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For surface hardening of metal, a quasi-Dammann grating (QDG) is proposed and fabricated to generate array spots with pro-
portional-intensity distribution. To get uniformly hardened band distribution and improve the wear resistance of the sample
surface, a three-order QDG is designed to produce array spots with enhanced intensity in the edge. The design and fabrication
of the QDG are described in detail. The surface profile of the fabricated grating was measured, which shows that the fabrica-
tion error is less than 2%. The laser beam intensity distribution shaped by the QDG was tested by a laser beam analyzer to ver-
ify the validity of the QDG. The application of the QDG in the laser surface hardening of metal was experimentally investi-
gated, and the results show that the hardness distribution of the modified layer and the wear resistance of the sample surface

are improved significantly by using the QDG.

quasi Dammann grating, beam shaping, laser surface hardening, diffraction

PACS: 42.25.Fx, 41.85.Ct, 42.60.Jf, 42.62.Cf

1 Introduction

Laser surface hardening of metal has been used in industrial
applications, as it prevents advance abrasion or cracks of the
surface. And the laser beam used in laser surface hardening
of metal processes is always the focused or defocused
original Gaussian spots [1]. In this way, the laser transfor-
mation hardening band is a crescent with deep center and
edge gradually changing to shallow, which is different from
the uniform hardened band one hopes. To get uniformly
hardened band, the laser beam is always transformed to
rectangle spot with constant intensity distribution [2,3]. Re-
cently we [4] have reported a method of laser surface modi-
fication of ductile iron using laser beam with equal-intensity
array spots. In that research, traditional Dammann Grating
[5] was used to transform the Gaussion laser beam to equal-
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intensity array spots. The application of the Dammann grat-
ings in surface modification made the ductile iron surface
show periodic gradient hardness distribution [6], and the
wear resistance of ductile iron has been improved [4]. But
in all these researches the hardened band is still cres-
cent-like shape. The theory and the experiments indicate
that, even if the specimen is a simple flat plate work piece,
to get uniform hardened band, a laser beam with intensity
blow-up in the edge of the spot is needed.

The purpose of this paper is to employ a quasi-Dammann
grating (QDG) [7] to transform the laser beam into array
spots with edge intensity enhanced in the far field. And
hence, get uniform shaped hardened band and better wear
resistance of the sample surface hardened.

2 Grating design and fabrication

The QDG is a kind of improved Dammann grating that can
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produce high efficiency array pattern with proportional-
intensity orders in the far field. In ref. [7], parameters for
characterization of QDG, such as the diffractive order, the
uniformity and diffractive efficiency have been defined.

To get an array laser spot with intensity enhanced in the
edge for the application of laser surface hardening of metal,
a three-order QDG with intensity proportion of
Lo, i1, 1, =1:2:3 from zero order to the second order

was designed and fabricated as an example. According to
the definition of merit function of QDG, the merit function
can be expressed as
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fraction efficiency of the QDG, Loy L5 1
tively the ideal intensities of the order 0, 1 and 2, and
Loy Ly L)
and 2. f,,f3,,p, are the weight coefficients of the orders,
and according to the intensity distribution of

Lo i1y 1y =k 1k, ky=1:2:3, then B,p,,B; should

have the relationship of S, : g, : f, =1/k, :1/2k, :1/2k, =
1:1/4:1/6.

The simulated annealing (SA) algorithm [8-10] is
adopted to optimize the QDG. The designed result of the
three-order QDG with 1, : 1, :1, =1:2:3 is shown in
Figure 1. The sampling number of one period of the
three-order QDG is 16x16 (Figure 1(a)). Figure 1(b) is the
designed intensity distribution of the QDG. The in-order
uniformities of the first and second order are U, =1.4%

are respec-

are respectively the intensities of order 0, 1,

and U,, =3.25%, respectively. The in-order uniformity of
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the zero order is insignificant because there is only one
point in this order. The proportional uniformity is
U,=12:1.1:1.0, and the diffraction efficiency is

M
775 = Zlmn/ltoml = 709%
m=1

m=0

The very large-scale integration (VLSI) technique [11]
was adopted in our experiment to fabricate the QDG. To be
agree with the size of the laser equipment, the diameter of
the element fabricated was 50 mm, and the period was
d=250 pm. With wavelength 1.064 pm, and focal length of
the lens /=150 mm, the interval of the adjacent spot of the
shaped beam was A=Af/d~ 0.6 mm. The diameter of a single
spot of the shaped focal spot was D=0.45 mm. The first step
was to make the mask with electron-beam writing equip-
ment. A thin layer of photo-resist was spun onto a glass
substrate. With ordinary microelectronic lithography tech-
nology, the mask pattern was transformed into a photo-resist
layer upon a glass substrate. The inductive coupled plasma
technique was used to transfer the photo-resist pattern onto
the substrate. The refractive index of the glass that was used
at a wavelength of 1.064 mm was n=1.507, and the thick-
ness corresponding to the phase difference © was 1046 nm.
The surface profile of the grating measured with Dektak§,
which is an advanced surface texture measuring system, is
shown in Figure 2, clearly shows that the average depth of
this surface-relief element is 1064.4 nm, slightly deviating
from the desired value. The fabrication error is less than
2%.

3 Experimental results

The experimental optical system is shown in Figure 3. A
collimated laser beam illuminates the QDG located in front
of the lens. The surface to be hardened is put in the rear
focal plane, where the shaped intensity distribution of the
laser beam is obtained. A collimated 1.064 pm wavelength

Figure 1 Designed result of the three-order QDG with proportional intensity (1:2:3 from order O to order 2). (a) Phase distribution of one period; (b) output

intensity profile.
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Figure 2 Surface profile of the fabricated three-order QDG with propor-
tional intensity.
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Figure 3 Experimental arrangement for laser beam shaping and applica-
tion.

HLD1001.5 laser is used as the light source with a lens of
150 mm focal length. The three-order array pattern with an
intensity proportion of 1:2:3 from the zero order to the sec-
ond order captured by a laser beam analyzer in the rear fo-
cal plane of the lens is shown in Figure 4. The slightly
lower efficiency and worse uniformity might be due to the
surface roughness of the fabricated element, the phase and
position errors, and the dark noise of the laser beam ana-
lyzer. Nevertheless, the experimental results verify the va-
lidity of the QDG with intensity proportion of 1:2:3.

The Q235 steel, with nominal chemical composition
(at%) of 0.14-0.22C, 0.3-0.65Mn, 0.30Si, 0.050S, 0.045P,
and balance Fe, was selected as the tested material because
it is one of the most common materials used in industry.
The steel specimens, 100 mmx50 mmx20 mm in size, were
laser hardened by a HLD1001.5D Nd:YAG laser equipped
with the designed QDG. To give a comparison, a traditional
Dammann grating with 5x5 equal intensity array spots was
also introduced to do the surface hardening of the sample.
The laser processing parameters were as follows: laser out-
put power was 1000 W pulse duration was 170 ms and 100
ms for the QDG with intensity distribution of 1:2:3 and for
the traditional Dammann Grating with 5x5 equal-intensity
array, respectively. The samples were hardened separately
by the array spots with intensity distribution of 1:2:3 and the
5x5 equal intensity array spots at the focal plane. To sim-

Sci China Phys Mech Astron

January (2011) Vol. 54 No. 1 81

plify expression, sample hardened by 5x5 equal intensity
array spots is called sample A, and sample hardened by
1:2:3 proportional intensity array spots is called sample B.

To describe the hardened layer of the material, the
uniformity of the hardened layer pattern can be defined as
the area ratio of the hardened layer to the rectangle it
occupies. Figure 5 is the hardened layer pattern of the
samples. It can be clearly seen that the hardened layer
pattern of the sample hardened with equal intensity 5x5
array spots is crescent-like shape. But the hardened layer
pattern of the sample hardened with beam shaped by QDG
is close to rectangular, which means the use of QDG does
improve the uniformity of the surface hardened band.

The hardness along the layer depth of the modified mate-
rial was measured, and the load was 50 GF. To analyze the
hardness distribution of the layer, the hardness along the
layer depth was measured along the line perpendicular to
the surface via the center and 1/3 diameter of the laser spot
away from the center of the action zone individually as the
dashed lines shown in Figure 6. And the microhardness
curves of the surface layer of sample A and sample B are
shown in Figures 7 and 8, respectively. The contrast of Fig-
ures 7 and 8 shows that the microhardness curves via the
center of the layers of the two samples all fluctuate from
430 HV to 180 HV within the depth from 50 to 550 pm.
The curve measured via the point 1/3D away from the cen-
ter of Sample A drops rapidly from 300 HV to 160 HV in
the depth of 300 um to 500 um. While the curve measured
via the point 1/3D away from the center of sample B have
the similar fluctuation direction with the curve measured via
the center, especially in the depth 300 to 450 um the hard-
ness fluctuate among a small interval of 200 HV to 250 HV,
which means the microhardness of the layer of sample B is
more homogeneous than that of sample A. This result
agrees with the analysis of the hardened layer pattern uni-
formity degree. On the other hand, from Figure 8 one can
see that at the same layer depth the hardness measured via
the point 1/3D away from the center is lower than that
measured via the center, this means that the intensity pro-
portion of 1:2:3 is not the best intensity distribution.

Oil-lubricated sliding wear testing was taken to compare
the wear resistance property of the base metal surface with-
out treating, the surface treated by 5x5 uniform array spots
and that treated by array spots with 1:2:3 proportional in-
tensity distributions. The experiments were performed un-
der ring rotary speed of 40 rpm, load of 2000 N, time dura-
tion of two hours, and at room temperature. As can be seen
in Figure 9, the mass loss of the base material, Sample A
and Sample B is 1.78 mg, 0.35 mg and 0.21 mg, respec-
tively. The results indicate that the wear resisting property
of the samples is highly improved by the shaping laser
beams. Moreover the laser beam with 1:2:3 intensity distri-
bution array spots is better than the 5x5 equal intensity ar-
ray spots in improving the wear resisting property of the
samples. The result implies that the use of QDG can
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Figure 4 Experimental images of the fabricated three-order QDG with proportional intensity. 2D laser beam distribution is represented in (a) and 3D laser

beam distribution is represented in (b).

Figure 5 Microstructure of the modified layer modified by laser beam shaped by 5x5 Dammann grating (a), and laser beam shaped by the three-order

QDG (b).
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Figure 6 Microhardness testing sketch (Microhardness along the layer
depth was measured at the center of the layers and at the 1/3D away from
the center of the layer).

improve the wear resistance of the metal parts under high
impact load bearing conditions and, hence, enhances their
service life time.

4 Conclusion

An array of laser beam pattern with intensity enhanced in
the edge was achieved by using QDG for the application of
laser surface hardening of metal. As to different materials
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Figure 7  Microhardness distribution along the layer depth of the sample
A. Line 1: Microhardness curve measured at the center of the layers; Line 2:
Microhardness curve measured at the 1/3D away from the center of the
layer.

and hardness distribution requirements, the QDG with cor-
responding orders and order intensity proportions can be
prepared. This method is flexible and low cost for beam
shaping in laser surface hardening of metal. The QDG de-
signed and fabricated in this paper can transform Nd:YAG



LiSX,etal. Sci China Phys Mech Astron
600
—a—1
— O
500 A
s
L 4001
w
]
]
c
°
o 300 1
I
:\‘\
{0 e iy
.“'l_.__:
1 Du T T T T T
0 100 200 300 400 500 600

Depth (um)

Figure 8 Microhardness distribution along the layer depth of the sample

B. Line 1: Microhardness curve measured at the center of the layers; Line 2:

Microhardness curve measured at the 1/3D away from the center of the
layer.
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Figure 9 Mass loss of the base material (a), sample treated by laser beam
with 5x5 equal intensity array spots (b), and sample treated by laser beam
shaped by QDG (c).
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laser beam into array spots with intensity proportion of
1:2:3 from the zero order to the second order. And it is well
applied in laser surface hardening of Q235 metal. The ex-
periments show that the application of the QDG in surface
hardening made the Q235 metal surface have more uniform
hardened band, resulting in more uniform hardness distribu-
tion and better wear resistance.

This work was supported by the National Natural Science Foundation of
China (Grant No. 10832011) and the National Science Foundation for
Post-doctoral Scientists of China (Grant No. 20100470139).
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