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In order to optimize laser cladding using pulsed-laser procedures, in particular to prevent failures of the cladding, a systematic
ex-situ characterization can provide a lot of valuable information about the effects of the process parameters on the resulting
microstructure and hardness. In this study, a TiC/TiB2 cladded layer was produced by laser scanning over a pre-placed
TiC/TiB2/Al powder mixture on an aluminum alloy using a Nd:YAG pulsed laser. The increasing of the EEDV (effective energy
density per volume) influences larger scattering of the cladded-layer thickness, whereas the decreasing of the EEDV influences
the decrease of its surface roughness. The average hardness of the 0.1-mm-thick layer was 400±10 HV 0.3, which confirmed an
improvement in the mechanical properties of the surface. The microstructures were investigated using FE-SEM/EDS and light
microscopy. An additional color chemical etching using Weck’s reagent at room temperature was performed. Using color
etching, the laser-affected features, i.e., the penetration depth, the melt pool, its boundaries and various inhomogeneities, could
be clearly distinguished. The sensitivity of the color etchant to the morphological and compositional differences was confirmed
by FE-SEM/EDS analyses and microhardness measurements.
Keywords: aluminum, pulse laser, cladding, morphological inhomogeneity, Weck’s reagent
Z namenom prepre~evanja nastanka napak pri optimiranju laserskih postopkov oblaganja s pulznim laserjem nam sistemati~na
ex-situ karakterizacija lahko nudi veliko dragocenih informacij o vplivu procesnih parametrov na razvoj mikrostrukture in
trdote. V tej raziskavi smo na aluminijevo zlitino s pomo~jo laserskega pretaljevanja prednane{ene me{anice prahu TiC/TiB2/Al
naredili oblogo TiC/TiB2. V postopku smo uporabili pulzni laser Nd:YAG. Pove~evanje EEDV (efektivne gostote energije na
enoto volumna) vpliva na ve~ji raztros debelin oblo`enega sloja, zmanj{evanje EEDV pa vpliva na zmanj{anje hrapavosti
povr{ine. Povpre~na trdota 0,1 mm debelega oblo`enega sloja je 400±10 HV 0,3, kar potrjuje izbolj{anje mehanskih lastnosti
povr{ine. Mikrostrukture smo preu~evali z uporabo tehnik FE-SEM/EDS in svetlobno mikroskopijo. Pri sobni temperaturi smo
izvedli dodatno barvno kemijsko jedkanje z Weckovim reagentom. Z uporabo barvnega jedkanja lahko razkrijemo {tevilne nehomogenosti, ki so posledica vpliva laserske obdelave, npr. globino penetracije, bazen taline, njegove robove... Ob~utljivost
barvnega jedkala na morfolo{ke razlike smo potrdili z analizami FE-SEM/EDS in meritvami mikrotrdote.
Klju~ne besede: aluminij, pulzni laser, oblaganje, morfolo{ke nehomogenosti, Weckov reagent

1 INTRODUCTION
When aluminum alloys are to be used for specific
applications where a high hardness, special strength,
good wear resistance, etc., are needed, an additional
surface protection of the alloys is essential. For several
decades laser surface engineering (LSE) has been used
for a wide range of applications in order to modify and
improve the microstructure and properties of metallic
materials in a highly controllable way.1–9 In one of the
techniques of LSE, the laser cladding is verified as being
an effective and economical method for the in-situ
synthesis of advanced coating materials with a rapidly
solidified, refined microstructure and the production of
advanced coatings.2,10–13
To increase the hardness of the surface layer of aluminum alloys a laser cladding with a ceramic mixture of
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TiC and TiB2 can be applied.14–19 The average microhardness of TiC and/or TiB2 coatings is higher than the
substrate’s hardness, and the coatings show a better wear
resistance.2,15–18 For a higher content of TiB2 in the
ceramic components, the flexural strength of the coated
aluminum specimens is increased, thus delaying the
occurrence of the first crack in the coating or the
occurrence of delamination.17 Furthermore, the corrosion
resistance of the laser-cladded specimens is better than
the substrate.18 It was reported that chemical reactions
between TiB2 and liquid aluminum have not been observed during the process of laser cladding. The obtained
microstructure showed TiB2 dispersed in a-Al dendrites
and an a-Al+Si eutectic.15 On the other hand, a small
proportion of TiC dissolves in the melt, resulting in a microstructure composed of TiC and Ti3SiC2 particles
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dispersed in a matrix consisting of pro-eutectic a-Al
dendrites and an a-Al+Si eutectic.16
The cladding process depends on several experimental parameters that must be optimized to generate
tracks of high quality. Therefore, the characterization of
the produced clads is essential for process control. In the
characterization of coatings produced using the lasercladding technique, laser-induced breakdown spectroscopy (LIBS) has been proven to be a suitable tool,
especially for materials that exhibit an inhomogeneous
distribution of elements.12
If an optimal clad layer (well-bonded, thick, dense
and without cracks) is to be formed, the laser singletracks’ geometrical characteristics, such as width, height,
penetration depth, dilution and wetting angle, should be
identified. As a guide, a laser-cladding processing map
can be drawn.13
However, the visual determination of various inhomogeneities in laser-cladded and/or melted microstructures, e.g., compositional gradients and changes, is
of great importance for producing more uniform clads,
but this can be very challenging. In the scientific literature, there is no reference that reports the use of Weck’s
reagent as a color etchant for laser-surface-modified
aluminum alloys. Therefore, the objectives of the present
work are two-fold: (i) to investigate the effect of the
pulsed laser’s peak power density on the characteristics
of the TiC/TiB2 laser cladding and (ii) to evaluate the
sensitivity of Weck’s reagent to the microstructure
inhomogeneities of the laser-modified AlSi12CuNiMg
alloy, and to show that relevant information about the
resulting microstructure can be obtained through the use
of color etching.
2 MATERIALS AND METHODS
2.1 Cladding powders and substrate alloy
The cladding material was a mixture of TiC, TiB2 and
Al powders (60 w/%, 20 w/%, 20 w/%, respectively).
Due to the differences in the melting points of the TiC,
TiB2 and the aluminum alloy, Al powder was added to
achieve better bonding between the cladded layer and the
substrate.17 The diameters of the powder particles were
between 4 μm and 8 μm.
The chemical composition of the selected substrate, a
hypo-eutectic aluminum alloy AlSi12CuNiMg (EN AC
48000), is given in Table 1.

ThermoCalc, TTAl7 database. As confirmed by the
TDC, various intermetallic compounds, e.g., Al3Ti,
Al3Ni, Al7Cu4Ni and Al5Cu2Mg8Si6, are stable under
equilibrium solidification conditions at room temperature.
The aluminum alloy was used in the as-delivered
state, i.e., in the as-cast state with an additional homogenization heat treatment. The heat treatment involves
hardening to maximum strength using a solution heat
treatment at 520–530 °C for 5–10 h, followed by
quenching and artificial ageing at 150–175 °C for 15–5
h. The obtained mechanical properties of the substrate
are given in Table 2.
Table 2: Mechanical properties of Al substrate

Hardness
HV 0.3
120±1

Tensile
strength
Rm/MPa
280

Yield strength
Rp0.2/MPa

Elongation
A5/%

240

1

The dimensions of the aluminum-alloy substrates
prepared for the laser cladding were (65 × 20 × 2.5) mm.
The specimen surface was ground using 800-grit emery
paper prior to applying the cladding mixture to the
surface in order to eliminate the existence of the thick
oxides. A thin layer of pre-paste powder mixture (with
an approximate thickness of h = 0.15 mm) was applied to
the substrate surface with an air gun. For better adhesion
of the powders to the substrate surface, the cladding
powders were mixed with alcohol to form a wet paste.
2.2 Laser surface cladding
An approach using a pulsed, low-power Nd:YAG
laser was chosen to investigate the suitability of this
technique for the surface cladding. The procedures using
a pulsed Nd:YAG laser could act as a cost-effective tool
for advanced surface engineering or when an effective
repair procedure for the damaged surface during its
exploitation is needed, or both.6,19
The laser surface cladding was performed on specimens using an OR Laser, type: ECO BU80 Nd:YAG
laser, with a maximum mean power of 80 W and a

Table 1: Chemical composition of Al alloy substrate (w/%).

Si
12

Mg
1.04

Cu
0.93

Ni
0.9

Ti
0.01

Al
Balance

The microstructure of the AlSi12CuNiMg alloy is
composed of primary dendrites of a-Al with an interdendritic network of a-Al-Si eutectic. The thermodynamic calculations (TDC) of the stability of the equilibrium
phases in the aluminum alloy were performed using the
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Figure 1: Laser treatment on the substrate
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top-hat mode structure, using the following experimental
parameters:
• Average pulse power: Pa = 46.5 W
• Wavelength: n = 1064 nm
• Frequency of pulse: f = 7 Hz
• Pulse duration: tp = 8 ms
• Maximum pulse power: Pp = 0.83 kW
• Pulse energy: Ep = 6.64 J
For this study, a combination of pulse duration and
pulse frequency was chosen in such a way that the
average power did not reach the limit of the Nd:YAG
laser system used. A protective argon gas of 99.995 %
purity and a flow rate of 5 l/min was used during the
whole process to minimize the surface oxidation. In our
experiment we were changing the laser beam’s travelling
speed on the specimen’s surface. The laser beam
changed its movement at a distance of 0.7 mm, as shown
in Figure 1. The laser beam’s parameters were:
• Beam travel speed: vb = 100, 150, 200 mm/min
• Beam diameter on the specimen surface: Db = 1.0
mm.
As described elsewhere19 the following laser-processing characteristics can be calculated:
• Laser path overlapping: Op = 30 %,
Op =

where:

Db − Δx
⋅100%
Db

(1)

• Overlapping factor between laser pulses: Of = 54, 65

and 77 %,

where:

⎡
⎛v b
Of = ⎢( Db + v b ⋅ t p ) − ⎜
⎝ f
⎣

⎞⎤
⎟ ⎥ ⋅100% =
⎠⎦

⎛
vb / f ⎞
⎟ ⋅100%
= ⎜1−
⎝ Db + v b ⋅ t p ⎠

(2)

Due to the nature of the pulsed beam, an effective
energy density (EED) was calculated to determine the
total energy input during the laser processing:19
EED =

Ep ⋅ F
A

(J/mm2)

(3)

where A (mm2) is the area of laser spot on the specimen,
F is the cumulative overlapping index defined as:
⎡ (n +1) ⋅ v b ⎤
F = 1+ n ⋅ ⎢1−
2 f ⋅ Db ⎥⎦
⎣
n=

Db ⋅ f
vb

(4)

(5)

In a laser-cladding process the effective energy
density per volume (EEDV) of the pre-pasted powder is a
more appropriate parameter for evaluating the results:20,
21

EEDV =

EED
(J/mm3)
h

(6)
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The calculated EEDV is, according to different EED
and h, in the range between 87 J/mm3 and 146 J/mm3.
2.3 Metallography and chemical etching
For the metallographic analyses the specimens were
ground and polished in accordance with standard
metallographic techniques. The metallographic analyses
were performed using light microscopy and scanning
electron microscopy. The field-emission scanning electron microscope was a JEOL JSM 6500-F equipped with
an energy-dispersive spectrometer. The FE-SEM/EDS
analyses were performed at a 10-kV accelerating voltage. For the light microscopy we used a Nikon Microphot FXA microscope. No additional filters or analyzers
were used.
In order to reveal the solidification microstructure
Weck’s reagent (i.e., 4 g of KMnO4, 1 g of NaOH and
100 ml of distilled water) was used for the chemical
etching. The etching was performed at room temperature
for 10 s.
2.4 Hardness and surface roughness
The hardnesses of the clad layer and the base
material were measured using a load of 300 g (HV 0.3)
on metallographically polished cross-sections of the
laser-cladded specimens. In addition, microhardness
measurements were performed separately in the laseraffected areas using a load of 50 g (HV 0.05). The
Vickers microhardness was measured using an Instron
Wilson-Wolpert Tukon 2100B hardness tester. The
measurements were performed in accordance with the
Vickers method, i.e., a diamond-pyramid hardness
measurement, through the depth of the alloyed layer. The
dwell time of the test load was 12 s.
The surface roughness (Ra) was measured using a
profilometer Surtronic 3+/TalyProfile Lite 3.1.4.,+,
Taylor-Hobson, with a sampling length of 8 mm and a
measurement speed of 0.5 mm/s. Five measurements on
each sample were performed.

3 RESULTS AND DISCUSSION
The pulsed Nd:YAG laser, typically used for such
welding, was chosen to investigate the suitability of this
technique for the surface modification via laser surface
cladding. In order to prevent various failures of the
cladded coating, and for the optimization of the laserbased procedures, the identification of the penetration
depth and the dilution zone is valuable information.
To reveal the laser-affected, sub-surface areas of the
aluminum alloy more clearly, a systematic metallographic characterization was performed. Additionally,
color chemical etching using Weck’s reagent was performed.
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3.1 Laser-cladded layer
By varying the selected parameter, i.e., the effective
energy density per volume (EEDV) of pre-pasted powder
= (87, 107, and 146) J/mm3, the laser-surface cladding of
the aluminum alloy with the TiC+TiB2+Al powder produced a characteristic microstructure, as shown in
Figure 2.
Under different applied conditions, the thicknesses of
the obtained TiC/TiB2 layer were in the range from
0.03 mm to 0.15 mm. The average thickness of the
laser-cladded layer is around 0.1 mm. The average hardness of the approximately 0.1-mm-thick TiC/TiB2 laserclad layer is 400±10 HV 0.3. The average thickness of
the melted aluminum beneath the laser-cladded layer is
around 0.15 mm, in the range between 0.05 mm and
0.22 mm.
Table 3 presents the correlation between vb, Of,
EEDV, and the thickness and roughness of the lasercladded surface. Taking into account the influence of
laser beam’s movement (see Figure 1) we can also observe a larger scattering of cladded-layer dimensions
with the increasing of the EEDV, whereas the decreasing
of the EEDV influences the decrease of the surface
roughness Ra of the cladded surface.

Figure 2: Laser-clad layer of TiC/TiB2 on substrate. EEDV = 107
J/mm3

Table 3: Laser-cladding parameters and dimensions of the cladded
surface

vb
(mm/min)

Of (%)

EEDV
(J/mm3)

100
150
200

77
65
54

146
107
87

Cladded
Surface
layer thick- roughness
ness d (μm) Ra (μm)
35–104
11–17
50–95
6–7
111–145
3–5

3.2 Metallographic analyses
The produced clad layers are predominantly dense
and thick. A typical microstructure of a laser-cladded
TiC/TiB2 layer on an aluminum specimen is shown in
Figure 2. In the micrograph presented in Figure 2a
well-bound, laser-clad layer of TiC/TiB2 on an
AlSi12CuNiMg substrate can be seen. In the clad layer,
the powder is well mixed with the base material, or vice
versa, the powder is incorporated into the remelted layer.
Using the pulsed-laser processing parameters, some
discontinuities were revealed, depending on the sample’s
geometry. This was particularly significant in the
laser-modified areas lying at the sample’s edges.
In Figure 3a a discontinuity section is shown. Due to
the fact that the area is near the sample’s edge, the
selected laser parameters produced different effects than
on the bulk substrate (Figure 2). Through the selected
cross-section, the chemical composition of the sample is
very nonhomogeneous. Microchemical EDS analyses
revealed the presence of Ti, B, and C on the surface
clad-region and in some subsurface areas (Table 4). As
can be seen in Figure 3a, an exact determination of the
laser-affected zones is very challenging. Therefore, a
color chemical etching using Weck’s reagent was applied
(Figure 3b).
A colored microstructure with an enlarged section of
the discontinuity section of the laser-clad layer before
and after color etching are presented in Figure 4.
The microstructures of the laser-treated materials that
form during the re-solidification critically determine the
properties. Microstructure variations in the subsurface
laser-melted and affected Al-alloy substrate from Fig-

Figure 3: a) FE-SEM/EDS analyses of laser-modified Al alloy, non-etched, b) Microstructure after chemical etching using Weck’s reagent (LM).
Areas of microhardness measurements are designated. EEDV = 107 J/mm3, c) X-ray map of Si in FE-SEM region of interest
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Figure 4: a) An enlarged section of the discontinuity section of a laser-clad layer before etching, b) after color etching. EEDV = 107 J/mm3.

ure 3b also result in different colors and Vickers microhardnesses. They are listed in Table 5.
Table 4: EDS analyses of the selected points and areas from Figure
3a

Spectrum
1
2
3
4
5
6
7
8
9

B

C

O

Mg

Al

Si

Ti

Cu

37.65
36.86
34.44
–
–
–
–
36.07
32.60

3.11
3.09
–
2.08
1.65
–
–
3.30
10.83

–
–
–
–
0.91
0.96
0.67
–
3.26

–
–
–
1.31
1.37
–
0.41
–
–

0.53
0.37
0.31
82.20
86.20
63.24
96.55
0.23
23.49

–
–
–
13.62
8.63
35.04
1.77
–
1.32

58.71
59.68
65.24
–
–
–
–
60.40
28.50

–
–
–
0.79
1.24
0.77
0.60
–
–

Table 5: Vickers microhardness of the designated areas from Figure
3b

Area

Microhardness

Si (w/%)

Color

210 HV 0.05

/

Red-brown

185 HV 0.05

13.62

Marine-blue

183 HV 0.05

/

Violet

163 HV 0.05

/

Light Violet

135 HV 0.05

35.04

Light Blue

120 HV 0.3

8.63

White –
Light Violet

1

2

3

4

5

6*

*Matrix, not affected by laser. Out of site of Figure 4b
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The softest part of the analyzed microstructure is the
base material that is not affected by the laser surface
treatment (120 HV 0.3). Here, a slightly harder microstructure component is at site 5 in Figure 3b, where a
remarkable silicon segregation was detected (see Table 4
– Spectrum 6). On the other hand, the semi-hemispherically created melt pool is much harder. Due to the
moving heat source, the hardness depends on the local
solidification parameters. High thermal gradients occurring during the laser pulses with a high power density
lead to fine distributed and hard structures.5 The microhardnesses range from 185 to 210 HV 0.05, and that of
the dilution zone is about 165 HV 0.05.
The effects of color etching shown in Figure 3b and
4b were also compared with the FE-SEM/EDS microanalyses of the polished sample. Surprisingly, a comparison of the EDS analyses, the X-ray map of Si and the
color-etched images (Figure 3a to 3c) reveal that the
bluish-colored parts of the microstructure might contain
more Si. Using a comparison between the microchemical
analyses of the selected points the silicon segregations
are detected in the laser-melted area as well as in the
base material, as seen from Figure 3a, Table 4, spectra 4
and 6, and Figure 3b, site 5. Similar to cast iron,22 the
bluish colors represent a higher Si content in the laseraffected aluminum.
It can be seen that the laser-affected areas, i.e., the
melt pool and its boundaries, can be better distinguished
when using color etching. Moreover, the morphological
texture of the previously scanned neighboring tracks5 in
the evolved microstructure can be followed. Selective
color etching is more sensitive to morphological differences and compositional gradients; therefore, the
accuracy of the metallographic analysis compared to the
gray-scale etchings can be improved.22
After applying the chemical etching with Weck’s
reagent the melting pool, the penetration depth as well as
various microstructure inhomogeneities are selectively
tinted (Figure 4b).
The penetration depth was about 0.250 mm. The
microstructure of the penetration zone can be roughly
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divided into the following areas: area of the dilution
substrate, melted substrate, and heat-affected zone between the penetration zone and the substrate.23 The color
differences in the surrounding regions of the melt pool
can be ascribed to the micro-segregation-sensitive nature
of Weck’s reagent.24,25 Outside the melt pool, the dendritic nature of the initial microstructure is seen. The
shape of the melt pool is determined using three different
isotherms: a) the liquidus temperature of the substrate
material ahead of the laser beam, as the substrate has to
be melted to ensure a metallurgical bond; b) the liquidus
temperature of the coating material; and c) the solidus
temperature of the coating material.26 The color etchants
are reagents that remove a thin layer from the surface of
the specimen and simultaneously dissolve it, leaving a
thin film on the surface.20 In the case of aluminum alloys
the growth of the film is strongly influenced by the solute micro-segregations. The addition of different solutes
can also affect the surface chemical reactions and, therefore, the colors change as a result.24,25 Since Al and
various alloying elements as well as the selected cladding powders have significant differences in their chemical and physical properties, the interface region and
the laser-melted regions display an inhomogeneous
composition that is consistent with previous scientific
reports by Wang et al.10,11
Color etching is very well suited to characterizing
laser-surface-modified aluminum specimens. It can be
recommended as a valuable step in the metallographic
analysis of laser-melted aluminum specimens.
4 CONCLUSIONS
An AlSi12CuNiMg alloy substrate was surface
modified using pulsed-laser cladding with a ceramics
mixture of TiC/TiB2/Al to increase the hardness of the
surface layer.
The effect of the pulsed laser’s effective energy
density per volume of pre-pasted powder, i.e., 87–146
J/mm3, on the characteristics of the TiC/TiB2 laser clads
was investigated, and the following conclusions were
drawn:
The average thickness of the laser-cladded layer is
around 0.1 mm, in the range between 0.035 mm and
0.145 mm. The average thickness of the melted aluminum beneath the laser-cladded layer is around 0.15
mm, in the range between 0.05 mm and 0.220 mm. The
increasing of the EEDV influences larger scattering of
the cladded-layer thickness, whereas the decreasing of
the EEDV influences the decrease of its surface roughness. An improvement in the surface mechanical
properties was achieved. The average hardness of the
0.1-mm-thick layer was 400±10 HV 0.3.
In addition, color chemical etching using Weck’s
reagent was performed to study the sensitivity of the
etchant to microstructure inhomogeneities of the lasertreated aluminum alloy. Color etching using Weck’s
692

reagent was shown to be a very sensitive qualitative
metallographic tool. It highlights many details of the
laser-affected areas.
The penetration depth, melting pool, their boundaries
and various morphological and compositional inhomogeneities could be clearly distinguished. The sensitivity
of the used color etchant to the morphological and compositional differences was confirmed by FE-SEM/EDS
analyses and microhardness measurements. The silicon
segregations in laser-affected aluminum are colored with
bluish colors.
This additional information suggests that the method
can be used for metallographic characterization in
combination with more expensive and sophisticated
analytical methods.
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