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Abstract
The temperature distributions w the metallic fois induced hy spatially cvimdrical
long-pulsed laser is exanmed in order to analyvse the newlv-discovered reverse-plugging
effect «RPE . An exact solution for the temperature ficlds is derived by using the
Haukel tramsform and Laplace transform. Numerical results are obtained for both
spatial distributions with Gauwssian and lindrical (vpes. The results show that the

spatially eviindrical distribution of laser offers a formudable potential for the RPE.

Key words long pulsed laser. the RPE. temperature fields

I. Introduction

Because of its special properties, intense laser has attracted a great deal of attentions over
the last few years., for those people working in the fields of material structure damage
mechanism and laser processing. As well known, the interaction of laser with materials usually
leads to two types of damage, mechanical and thermal damage. each depending mainly on the
laser parameters such as laser intensity and pulse duration!'™® When a continuous wave laser
with relatively low intensity of the order of 10*w/cm’ or less irradiates on the surface of a solid
target, a fraction of laser energy is absorbed by the target material. heating up it to generate a
heat-affected zone. Also, such localized and nonuniform heating may cause a great amount of
thermal stress. If the thermal stress exceeds the high temperature fracture strength of the
material, it may lead to damage and fracture in the heated zone of material. If the laser
intensity is on the order of 10°~10*wcm® and the pulse duration is on the order of
milliseconds, the main phenomena are melting and vaporization. They may punch a hole and
result in stress concentration and material ‘structure fracture. In addition, the irradiation of
the laser of very high intensity (10"w/cm’® or more) and of short pulse duration (several
naneseconds) may lead to the formation of plasma on the surface of solid materials. In turn,
the plasma can interact with the laser beam and generate shock wave propagating into the
target. kven before the laser pulse is over. ablation on the target surface drops and a sequence
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of rarefaction waves propagates into the target, overtaking and attenuating the shock wave.
This shock wave will be reflected from the free surface of the target and cause spall above
threshiold amplitudes.

Besides the above-mentioned types of damage, we have observed experimentally a new
type of damage, i.e., the RPE,: in the studying of the interaction of a long pulse laser with
metallic foils” ™. The RPE can be briefly described as follows. When the laser beam with the
intensity in the range of 10°~10"w/cm® and pulse duration of 0.3ms irradiates on the surface
of H65 copper alloy and aluminum alloy foils with 0.09mm and 0.055mm in thickness, they
will bulge in the direction opposite to the laser incident direction. And later the foils exhibit
the thermo-plastic shear deformation localization on the rim of laser irradiation region. Then a
serious thermal micro-to-macro damage and a plugging-like failure will take place at a very
narrow region (about 10um 1n width) as the laser energy gradually increases. The failure model
looks like general plugging effect (GPE), which happens in a thin plate penetrated normally by
a long rigid projectile. In the GPE the plugging direction is identical to the projectile moving
direction. while in the RPE the plugging direction is opposite to the laser incident direction.
To the best of our knowledge. this phenomenon has not been reported in open literatures.

The understanding of the mechanism of the RPE is specially essential when the laser is
considered as a tool .of material processing. The studying of the RPE is also important for
controlling laser parameters to produce material damage in an optimum way. The discovery of
the RPE may provide engineers and scientists with a new method to study the nonadiabatic
shear deformation localization. The present study explores the characteristics of temperature
distribution and its dependence on laser intensity, temporal and spatial distribution of pulse
laser beam. The next section outlines the laser parameters used in the experiment. Section Il
outlines analytically the solution of corresponding heat-diffusion equation. Appropriate
calculations of the thermal profiles and some discussions are given in detail in Section 1V, We
conclude in Section V with a summary of the distinguished features of the present study.

I1. Laser Parameters Employed in Test

Our experiments on the RPE was conducted by using a multi-mode, single-pulse Nd:Glass
laser with the wavelength [.06jan. The instrument was introduced in [9] in detail. ‘The
diagnostics include routine monitoring of beam characteristics, such as energy and temporal
and spatial shapes.

The typical temporal shape shown in Fig. 1 was measured by PIN photoelectric cell with
a corresponding response time less than 1.0ns. From the figure one can see that laser intensity
rises rapidly within 50us-rising time, and decays exponentially. The full width at half maximum
(FWHM) of pulse laser is about 2504s. The temporal shape of laser pulse shows the
characteristics ol multi-pulse sequence. For the convenience of theoretical analysis, we fit the
temporal shape with an analytical formula

glt)y=e (1 —e™#) (2.1)
where the constant z and f§ are, respectively, 1.5X10% ' and 8.0X10% ', and ¢ time. And thus,

laser power P and its energy E, can be. respectively. expressed by

I)=jlmnxg(t)v b‘J:mﬁ_ﬂ‘)‘j‘max (22)
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where Pre is the maximum power.

Mcanwhile. the spatial distribution of laser beam was probed by charge-coupled device
(CCD) sensors with 512X512 elements. The CCD camera is a sensitive programmable
instrument with electronic digitized readout connected to a microcomputer for exact and fast
data acquisition and handling. In order to make the CCD sensors work linearly. the software
module make it necessary that the ratio of maximum power intensity /.. to minimal power
intensity I is less than 50.0. It is sure that the relative error of signal measured by the CCD
camera is less than 2%. Solid-state CCD devices are capable of integration and storage of the
data. Modern imaging CCD detector systems offer many exciting features of laser beam for
our theoretical studying the RPE. The two and three dimensional shapes of the spatial
distribution are, respectively, shown in Fig. 2 (a) and (b). The profile of laser spatial
distribution is of non-Gassian type and roughly uniform within the laser spot and declines
very rapidly at the edge of |aser beam. In other words, the spatial distribution of laser is of
cylindrical type. The cylindrical function is used 1o describe the spatial shape of the laser beam

1, CLr<o

fin={ (2.3)

0. r>a
where r is radial coordinate and « is radius of laser spot. The spatial shape of Gaussian type
of single-mode laser is

firy=exp[—(r/a)"],. 0Lr< oo (2. 4)
where a also is radius of laser spot.
III. Temperature Fields

A. Governing equations

In the present study. we model the temperature distributions of u conducting film
subjected to a laser pulse with a given temporal and spatial distributions. Four assumptions in
the present study are made below:

(1) The laser beam is taken as surface heat supply to the film. Besides. there is no other
heat supply to the film. The assumption is reasonable because the laser energy only deposits
on the surface and the depositing depth is on the order of several micrometers for metals such
as aluminum and copper.

(2) The non-irradiated surface of film is thermally isolated. Meanwhile. the place where
the radial cooradiate is b retains ambient temperature 7.. This assumption matches closely real
situation in short time when the heat conduction distance in the radial direction is much
shorter than the laser spot radius.

(3) All material parameters are constan!. Strictly speaking, all material parameters, such
as thermal diffusivity D, thermal conductivity % and reflectivitv R.. are temperature-dependent.
consequently, time-dependent. Fortunately. the material parameters vary slowly with
temperature T if there is no phase transformation. When the laser intensity is not too high.
saying between 10°~10"w cm®. there is no solid-to-liquid phase transformation during the laser
irradiation. The determination of reflectivity R. is very ditTicult. The actural dependence of R.
on material parameters and laser parameters would be deterimined both experimentally and
theoretically.
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0|1-0=0 (3.2)
boundary condition
. 00 _ (1—=Ry) NP _
ka—z i _TPm,xf(r)g(t) ks Il (3.3)
60/arlr-n=0’r-b=0 (3.4)

where 0=T—T.. T. b are, respectively. temperature rise. temperature. the radius of specimen.
To solve the genernal heat diffusion equation. the quasi-linearization of Eq. (3.1) is made by
employing Kirchhoff's transform

T
@=k5’fnk<f>df (3.5)

where kg is the thermal conductisity measured at the ambient temperature 7. The variable @
is known as the linear temperature. Inserting Eq. (3.5) into Eq. (3.1) leads to a quasi-hinearized
heat-diffusion equation

9 1
o T

(5
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D Gt (3.6
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t<|
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Consequently. the mnitial and boundary conditions (3.2)—(3.4) are rewritten as follows:
iitial condition

Of1.0=0 (3.7)
boundary condition
_ . 00 (1=Ry) , o®
ko?; I =T-Pmnxf (r)g(t) “kow z-h/2=0 (3.8)
00/0r|,.0=0],.3=0 (3.9)

Strictly speaking. Eq. (3.6) is not linear since D is temperature dependent as well. In fact.
D varys slowly with temperature and is appromately temperature-independent. This mukes Eq.
(3.6) be quasi-linear. Hence. the elimination of the temperature-dependence of k reduces
considerably the complexity of the problem.

For convenience in the subsequent analysis. the dimensionless variables are introduced as

tollows

0 tD _t _r _
W STy e

where 7. is the melting temperature of material and ¢ ,=g*/D. Meanwhile, other

6= (3.10)

Qln

dimensionless parameters are defined in the following

a* :

(3.11)
h2=_f_:_’ h4= (1 —Ro)Pmax

kgﬂayﬂm
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For the convenience of writting in the subsequent derivation, the dimensionless variables
O, #. z and | are. respectively. replaced by &, r, 2 and r. The governing equations of
temperature fields are expressed in dimensionless form as follows:

heat-dilfusion equation

inttial condition
Ol4.0=0 (3.13)
boundary condition
%‘:’:" = —h/2 — /9o, —Og— s=hfz ’ (014
00 /6 pao=Olr=h=0 (3.15)

Consequently. the temporal shape (2.1) and the spatial shape (2.2) and (2.3) are rewritten in
the dimensionless form as follows:
temporal shape

g(t)ysme 4t—e™® (3.16)
spatially evlindrical shape
jo={ " T 3.17)
0, r>1
spatially Gaussian shape
f(r)=exp[~r‘], 0<r<oo (3.18)

B. The solution of the temperature fields
Referring to the boundary condition (3.15). let @ be expanded in terms of zeroth order

Bessel function

8=28*(kn,29t)10(kn7’) (3.19)
ke

where kg is the roots of equation J (knh,) = 0. Inserting the expanded expression (3.19) into
(3.12)—(3.14). we obtain the differential equation on the unknown variable @%(k,, z, t)
together with the initial and boundary conditions

2% %
—k? 9*‘*‘—(%;82_ =Q-g{— (3.20)
0% 10e=0 (3.21)
aa* 2f*(ka)g(t) ~oO% =0 (3.22)

- 0z z=—h1/2= h:]:(k.,h;) ’ 9z 2=h/2

where
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h
FHka) =, £ T o(kar)rdr (3.23)
Substituting (3.17) into (3.23), we obtain the transform coefficients as follows
[ (ka)=T1(ka) /kn (3.24)
Substituting (3.18) into (3.23). we obtain the transform coefficients as follows
=3 S0 O (3.25)
lmg ! k
where
Qo=h2knjl(knhz)9 Ql= (h!.kl)z“ljl(knhz) —41201_1 (1= 1’2"") (3.26)
Accounting for the boundary condition (3.22), let @%(k,, 2, t)be expressed as follows
8*(kmz’t)=¢'g(t) (z—hl/2)2+v*(kn92’f) (3.27)
where
f*(ka)
'I’— BT (kahs) (3.28)
Then we obtain the differential equation on the unknown variable v*(ka, 2, t) as follows
*
L vz —kio*+29g(t) — [ dg(t). +k’g(t)]¢(z hi/2)* (3.29)
ot 9z
ou* |
— =0 (3.30)
0z z=%h1/2
v¥*|.0=0 (3.31)

To solve the Eq. (3.27) together with the boundary condition (3.30) and the initial condition

(3.31). we expand v*(ka, 2z, t)in terms of cosine series as follows

V¥ (kuy2yt) = iA,..cos[h;.wm(z+h,/2)] (3.

Then we have the differential equation on the unknown variable 4., as follows

R (ORI
A,,.l,.o=0 .
where
t= 42 {20) =[2G +kig() |Gz—hir2) Jyd (3.
o= 2" {200~ ~[28 +rig) |z—hir2)* }

32)

33)

34)

35)

¢cos[~”,'1—’l’- (z+hl/2)]dz (3.36)
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i. e., the equivalent external loading, Because of both free surfaces and the above mentioned
temperature difference Af , the expanding quantity is much more for front surface than for
real surface. This makes the irradiated region of the thin plate bulge wholly in the opposite
direction of the laser incident direction. Consequently. the equivalent external loading is the
key factor to induce the reverse bulge.

Fig. 4 also shows that the maximum value of dimensionless temperature rise on thhe front
surface is 9.5%X 107°. However, the corresponding factural temperature rise is only 0.787., in the
case of R,=0.9 and h:=82.4, where, we observed that the specimen had completely been
perforated. This fact implies that the perforation is caused not by melting but by plugging.

Fig! 5 shows the histories of ¢ on both surfaces of target at the point r=0 for some
selected values of /1, where the shape of pulse laser is of cylindrical type. From the figure, one
see that the time t, increases with the decreasing of A7! when ht'<C25. where ¢, is the time
when the temperature distributions in the axial direction come into agreement. While ¢, is
almost the same when the A7!>>25. The reason is that ¢, is determined by the pulse duration
of laser irradiation when the plate is thin. On the other hand. ¢ is determined by the heat
conduction effects when the plate is thick. Fig. 6 shows the variations of ¢/ with - at selected
dimensionless time, where r=0 and the spatial shape of laser is of cylindrical type. Again. the
characteristics of temperature difference on both surfaces are displayed.

Fig. 7 and Fig. 8 display the dimensionless temperature distributions on the front surface
irradiated by spatially cylindrical and Gaussian pulse laser beam respectively. As expected, the
temperature response across the irradiated surface generally follows the laser profile. In Fig. 7
the dimensionless temperature is uniform within the laser beam spot and drops sharply near
the edge of laser spot even at the later stage of laser ifradiation. In Fig. 8 the dimensionless
temperature distributions are very similiar to the Gaussian profile with the highest temperature
at the centre of the beam, i.e. r=0, and the lowest temperatures near the edge of the profile.
Unlike in Fig. 7. the temperatures drops smoothly in the radial direction and there is not the
region of a severe temperature change in Fig. 8.

Fig. 9 and Fig. 10 show the temperature gradient distributions on the front surface
irradiated by spatially cylindrial and Gaussian shape pulse laser beam respectively. A
comparison of Fig. 9 with Fig. 10 reveals that the distributions of temperature gradient are
extremely differerit, although the net energy content in the material at each time is the same
for both cases. Fig. 9 predicts that the radial temperature gradients vary severely in a ring
whose dimensionless radius is 1, i.e., the radius of laser spot. While Fig. 10 predicts that the
radial temperature gradients vary smoothly and their maximum values are in a ring whose
dimensionless radius is /2,2, i.e., rm..‘=ﬁ/2. The maximum temperature gradients in Fig. 9
are 40 times larger than that in Fig. 10. From the temperature and its gradient distributions,
one sees readily that the temperature discontinuity makes the irradiated region of the foil bulge
wholly in the opposite direction of laser incident direction when the spatial shape of laser is of
cylindrical type, while the non-irradiated region of the foil is almost static. Consequently the
reverse bulge motion or the deformation of thin plate is discontinuous on the rim of laser spot.
Because of this discontinuity, the laser beam with-spatially cylindrical distribution offers a
formidable potential for the RPE in the metallic foils. Howerver, the temperature, temperature
gradient and reverse-bulge motion of thin plate are continuous in the radial direction when the

spatial shupe of laser is of Gaussian type.
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V. Concluding Remarks

In this paper the temperature distributions in the metallic foils induced by spatially
cvlindrical shape long-pulse laser beam are examined in order to analyse the RPE. Under some
reasonable assumptions. the exact solution of temperture fields is derived by using the Hankel
transtorm. Numerical results are presented for a given temporal and spatial distribution of
laser beam. We can draw the following conclusion from the analysis of the temperature fields:
(1) The temperature gradients in the axial direction are the key factor to induce the reverse
bulge motion of the thin plate. (2) The temperature discontinuity in the radial direction on the
rim of laser spot is the key factor to cause shear deformation localization. Comparing the
temperature distribution in metallic foils induced by spatially cylindrical with that induced by
Gaussian type laser beam. the tormer offers a formidable potential for the RPE, however, the
latter has little potential for the RPE.

In the present analysis. the thermophyvsical properties are assumed to be constant so that
analvtical solutions to the problem may be obtained. In reality, the material properties.
especially the reflective. vary with temperature. But for these cuases the problem should be
solved by purely numerical approaches. Besides this. the assumption. which the present
problems are studied in a static coordinate system and the temperature deformation of thin

plate is uncoupled. may be u certain effect on temperature distributions.
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