImageJ software. The considered volume is determined by the fol-
lowing equation: 

With V (µm3) the thermally affected volume, depth (µm) and diameter (µm) the ge-
ometrical measured dimensions. The depth and diameter considered for both textured 
patterns are described in Figure 3. 

 
Figure 3. Dimensions considered for the thermally affected volume calculation: (a) pattern 1, (b) pattern 2. 

Finally, to characterize the crystallographic orientation of the melted matter (asperi-
ties) re-solidified around the cavities, EBSD analyses were carried out using the FEG JEOL 
7000 F SEM and the OIM software. All the presented maps were coded according to the 
z-axis, which is parallel to the solidification axis of the studied single crystal superalloys. 
Due to the encountered difficulties during the sample preparation, only on the sample of 
AM1 + AgT was analyzed. At least three cavities out of the two considered patterns were 
characterized. 

3. Results 
In order to anticipate a possible loss of the mechanical properties, it is necessary to 

study the single crystal superalloy microstructure after laser surface treatments. Indeed, 
the evolution of the γ/γ’ morphology is representative of the material thermal history [41]. 
Consequently, it could be a relevant marker of the involved laser ablation mechanisms. 
The behavior of the different single crystal superalloys and the influence of its microstruc-
tures against nanosecond infrared laser ablation were analyzed. 
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3.1. Microstructural Evolutions Close to the Textured Patterns 
As an illustration, Figure 4 shows the two patterns textured on the surface of different 

single crystal superalloys. The following observations were similar whatever the consid-
ered Ni-based superalloys and the applied heat treatments. The shapes including the as-
perity morphologies (black arrows) are fully dependent on the chosen laser parameters 
(fluence, impact number, etc.). These asperities composed of melted, re-solidified matter 
are clearly recognizable by the uniform gray color. As seen in Figure 5, the microstructure 
of this area is completely different from the material core. Indeed, the standard γ/γ’ mor-
phology is not observable here. This area seems to be composed of only one phase. 

Figures 4c and 4d focus on the hole bottoms of patterns 1 and 2, respectively. A heat-
affected area (thickness of 1.8 µm and 1.4 µm for patterns 1 and 2, respectively), where 
the γ’-precipitates lose their regular morphology, can be seen. Moreover, in this heat-af-
fected area, the γ matrix channels (in light gray) appear to follow the hole concavity (white 
arrows). It is important to notice that this heat-affected area is quite small, whatever the 
considered pattern. 

 
Figure 4. Microstructure of AM1 + AgT: (a) pattern 1, (b) pattern 2, (c) hole bottom of pattern 1 and (d) hole bottom of 
pattern 2. Black and white arrows underline generated asperities and heat-affected areas, respectively, in the hole bottoms. 
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Figure 5. Magnification of AM1 + AgT microstructure close to an asperity. 

The Mar M200 + Hf superalloy is the only one composed of carbides (white phases 
on the Figure 6). On Figure 6b, unmelted carbides within the melted, re-solidified area 
(asperities) can be observed. 

 
Figure 6. Non-melted carbides observed on MAR M200 + Hf + AgT specimens: (a) pattern, (b) magnification on a 
melted/re-solidified area. 

The superalloy mechanical properties are fully dependent on the microstructure sta-
bility [52,53]. However, the asperity microstructure and probably the composition are dif-
ferent from those of the bulk material, which could be deleterious for the mechanical prop-
erties of the superalloys. It is relevant to analyze the solidification mechanisms of the liq-
uid bath and to check if recrystallization occurs during the ablation of single grain super-
alloys. The crystallographic orientation within the asperities for both patterns was studied 
via EBSD analysis. Due to the difficulties of sample preparation, this study was carried 
out only on AM1 single crystal superalloys. 

Figure 7 shows the crystallographic orientations of pattern 1. The solidification of the 
single crystal superalloy is close to the crystallographic orientation <001>, which appears 
suitable to obtain this crystallographic orientation in the core of the material. Neverthe-
less, only a few grains in some limited areas (revealed by the white rectangle) within as-
perities could be observed. Whatever the considered asperities (Figure 7c,d), it is possible 
to observe a color gradient characteristic of a light disorientation of the crystal lattice. The 
rest of the observed molten area does not show significant crystallographic disorienta-
tions. 

Moreover, Figure 8 shows the EBSD mapping of pattern 2. Significant structural 
modifications can be observed within the melted, re-solidified asperities. First, the left as-
perity (Figure 8c) presents crystallographic disorientations around the asperity–superal-
loy junction. The most distant areas with this junction turn out to be completely 
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recrystallized. The right asperity (Figure 8d) is totally recrystallized. Nevertheless, elon-
gated grains along a privileged direction parallel to the z-axis are revealed by white ar-
rows. 

 
Figure 7. Crystallographic orientation mapping, coded along the z-axis of pattern 1: (a) reference 
frame and inverse pole figure (b) mapping of the entire pattern 1, (c,d) zoom on two different as-
perities. The textured surface of the AM1 was previously nickel. 
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Figure 8. Crystallographic orientation mapping, coded along the z-axis, of pattern 2: (a) reference 
frame and inverse pole figure (b) mapping of the entire pattern 2, (c,d) zoom on both asperities. The 
textured surface of the AM1 was previously nickel plated. 

Finally, it appears that the crystallographic orientation of the generated asperities is 
strongly dependent on its geometry, especially on the interface between the asperities and 
the bulk material. The disorientations coupled with the grain elongations along a prefer-
ential direction indicate the presence of a relatively vertical thermal gradient, close to the 
z-axis, within the asperities. The epitaxial growth with the substrate of some material as-
perities probably highlights a unidirectional displacement of the solid–liquid interface. 

3.2. Comparison of Thermally Affected Volumes 
The geometry of laser texturing patterns is strongly dependent on the interaction of 

the material with the laser beam and thus the solidification process of the material. If the 
geometries seemed to be relatively similar whatever the considered single crystal super-
alloy, we chose to focus on the thermally affected areas. The thermally affected volumes 
of the two patterns were approximated after laser texturing on the various single crystal 
superalloys. It consisted of comparing the nickel-based superalloys, and checking if the 
microstructural evolutions induced by the heat treatments had an impact on these vol-
umes. Figures 9 and 10 show the obtained results for patterns 1 and 2, respectively. It 
appears that the heat treatments applied to optimize the microstructure of the superalloys 
had an influence on the thermally affected volumes after laser texturing. Indeed, consid-
ering both patterns, the volumes of AM1 and CMSX-4 Plus seem to be lower than those 
created on AM1 + AgT and CMSX-4 Plus + AgT, respectively. This trend seems to be re-
versed for the MAR M200 + Hf superalloy. 

Considering only the samples which received the additional heat treatments (+AgT 
samples), it appears that MAR M200 + Hf + AgT behaved differently compared to the 
other superalloys. Indeed, for both patterns, the thermally affected volumes of MAR M200 
+ Hf + AgT were much smaller. 

 
Figure 9. Thermally affected volumes of textured pattern 1 on different Ni-based single crystal superalloys. 

,0

10,000

20,000

30,000

40,000

50,000

Vo
lu

m
e 

(µ
m

3 )

Pattern 1 AM1

AM1 +AgT

CMSX-4 Plus

CMSX-4 Plus +AgT

MAR M200+Hf

MAR M200+Hf +AgT

MC2 +AgT



Metals 2021, 11, 1737 10 of 19 
 

 

 
Figure 10. Thermally affected volumes of textured pattern 2 on different Ni-based single crystal superalloys. 

The additional heat treatments applied after the standard solution heat treatments, 
which mainly promote the growth of γ’-precipitates, seem to have had an effect on the 
affected volume. Using an image analysis software, the size of the γ’-precipitates could be 
estimated (Table 4). These results show that the additional heat treatments effectively led 
to the coarsening of the γ’-precipitates. It is then interesting to evaluate the influence of 
the size of the γ’-precipitates on the affected volumes of superalloys. 

Table 4. Image analysis measurements of the equivalent diameter of γ’-precipitates. 

Heading  
MAR M200 + 

Hf 
MAR M200 + 

Hf + AgT AM1 
AM1 + 

AgT 
CMSX4 

Plus 
CMSX4 

Plus + AgT 
Dendrite <100 nm ~300 nm ~295 nm ~375 nm ~610 nm ~635 nm 

Interdendritic 
area <100 nm ~345 nm ~315 nm ~380 nm ~625 nm ~650 nm 

Grosdidier et al. showed that the cooling rate after a 30 min solution heat treatment 
in the γ-domain of superalloys had an influence on the precipitation of the γ’ phase [41]. 
Similarly, Steuer et al. showed that the higher cooling rates after solution treatment of 
AM3, the larger γ’-precipitates [54]. To vary the precipitate size, samples of AM1 and 
MAR M200 + Hf were cooled at different rates after the solution heat treatments. 

Figure 11 shows the microstructures of AM1 in the dendrite core based on various 
cooling rates applied after the solution treatment at 1300 °C. We found that a water 
quench, which corresponds to the fastest cooling rate, favored the formation of the finest 
γ’-precipitates, (Figure 11a) with an equivalent diameter that does not exceed 155 nm. The 
largest γ’-precipitates with an equivalent diameter close to 390 nm were obtained after 
cooling the sample in the furnace (Figure 11c). An air quench provided to the γ’-precipi-
tates an equivalent diameter close to 300 nm (Figure 11b). The precipitates within the MAR 
M200 + Hf were much smaller than those formed in the AM1. Unfortunately, it could not 
be precisely characterized by image analysis. It was also difficult to make relevant meas-
urements for the AM1 cooled by a water quench. 
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Figure 11. Microstructure of AM1 in dendrite core after solution treatment followed by: (a) a water quench, (b) an air 
quench and (c) a gas furnace cooling. 

Figures 12 and 13 represent the thermally affected volumes of patterns 1 and 2, re-
spectively, based on the sample cooling rates (water, air, furnace). Whatever the consid-
ered specimen, an evolution of the thermally affected volumes was noticed. Nevertheless, 
contrary to the previously observed results, it appears that the samples with the finest γ’-
precipitates promoted the largest thermally affected volumes. Nevertheless, according to 
the obtained standard deviations, a certain overlapping of the results can be noted. This 
tends to minimize the real effect of the superalloy microstructure over the ablation pro-
cess. 

 
Figure 12. Thermally affected volumes of textured pattern 1 on AM1 and MAR M200 + Hf as a function of cooling kinetics. 

 
Figure 13. Thermally affected volumes of textured pattern 2 on AM1 and MAR M200 + Hf as a function of cooling kinetics. 

4. Discussion 
Many morphologies can be developed by laser surface texturing. For this study, we 

chose to study two specific morphologies (patterns 1 and 2) generated under different 
energetic conditions. After cross-sectional observations of these two patterns, areas com-
posed by melted, re-solidified matter were easily observed along the cavities and on the 
surface in the form of asperities. The microstructure of these areas was different from that 
of the superalloy core. Indeed, the standard γ/γ’ morphology was not visible. Moreover, 
the characteristic uniform color of the asperities could show that it was probably com-
posed by only one phase. These observations are similar regardless of the observed mate-
rial. However, a variation in the amount of re-solidified matter regarding laser parameters 
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(energy and repetition rate) can appear. The induced energy accumulation can lead to 
different volumes of thermally affected material. 

A microstructural transition at the bottom of the cavities was observed. Indeed, the 
γ’-precipitates lost their cuboidal morphology and it appeared that the γ-matrix channels 
followed the pattern concavities, as underlined by the white arrows in Figure 14. During 
laser ablation, the impact accumulation on the surface led to melting and vaporization of 
the material. The interaction with the laser and the vapor generated a plasma which exerts 
a recoil pressure on the melted matter. These physical phenomena induced a hydrody-
namic flow of the liquid bath, which led to asperities [46–49]. Moreover, it seems that the 
γ-matrix channels followed this flow of matter. 

Finally, beyond the thermally affected area, the superalloy microstructure seemed to 
be unaffected by the laser treatment. Indeed, the size and the morphology of the γ’-pre-
cipitates remained unchanged compared to the material core. 

 
Figure 14. Microstructure at the bottom holes of two patterns 1 textured on AM1 + AgT. 

EBSD analysis were carried out to characterize the generated asperities which pre-
sent a different microstructure from the bulk material. The first results seemed to show a 
correlation between a possible recrystallization of the asperities and its geometry. Indeed, 
an important asperity/superalloy junction (pattern 1) favors an epitaxial growth with the 
substrate. On the contrary, a small junction promotes the formation of recrystallized as-
perities (pattern 2). Moreover, it appears that the crystallographic disorientations coupled 
with the grain elongations along a preferential direction indicated the presence of a rela-
tively vertical thermal gradient, close to the z-axis, within the asperities. 

To strengthen these results, the crystallographic orientation of another pattern tex-
tured on single crystal superalloy AM1 was characterized by EBSD analysis (Figure 15). 
The latter presented on Figure 15b was formed by holes spaced 100 µm apart generated 
by 40 pulses at a laser intensity of 1.7 × 10−2 GW/cm². The asperities had a spherical shape, 
and the asperity/superalloys junction was quite large. Figure 15c exhibits the crystallo-
graphic orientations of the material asperities of this third pattern. The color in the mate-
rial core indicated that the cutting axis of the sample was not perfectly parallel to the so-
lidification axis of the single crystal superalloy. No recrystallized grains could be observed 
here. Moreover, the color gradient within the asperities seemed to be insignificant, which 
could show an epitaxial solidification of the liquid bath with the substrate. The previous 
findings are therefore confirmed. 
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Figure 15. Crystallographic orientation mapping, coded along the z-axis: (a) reference frame and 
inverse pole figure, (b) morphology of the considered pattern, (c) mapping of the entire pattern. The 
textured surface of the AM1 was previously nickel plated. 

During the laser texturing process, the extreme treated surface was in contact with 
the ambient air. The asperities were thus cooled by thermal convection. In addition, the 
exchanges between the liquid bath and the rest of the material also induced a cooling of 
the asperities by conduction. This competition in the cooling mechanisms during laser 
ablation promoted thermal gradients and, consequently, different solidification mecha-
nisms. A larger asperity/superalloy junction favors a cooling by thermal conduction, 
which facilitates the solidification of the asperities in epitaxy with the superalloy. 

After nanosecond infrared laser ablation of Ni-based single crystal superalloy AM1, 
Kromer et al. showed by nanoindentation that the melted, re-solidified area presented a 
higher Young’s modulus and hardness than the superalloy core [18]. According to the 
author, such disparities can be explained either by the recrystallization of the melted, re-
solidified area, by a nano γ’-precipitation due to high cooling rates or by the generation 
of dislocations due to thermal stresses induced during the solidification of the liquid bath. 
The presented results strengthen the hypothesis that the increase in Young’s modulus and 
hardness are linked to the recrystallization mechanisms. 

Finally, it is important to notice that laser texturing does not necessarily lead to re-
crystallization within the solidified material. Adjusting laser parameters could then be 
interesting to avoid any recrystallization which could be harmful for the material perfor-
mances at high temperatures. 

All the studied superalloys presented similar pattern morphologies, but to go further 
in the comparison of the superalloys after laser ablation, the thermally affected volumes 
were measured. Such dissimilarities were noticed and can be due to the differences in 
optical (absorption coefficient) or physical (thermal conductivity, temperature of solvus 
and liquidus) properties of the superalloys. For example, laser ablation is strongly 
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dependent on the optical properties of the materials. However, the absorption coefficients 
measured at ambient temperature, which reflect the amount of energy absorbed by the 
material, could not be correlated clearly with the thermal-affected volumes of the super-
alloys [28]. During this study, it was not possible to dissociate all of the material intrinsic 
properties. 

Moreover, it seems that the same single crystal superalloys, but having different mi-
crostructures linked to the different applied heat treatments, reacted differently during 
the laser ablation (the thermally affected volumes are different). We therefore wonder to 
what extent the microstructure can have an influence on the ablation mechanisms of sup-
eralloys. Nevertheless, according to the obtained results, the size of γ’-precipitates does 
not significantly influence the affected volumes. 

The Ni-based single crystal superalloy microstructure is recognizable by a standard 
γ/γ’ morphology. The face-centered cubic γ phase is essentially composed of Ni while the 
γ’ phase, with a cubic L12 crystal structure, is composed of Ni3(Al, Ti, Ta), subsequently 
approximated by Ni3Al. According to Ni-Al binary phase diagram, the melting tempera-
ture of the γ and γ’ phases are around 1455 °C and 1385 °C, respectively [54]. These dis-
parities are controlled by the specific composition of each phase. Aluminum in the γ’-
precipitates seems to decrease the melting temperature. Moreover, it is possible that the 
refractory elements added to strengthen the γ phase stability at high temperature [55–57], 
increasing its melting point. These local composition dissimilarities have a huge influence 
on the physical properties of the superalloys. For example, the incipient melting temper-
atures of AM1 and MC2 are around 1315 °C and 1330 °C, respectively, and closely linked 
to their respective compositions [58]. Finally, we wonder if the local differences of com-
positions could have an influence on the ablation kinetics. 

Ma et al. have already compared the ablation regimes of CMSX-4, a second genera-
tion single crystal superalloy, pure nickel and the intermetallic Ni3Al, by a femtosecond 
laser [37]. The pure nickel and Ni3Al are representative of the γ and γ’ phases of nickel-
based superalloys, respectively. First, it appears that less energy was required to ablate 
the superalloy compared to both other materials. In addition, slightly more energy was 
needed to ablate pure Ni than Ni3Al. Nevertheless, the obtained values were very close, 
and the authors deduced that phase ablation within the superalloy by a femtosecond laser 
was uniform. 

However, the ablation regimes of the materials are controlled by the laser pulse du-
ration [38]. Thus, it is possible that the difference in optical and thermal properties of the 
γ and γ’ phases presents a more significant effect during nanosecond laser ablation. 

Considering that both phases behaved distinctly during nanosecond laser ablation, 
the γ’ phase, with the lowest melting temperature, could melt and vaporize faster than 
the γ phase. This hypothesis seems consistent with the microstructure at the bottom of the 
textured holes. Indeed, as shown in Figure 14, it seems difficult to distinguish the γ’-pre-
cipitates (in dark gray) in the re-solidified area. In contrary, the matrix γ-lines (in light 
gray) are clearly identifiable. These two phases seem to behave very distinctly. 

To understand the influence of the microstructure on the ablation mechanisms, both 
patterns were additionally textured on pure nickel, representative of the γ phase, and on 
a polycrystalline superalloy Inconel 718. Inconel 718 is a forged superalloy, enriched in 
niobium, which favors the precipitation of a γ’’ Ni3Nb phase. This alloy is almost devoid 
of the γ’-precipitates (less than 5%). The main idea is to try to dissociate the individual 
impacts of γ and γ’ phases on the nanosecond laser ablation mechanisms. 

Figure 16 shows patterns 1 and 2 textured on pure nickel, Inconel 718 and on AM1. 
It appears that pattern morphologies vary significantly between the pure nickel sample 
and the Ni-based superalloy ones. It seems that the laser intensity deposited on the surface 
to create pattern 1 (8.8.10−2 GW/cm²) was not sufficient to ablate the pure nickel despite 
the thermal accumulation generated by the 50 laser pulses. However, with a higher laser 
intensity (1.8.10−1 GW/cm² for pattern 2), the ablation of pure nickel could be initiated with 



Metals 2021, 11, 1737 15 of 19 
 

 

only 15 laser pulses. The patterns generated on the two nickel-based superalloys are sim-
ilar. 

 
Figure 16. Patterns 1 textured on: (a) pure nickel, (b) Inconel 718, (c) AM1, and patterns 2 textured on: (d) pure nickel (e) 
Inconel 718, (f) AM1. 

According to this hypothesis, it is relevant to observe a less ablated surface for the 
pure nickel than the AM1. Indeed, the γ phase is considered more resistant against nano-
second laser ablation than the γ’-precipitates. These results were in good agreement with 
those obtained by Ma et al. [37]. Nevertheless, dissimilarities between AM1 and Inconel 
718, a material almost devoid of the γ’ phase, were expected. 

Figure 17 presents patterns generated under energetic conditions sufficient to deform 
the extreme surface of the impacted materials, but insufficient to generate material ejec-
tions. All the single crystal superalloys have a similar behavior, contrary to pure nickel 
and Inconel 718. Indeed, the surface of pure nickel does not appear to be marked with the 
same intensity as the other substrates. The geometry of pattern textured on the Inconel 
718 and the induced oxidation mechanisms are also clearly different. It is possible to meas-
ure here an internal diameter of 34 µm for the Inconel 718, while it is equivalent to 44 µm 
for the other superalloys. 
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Figure 17. Patterns generated by low laser intensity on: (a) pure nickel, (b) Inconel 718, (c) MAR M200 + Hf + AgT, (d) 
MC2 + AgT, (e) AM1 + AgT and (f) CMSX-4 Plus + AgT. 

Again, a difference in the ablation mechanisms of the γ and γ’ phases seems to be the 
most plausible hypothesis to explain these differences in ablation mechanisms. Conse-
quently, the difference of thermal properties of the superalloy phases could have an im-
pact on the measured thermally affected volumes, especially during the first steps of the 
laser ablation process. Under certain energetic conditions, superalloys could be consid-
ered as “composite” where the single-phase γ domain accentuates the resistance of the 
material during the laser ablation process. 

With this hypothesis, it is possible to imagine that the differences in affected volumes 
observed for the same superalloys having different microstructures (same composition) 
are due to the different behaviors of the γ and γ’ phases. The additional heat treatments 
are known to optimize the size, distribution and volume fraction of γ’-precipitates [3]. 
Hence, the ablation would be accelerated by higher γ’ phase volume fractions, which 
could explain the fact that the thermally affected areas of the AM1 + AgT and CMSX-4 
Plus + AgT are larger than the AM1 and CMSX-4 Plus ones. However, it is complicated to 
understand the behavior of MAR M200 + Hf, which is a very different alloy due to the 
presence of carbides. 

Finally, additional efforts must be made to understand the differences between the 
considered superalloys. To this end, a detailed characterization of the material intrinsic 
properties and additional experiments to study the laser ablation mechanisms are neces-
sary. However, despite the small differences observed in the thermally affected volumes, 
these studied patterns could be considered as equivalent whatever the analyzed Ni-based 
single crystal superalloys. 

5. Conclusions 
The following points summarize the content of this work: 

• Infrared nanosecond laser ablation promotes the formation of asperities composed 
of melted, re-solidified matter around cavities. The microstructure within the asper-
ities is clearly different from the core of superalloys. The standard γ/γ’ morphology 
cannot be observed. 
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• The morphology of asperity/superalloy junction has an influence on the asperity 
cooling phenomena and, consequently, on the recrystallization mechanisms. Indeed, 
an important junction favors an epitaxial growth of the asperities with the substrate. 
On the contrary, a small junction promotes the formation of recrystallized asperities. 

• Whatever the considered Ni-based single crystal superalloys, textured patterns in-
cluding thermally affected volumes are quite similar. However, regarding thermal-
affected volumes, slight dissimilarities were noticed between the same superalloys 
but having different microstructures. 

• During infrared nanosecond laser ablation, Ni-based single crystal superalloys could 
be considered as “composite” with a γ phase more resistant to the ablation than γ’-
precipitates. The local competition of melting and vaporization kinetics could explain 
the obtained thermal-affected volumes. 
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