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In this paper, the effects of different laser powers, repetition rates, and spot overlaps on the surface roughness, micro-

morphology, and Vickers hardness of rusted AH36 steel were researched in the rust removal experiment of fiber pulse

laser on the marine steel surface. Then, the mechanical properties, corrosion resistance, and metallographic microstruc-

ture of the surface of samples after laser cleaning were analyzed. The experimental results show that when the process-

ing parameters were the laser power of 40 W, the repetition rate of 110 kHz, and the spot overlap of 50%, the rust re-

moval effect on AH36 steel was the best, and it met the cleanliness standard of marine steel coating. Moreover, its

Vickers hardness, mechanical properties, corrosion resistance, and repainting properties were superior to those of the

original substrate.
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Due to the long-term working of marine ships in the
harsh environment at sea, they were prone to rust, which
seriously threatened their safety. Therefore, it was neces-
sary to regularly remove rust on the surface of ships!'l.
The traditional rust removal methods could be divided
into three types, sandpaper polishing, sandblasting, and
chemical rust removal. Among them, sandpaper grinding
and rust removal were done manually, which were low-
efficiency. Sandblasting was easy to damage the sub-
strate surface. The standard chemical rust removal was
acid pickling, and its cleaning efficiency was low'>?).
Because laser cleaning technology had no pollution, non-
contact and no damage to the substrate, many scholars
focused on this field*.

Laser cleaning technology was first used to remove
dirt from artwork!®), and later the technology was opti-
mized and gradually applied to various metal materials.
LI et al'”! used a nanosecond laser to clean 30-pm-thick
Al-Si coating on boron steel. The experimental results
showed that the ablation depth gradually increased until
it reached a constant value. LI et al®™ cleaned the painted
marine steel surface with an Nd: YAG pulsed laser, and
after cleaning, the surface roughness ranged from
2.048 um to 2.570 um. After repainting, the adhesion
strengths of the surfaces with Ra of 2.253 um and
2.048 um were 20 MPa and 7.6 MPa, respectively, which
were higher than the standard adhesion strength of ma-

rine materials by 3 MPa. ZHOU et al® used nanosecond
lasers to explore the rust removal mechanism of AH32
marine steel, and they finally found that the main
mechanisms are blasting and evaporation. LI et all'”
used a fiber laser with a wavelength of 1 064 nm to re-
move the rust layer on the surface of Q345 steel. After
laser cleaning, the electrochemical corrosion property
was improved. QIAO et al''!l studied the descaling proc-
ess of 45-gauge carbon steel using a YAG pulsed laser
with a wavelength of 1 064 nm. The elemental content of
the sample surface after laser cleaning was analyzed. The
results showed that the laser did not cause other chemical
reactions on the surface of the carbon steel. Most exist-
ing literature was about common steel, but marine high-
strength steel was not researched enough. AH36 steel
was low-alloy shell steel with high strength and good
seawater corrosion resistance. Currently, the application
of laser rust removal technology in marine engineering
still needed improvement.

In this paper, a nanosecond pulse laser with a wave-
length of 1 064 nm was used to clean the rusted surface
of AH36 steel. The sample's surface roughness, micro-
morphology, Vickers hardness, mechanical properties,
corrosion resistance, and metallographic structure were
analyzed by changing the laser power, repetition rate,
and spot overlap, and so on. It could effectively prolong
the service life of marine steel.
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The experimental system was shown in Fig.l. The
pulsed fiber laser had a central wavelength of 1 064 nm,
a laser power range of 10—60 W, a pulse width of 10—
240 ns, a spot diameter of 42 um, and a repetition rate of

70—1 000 kHz.
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Fig.1 Experimental system

The sample was AH36 steel. The dimensions of the
original sample were 80 mm=80 mmx5 mm, as shown in
Fig.2(a). Then, the surface of the samples was sprayed
and wetted with 3%—4% NaCl solution every 12 h in a
humid environment for a corrosion time of two months.
The rust grade of the samples was B!'"Y as shown in
Fig.2(b).

(a) (b
Fig.2 The samples: (a) Original sample; (b) Rust sample

Factors that affected the cleaning effect included laser
power, scanning speed (V)!'¥), spot diameter (D), and
spot overlap distance (L)!"Y in Fig.3.

Single factor experiments were used to research the
rust layer's surface roughness, Vickers hardness, and
removal efficiency. The cleaning effect was evaluated by
the surface roughness, micro-morphology or macro-
morphology. The optimal laser-cleaning parameters were
obtained through cross experiments. Then, the samples
cleaned by laser and hands were compared for mechani-
cal properties, corrosion properties, metallographic struc-
ture, and r(ipaint performance.

A

Y (pum)

4
——

v

X (um)
Fig.3 Spot scanning path
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Vickers hardness tester and Bruker surface profilome-
ter were used to obtain the hardness and surface rough-
ness of the sample, respectively. The microscopic mor-
phology of the cleaned sample was observed by the Ni-
kon microscope and scanning electron microscope
(SEM). Mechanical properties and metallographic or-
ganization of the cleaned sample were analyzed through
the microcomputer-controlled electronic universal mate-
rial testing machine and metallographic microscope. The
repainting performance of the cleaned sample was ob-
tained through cross-cut-tester!').

The laser power was ranged from 10 W to 60 W, the
laser overlap rate was 50%, and the repetition rate was
110 kHz. As shown in Fig.4, when laser power increased
continuously, the rust layer began to fall off. While laser
power was 30 W, the sample started to expose some orig-
inal metal substrate. However, there was still some rust
attached to sample’s surface. When laser power became
40 W, rust layer was almost removed and all metal sub-
strate was shown. As laser power was more than 50 W,
sample’s surface became pale-yellow. Because the sub-
strate was oxidized again to form a new oxide layer, the
optimal laser power was 40 W.
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Fig.4 Cleaning effect with different laser powers

The repetition rate was in the range of 80—130 kHz,
the laser overlap rate was 50%, and laser power was
40 W. As shown in Fig.5, with the increase of repetition
rate, single pulse energy decreased, and the number of
pulses increased so that the laser cleaning effect was
more obvious. When the repetition rate was of 80—
100 kHz, pulse energy ablating on the sample's surface
was large. The rust layer was removed, and the substrate
was oxidized to be pale yellow. While the repetition rate
was 120—130 kHz, pulse energy acting on the surface of
the sample was relatively low. And there was some re-
sidual rust on the surface, which made the cleaning effect
bad. So when the repetition rate was 110 kHz, the laser
cleaning effect was the best.

The spot overlap was in the range of 20%—70%, the
repetition rate was 110 kHz, and laser power was 40 W
in Fig.6. When the laser spot overlap was low, the clean-
ing effect was not good. Until the spot overlap reached
50%, the sample surface showed the best cleaning effect.



TAO et al.

When the spot overlap was greater than 60%, the surface
of the sample was light yellow. Some pits and new oxide
layers appeared on the microscopic morphology. There-
fore, 50% spot overlap was the best.

100 kHz

nt repetition rates

40%

Fig.6 Cleaning effect with different spot overlaps

The effects of different laser powers on the surface
roughness of samples were explored. With the increase
of laser power, the surface temperature of rusted layer
increased, and more rust melted and gradually fell off in
Fig.7(a) and (b). When laser power was 40 W, the sur-
face roughness gradually decreased to reach a minimum
value of 2.12 pm, which was lower than the original sur-
face roughness of 4.25 um in Fig.8(a). The fluidity of
fused slurry increased with the increase of pulsed laser
pressure, the fused slurry spread around, which made the
surface roughness slightly increase.

Obviously, the surface roughness decreased with the
increasement of repetition rate in Fig.8(b). When the
repetition rate was 110 kHz, the surface roughness was
the lowest, which was 2.24 um in Fig.9(d). As the repeti-
tion rate increased in the range of 80—110 kHz, the resi-
due of rust layer decreased and the cleaning effect was
good. When repetition rate increased in the range of
110—130 kHz, the energy of single pulse decreased, so
the residue of rust layer slightly increased, and the sur-
face roughness increased slightly in Fig.7(e).

When the spot overlap was lower, the surface rough-
ness of sample was higher in Fig.8(c). As the spot over-
lap increased in the range of 20%—50%, the surface
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roughness of sample decreased. While the spot overlap
was 50%, surface roughness decreased to a minimum of
2.20 um in Fig.7(g). At this time, the absorption energy
of rust layer increased. The ability of rust to melt, evapo-
ration, and peeling was improved, and the surface rough-
ness decreased, so the residual rust layer gradually re-
duced. When the spot overlap was in the range of 50%—
70%, the scanning speed was slower. With the increase
of cleaning time per unit area, the substrate was heated
again and appeared molten state in Fig.7(h), which
caused the surface roughness to increase again.

Finally, the optimal laser-cleaning parameters were
obtained as follows, laser power of 40 W, repetition rate
of 110 kHz, and spot overlap of 50%.
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Fig.7 3D morphology of samples after laser cleaning:
(a) 10 W; (b) 40 W; (c) 80 kHz; (d) 110 kHz; (e) 130 kHz;
(f) 30%; (g) 50%; (h) 70%
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Fig.8 Surface roughness curves of samples after la-
ser cleaning under different parameters: (a) Laser
powers; (b) Repetition rates; (c) Spot overlap

The surface micro-morphology of sample after laser
cleaning was tested by transflective polarizing micro-
scope with different laser powers, repetition rates, and
spot overlaps. The experimental results were shown in
Fig.9. When laser power was 10 W, there was still some
rust on the surface of sample due to lower laser energy in
Fig.9(a). With the increase of laser power, the rust on the
surface of sample was gradually removed. When laser
power reached 40 W, obviously, there was no rust resi-
due. Because the laser cleaned on the sample’s surface, a
solid-liquid-solid phase transformation occurred, and a
slight ablation and melted traces were found. When laser
power became 60 W, the excessive laser energy resulted
in some ablated holes on the sample’s surface, and the
surface was seriously yellow. The single-pulse energy
was inversely proportional to the repetition rate in
Fig.9(b). The single-pulse power decreased with the in-
crease of pulse repetition rate. When the repetition rate
was 80 kHz with the higher single pulse energy, the sam-
ple’s surface was yellowed, some pits appeared, and the
ablation phenomenon was severe. While the repetition
rate was 110 kHz, the cleaning effect was the best. As the
repetition rate was 130 kHz, the single pulse energy was
lower, the cleaning effect was bad, and a large amount of
rust remained on the sample’s surface. The spot overlap
significantly affected the cleaning effect in Fig.9(c).
When the spot overlap was 30%, there was still some
rust on the sample’s surface. The cleaning effect was
more evident with the increase of spot overlap. As it
reached 50%, there was no rust on the surface. While the
spot overlap became 70%, the speed of laser cleaning
became slower. Cleaning time per unit area increased so
that the substrate was ablated again, and the surface of
substrate was oxidized, which was seriously yellowed
and damaged, and it had a bad cleaning effect. When
laser power was 40 W, the repetition rate was 110 kHz,
and the spot overlap was 50%, the minimal surface
roughness could be obtained. These parameters were
optimal for the best cleaning effect from the microscopic
morphology.

Optoelectron. Lett. Vol.19 No.4

Fig.9 Surface micro-morphology: (a) Laser powers;
(b) Repetition rate; (c) Spot overlap

The SEM was used to further explore the influence of
laser parameters on the sample. When the repetition rate
was 110 kHz, the spot overlap was 50%, and the laser
power changed, the obtained microstructures were deep-
ly analyzed.

The uncleaned surface of sample was in Fig.10(a), and
there were some rust and rust oxides. The SEM image of
polished sample surface by hands was in Fig.10(b). Al-
though the rust was removed, the surface was left with
scratches and cracks. It damaged the substrate. The SEM
image of cleaned sample surface by laser was in Fig.10(c),
whose power was 10 W, the surface was not completely
cleaned, so surface microstructure was close to uncleaned
sample’s one. The SEM image of cleaned sample surface
by laser whose power was 40 W was in Fig.10(d). The rust
was removed, and the sample’s surface had a solid-liquid-
solid phase transition, which left slight ablation, and the
cleaning effect was the best. The SEM image of cleaned
sample surface by laser whose power was 60 W was in
Fig.10(e), and there was apparent irregularity. In the proc-
ess of laser cleaning, some ablation pits formed, and there
were melting splashes on the edges of ablation pits, so the
surface microstructure was bad.

Fig.10 Surface microstructures of samples by SEM
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With the increase of laser power, the Vickers hardness
of sample surface also increased, and all of them were
greater than the one of original substrate, which was
215 HV. While the laser power was 60 W in Fig.11(a),
the maximum Vickers hardness reached 232 HV. When
the high-energy laser cleaned the sample, its surface was
rapidly heated and melted. As it quickly cooled and re-
crystallized, the surface formed a dense hardened layer,
which increased the Vickers hardness of sample. The
repetition rate greatly influenced the Vickers hardness of
sample in Fig.11(b). When the repetition rate increased,
the Vickers hardness of sample also increased, and the
maximum Vickers hardness was 236 HV at 110 kHz.
Then, it decreased to 229 HV at 130 kHz. When other
parameters were constant and repetition rate increased,
the number of pulses ablating the sample surface per unit
time increased. Therefore, the surface of sample was
pressed, which increased the surface strength and gener-
ated a dense hardened layer, and Vickers hardness in-
creased. As the pulse repetition rate was more than
120 kHz, Vickers hardness decreased slightly. The laser
beam with a high repetition rate ablated on the sample’s
surface, pulses generated a reverse impact force, which
destroyed the hardened layer, and the substrate was oxi-
dized again. While the spot overlap increased, the Vick-
ers hardness of sample also increased in Fig.11(c). The
scanning speed was higher, the spot overlap was lower,
the time of laser-cleaning was shorter, and the absorbed
heat was less by the sample’s surface. Therefore, with the
increase of spot overlap, the absorbed heat on the sam-
ple’s surface increased, and the surface crystal grains
were denser, so Vickers hardness was greater.

The analysis results of the main elements on the sur-
face of three samples were obtained through energy dis-
persive spectrometer (EDS) detection in Tab.1 and
Fig.12. It could be seen from Tab.l that the iron and
manganese oxides formed after the samples were rusted
to reduce the content of iron and manganese, while the
contents of carbon and oxygen increased sharply. After
the surface of the sample was cleaned by laser, the rust
was removed, and the carbon and oxygen elements on
the surface of the substrate and the oxygen in the air
formed carbon oxides, so these two elements were rela-
tively reduced. Meanwhile, only a small amount of iron
and manganese was combined with oxygen. Therefore,
compared with the measuring results of original sample,
the contents of iron and carbon elements in the measur-
ing results of substrate surface after laser cleaning were
slightly increased, while the contents of carbon and oxy-
gen elements were slightly reduced. The effect of the
change in oxygen content on corrosion resistance could
not be ignored. An increase in oxygen content decreased
the corrosion resistance of alloy steels, where the forma-
tion of inclusions and an increase in the gap between the
inclusions and the substrate were responsible for the cor-
rosion pits. The oxygen content after laser rust removal
was lower than that of other samples. In summary, the
surface properties of the laser-treated sample were better

Optoelectron. Lett. Vol.19 No.4 « 0231

than those of other samples.

235
{/Tzsz
230f — 1731
g 230
%225 I 225
g
=
5220} 221
=
217
0 3 215
10 20 30 40 50 60
Power (W)
()
240 XT3
235 /}\
5230 - / 2351\{
%fzzs i 229 229
£ 225
5220 ¥
p= 219
215
215
510 L=t , . . , .
80 90 100 110 120 130
Repetition rate (kHz)
(b)
235 F

[N

W

(=}
T

/
229 233
_—

231
22/
219/
216
/ 215

L n

Microhardness (HV)
) )
[N) )
S G
T T

353
(%
T

I 1

20 30 40 50 60 70
Spot overlap (%)
(©
Fig.11 Vickers hardness curves under different laser
parameters: (a) Laser powers; (b) Repetition rates; (c)

Spot overlaps

Tab.1 Surface elemental contents of different samples

Sample Fe (wt%) C (wt%) O (Wt%) Mn (Wt%)
Original 95.60 2.15 0.63 1.62
Rust 55.56 15.98 27.01 1.45
Laser rust
96.67 1.04 0.23 2.06
removal

The surfaces of laser-cleaned sample were executed
corrosion resistance test, whose results were compared
with the hand-polished one, and the test results were
shown in Tabs.2—4. The ratio of corrosive agent was 1%
salt and 99% di-stilled water. The laser-cleaned surface
was immersed in the corrosive agent for 120 h at room
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temperature. After weighting, the original weight was
19.061 g, the weight after corrosion was 19.038 g, the
lost weight was 23 mg, and the average corrosion rate
was 0.192. The laser power was higher, and the corrosion
resistance of samples was better in Tab.2. When the repe-
tition rate increased, the corrosion resistance of samples
increased first and then decreased slightly in Tab.3. As
the spot overlap increased, the samples’ corrosion resis-
tance increased first and then decreased slightly in Tab.4.
After laser cleaning, a re-melted layer was formed on the
sample’s surface. The re-melted layer was a dense oxide
layer, which could improve the corrosion resistance of
sample’s surface.

Fig.12 Surface elemental contents of different sam-
ples

The corrosion resistance of sample’s surface by

Optoelectron. Lett. Vol.19 No.4

hand-polishing was lower, and the reasons were as fol-
lows. The scratches of substrate’s surface caused by
hand-polishing were serious, which reduced its corrosion
resistance. The laser-cleaned sample only removed the
rust layer, while the sample polished by sandpaper in-
creased the surface area of substrate, which made cor-
rode easier. So, laser cleaning could improve the sam-
ple's corrosion resistance.

The tensile test was carried out by the CTM9200 elec-
tronic universal material testing machine, which referred
to the national standard GB/T 228.1-2010. The tensile
speed was 2 mm/min, and the stress-strain curve was
obtained in Fig.13.

The maximum load and tensile strength of sample
after laser cleaning were slightly increased compared
with the original sample. Moreover, the maximum load
and tensile strength of sample by hand polishing
decreased slightly. Because laser heating source was
stable, the surface of substrate was uniformly heated.
The substrate's mechanical properties were also
improved while the rust oxide on the surface of substrate
was removed. Due to the uneven force by hand-
polishing, this resulted in irregular rust removal. Stress
concentrations were generated at the sample’s edges,
which slightly reduced samples' maximum load and
tensile strength. Therefore, laser cleaning technology
could remove the rust layer on the surface of sample and
improve the mechanical properties of AH36 steel.

The surface of sample cleaned with optimal laser
parameters was observed by metallographic microscope
to further research the effect of pulsed laser on the
substrate while removing rust. The experimental results
were shown in Fig.14. The microstructure of sample
mainly included ferrite and pearlite. After laser cleaning,
the metallographic structure of sample surface was
changed. Due to laser heating effect, many lath-like
martensite  structures  were  observed in  the
metallographic structure. With the reduction of crystal
grain spacing between the structures, the boundaries of
crystal grain increased, which increased the Vickers
hardness after laser cleaning!'®’.

Tab.2 Effect of laser power on corrosion performance

Average corrosion rate

Laser power (W) Original weight (g) Weight after corrosion (g) Lost weight (mg) (mg/cm’h)
10 19.869 0 19.850 8 18.2 0.152
40 19.6550 19.638 4 16.6 0.138
60 19.425 5 19.410 3 15.2 0.127

Tab.3 Effect of repetition rate on corrosion performance

Repetition rate (kHz)

Original weight (g) Weight after corrosion (g) Lost weight (mg)

Average corrosion rate

(mg/cm?*-h)
90 19.582 1 19.566 1 19.6 0.163
110 18.905 0 18.888 2 16.8 0.140
130 18.565 8 18.545 7 18.4 0.153
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Tab.4 Effect of spot overlap on corrosion performance

Spot overlap (%) Original weight (g)

Weight after corrosion (g)

Average corrosion rate

Lost weight (mg) (mg/cm’-h)

30 18.605 6
50 19.633 0
70 19.069 4

18.587 4 18.2 0.152
19.616 8 16.2 0.133
19.051 6 17.8 0.148
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Fig.13 Tensile properties of samples: (a) Original
sample; (b) Hand polished; (c) Power (40 W); (d)
Power (60 W); (e) Repetition rate (110 kHz); (f) Repeti-
tion rate (130 kHz); (g) Spot overlap (50%); (h) Spot
overlap (70%)

Fig.14 Metallographic micrographs: (a) Original sam-
ple; (b) Laser cleaning

The paint was ordinary white paint, and its adhesion
standard could be divided into six grades''”. A cross-cut-
tester was used to draw an 8x8 square matrix on the
paint layer, then the paint adhesion test was carried out
with a special adhesive tape. The sample surface without
laser cleaning had a little paint layer, and the experimen-
tal results showed its adhesion was grade 1 in Fig.15(a).
However, the surface of sample after laser cleaning had
entire paint layer, and the edge of incision was smooth,
and its adhesion was grade 0 in Fig.15(b). The experi-
mental results showed that the repainting performance of
sample after laser cleaning was improved and it was bet-
ter than that of the original sample.

In this paper, the effects of laser power, repetition rate
and spot overlap on the rust layer were investigated in
the laser cleaning experiments of AH36 steel. The hard-
ness, corrosion resistance, mechanical properties and
recoating performance of the laser cleaned samples were
observed and the conclusions were summarized as fol-
lows. The optimal parameters for laser cleaning were
laser power of 40 W, repetition rate of 110 kHz and

2 cm

1
(a) (b)
Fig.15 Comparison of repainting performance: (a)
Original sample; (b) Laser cleaning

spot overlap of 50%. The hardness, corrosion resistance,
mechanical properties and recoating performance of the
laser cleaned samples were better than those of original
samples.
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