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Abstract:

The laser welding process for (304) stainless steel by pulsed and continuous CO; laser ,had
been studied , where all of ( T,1(Z), B(t), v, Vuelding: Qn, Qm, Qv and Q) had been calculated as
function of each (pulse speed at different repetition rates , pulse width ) for pw-CO, laser and as
a function of thickness at different values of incident laser power for cw-CO; laser. The pulsed
CO; laser welding had been compared with continuous CO, laser welding and we found that the
pw-CO, at high repetition rate is the best in welding process achieving because of highest values
of welding efficiency .As well as , the using of high power laser fasten welding process. It can
be concluded that the keyhole welding is more useful than spot welding because of it's highest
value of each of welding speed (vweging) and welding efficiency (&).
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Introduction:

Laser welding has gained considerable acceptance in the automotive industry because it
provides several advantages over other joining processes. Benefits include high productivity , good
flexibility , and low maintenance and energy costs along with the ability to produce strong welds
[1].

The laser welding process on ferritic stainless steel has been achieved and compared with
electron beam welding on same alloy in 1989 [2] . J.O.Milewski,et al , are fabricated and assembled
a fiber optic delivered Nd:YAG 1KW laser [3] , while J.A.Hamill and P.Wirth are investigated that
powder metallurgy materials require special consideration and should not be laser welded using
standard wrought steel parameters in 1994 [4]. In the same year , the preliminary data on weld
speeds that can be achieved for both cw and pulsed multi-kilo watt CO, and Nd:YAG laser weld
configurations subject to the constraint of material fit up requirements , has been provided [5].

In 1995 , D.Favez .et al , present a study aimed to probe the potential of laser beam joining of
dissimilar metals used in jewelry [6]. Pulsed Nd:YAG laser beam welding experiment were carried
out on 304 stainless steel , using vertical and horizontal electric fields of different intensities to
study its effectiveness on the welding process , regarding depth and weld quality [7]. A detailed
investigation was performed to quantify the benefits of dual- beam laser processing and to
understand the mechanism for improving weld quality [8]. A model for the transient behavior of the
front keyhole wall is developed , and it is assumed that keyhole propagation is dominated by
evaporation-recoil-driven melt expulsion from the beam interaction zone [9].
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Thermal diffusivity and thermal conductivity of 304 stainless steel have been estimated using
2D and 3D moving heat source solutions to the conduction heat flow equation [10]. A 20 KW
average power of the combined beam from cw COIL laser and pw Nd:YAG laser , was used to
achieve the welding of 20 mm penetration on the stainless steel at a 1m/min welding speed [11] ,
while the high power cw CO, laser utilized in the welding process for thin sheets 304 stainless steel
, was estimated using the experimental results and the dimensionless parameter model for laser
welding , and also the energy balance equation model[12].

In 2003 , C.Eijk,et at , were concluded that the fusion welding of stainless steel show no
compositional variation of the material through the weld , while the mechanical properties are
significantly deteriorated after welding [13] . There was a conclusion that the composition of 304
stainless steel had been changed when it was welded by millisecond long Nd:YAG laser pulses
[14] . Lastly , G.Kelkav , and N.Ball are compared and contrasted bon formation at the weld
interface for laser and resistance welding and its effect on related factors such as part design and
materials selection , in 2007 [15].

We are aimed from this research to study the changing each of pulse speed , pulse width , and
thickness of stainless steel on laser welding mechanism by CO laser .

Theory:
Laser welding is a powerful new joining technology [16] , and it is now a common

production line manufacturing process in many areas of industry , notably the automotive , domestic
goods , and electronics sectors [17] .

Laser welding represents a delicate balance between heating and cooling with in a spatially
localized volume overlapping two or more solids such that a liquid pool is formed and remains
stable until solidification . The objective of laser welding is to produce the liquid melt pool by
absorption of incident radiation , allow it to grow to the desired size , and then to propagate this
melt pool through the solid interface eliminating the original seam between the components to be
joined [18].

There are two fundamental modes of laser welding : (1) conduction welding , and (2) keyhole
or penetration welding . Under conduction limited conditions , the onset of surface melting can be
estimated from the simple model . The temperature at the center of the beam focus [19] :

Al,w . [8kt]?
T@O,t)-T, = 0 7 tan~t — | e D
K(27)"2 w
Where K is the thermal conductivity , k is thermal diffusivity , o is the Gaussian beam radius ,
T, is the ambient temperature , and (t) is the time of welding achieving , and (A) is the material
absorptance.

An estimate of the depth of penetration (Z) , of the weld pool under spot welding conditions in
which melting is included can be obtained , when consider (t,) as the time at which To(Z2)=T [19]:

N SR (2)

Jo i
Where ( p) is the density of the melt and (Lp)is the latent heat of fusion .
But the formation of a keyhole is of fundamental importance for penetration welding, which

begins with vaporization at the surface of a weld pool. For a planar surface and an incident beam
with a Gaussian intensity profile , then :
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Where the subscripts refer to values at or near the vaporization temperature . the linear vaporization
rate (v) is related to vapor pressure P(T) , as follows :

- %

where m™ s the average mass of an evaporation , Kg is Boltzmans constant , and T(K) is
surface temperature . The vapor pressure is given by the Clausius — Clapeyron equation :

P(T):P(TB)exp L B | (5)

PR\ Tg T

Where (Tg) is the boiling temperature , and (L,) is the latent heat of vaporization . The linear
vaporization rate is [19] :

For optimal vaporization , The mass evaporation rate ( ) must be equal to that limited by
conservation of energy . Then :

pr_ A ]

p L+l +C[T-T,)" {

Where (C) is the heat capacity , T, is ambient temperature , L, and L, are the latent heats of
melting and vaporization , respectively , and 1(Z) = Po/n »® , [18,19] .

Under conditions of high traverse rate , typical of laser beam welding , then the temperature
distribution in a plate around a moving , though thickness line heat source , which is a realistic
approximation of the keyhole produced during single pass laser beam welding can be written
explicitly as :

Q r’
T-T,= —| = e 9
Vweldingd(47ZKpCt)% exp (4ktJ ( )
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Where (T) is temperature , (To) is initial temperature , Q is absorbed laser beam power , (
Vwelding) 1S Welding speed , (d ) is plate thickness and ( R ) is the lateral distance from the weld
centerline .

By differentiating equation (9) with respect to time , and noting that at the peak of the temperature
cycle dT/dt = 0, an equation describing the variation of peak temperature (Tp) with lateral distance
from the weld centerline is obtained as follows :

7
T, -T, = (ij Q (10)
e 2Vweldingdf)C:r

Re arrangement of equation (9 ) gives:

72
Q= 2vwe,dmgdp0r(§j (L 0 W A1

The laser beam power used to heat the material ( Qy ) is characterized as that used to
increase the temperature at the fusion line to the melting temperature , and is given by :

g2 b
Q, = Vaaaingd”PC (@j [Tm —Toj .................... (12)

4 2

The power used to form the molten weld pool (Qy,) is obtained from a heat balance based on

the geometry of the weld bead and the latent heat of melting ( Ly, ) as :
2
Vweldin d
Q. = —2WMOT | e (13)
4

The power used to vaporize the keyhole cavity (Q,) can be estimated by assuming the
keyhole to be a cylinder of diameter of the focused laser beam , and length equal to the plate
thickness . A heat balance gives :

Q, = 2Vpating 0L, v e e (14)

Where

X

VWeldlng — ? ..........................

Where (x) is the weld width , (L,)is the latent heat of vaporization and (t) is the time of laser
welding process which is equal to

t=t ettt (16)
Where  th=(m/K) [ (K(Tm-T)/20 e eeeenn.. (17)
tn = [T°0 KT 2/ [402Pe K] oeeeeeeen, (18)
t, = [0 K TV [40 P K] oo, (19)
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o= (D)Ko, (20)

By assuming that power is used only for heating , melting , and vaporization , the total beam
power ( Q) can be expressed as [17,20] :

Qut=Q, +Q, +Q, i s (21)

While the melting efficiency of the work piece surface is defined as [21]:

dolL . p
P

§ _ Vwelding

Experimental setup :

The experimental setup , schematically shown in fig.1 , was used to measure welding speed
, weld width , laser power absorbed at many values of 304 stainless steel sheet thickness . |It
consists of an indigenously developed transverse flow cw CO, laser integrated with a laser beam
delivery system and a computer controlled x-y coordinate table . The focal length of the lens is
( 100mm) and the spot size of the focused laser beam at the metal sheet surface is about (300 um) .
Fig.2 —(a,b,c) shows the transverse cross-section of the weldment of 304 stainless steel sheet of
(1.2mm, 0.5 mm,, and 0.1 mm thickness , respectively [12].

3

Fig.(1)
The laser welding system [12]

The other procedure is to determine weld penetration depth into (1.22 mm )
thick 304 stainless steel at various pulse widths . Where the beam delivery from the spot welding .
Setup consisted of a 101.6 mm focusing lens that produces a ( 0.13 mm ) diameter spot with a ( 3.1
mm ) depth of focus . At a power level of (400 watts ) , the pulses of ( 5,10, 20,40, and 80 )ms ,
were fired into the stainless steel . Fig.3-(a,b,c) shows the shape of spot welds at (400 watt ) of CO,
laser welding for stainless steel [22].

A keyhole welding was implemented on ( 1.22 mm ) thickness of 304 stainless steel
using ( 500 watt) power of CO, laser . The laser spot size on the sheet is ( 0.5 mm ) . The aim of
this procedure is to measure the weld width , and the penetration at different laser pulse speed
values [19,23]. Figs.4-(a,b,c,d,e,f ) show the shape of welds on ( 0.5 mm ) stainless steel at a
(3.8,5.1,6.3,7.8,8.9,and 11.4) m/sec laser pulse speed , respectively .

231



Journal of Kerbala University , VVol. 9 No.2 Scientific . 2011

(d)
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(f)
Fig.2
The shapes of weld pool in stainless steel of (1.22mm) thickness which is welded by (500 Watt)
pw-CO; laser of (0.5mm) spot on metal surface [keyhole welding] [19]at different pulse speed
as:
(a) 6.3 m\min pulse speed  (b) 5.1 m\min pulse speed
(c¢) 3.8 m\min pulse speed (d)11.4 m\min pulse speed
() 8.9 m\min pulse speed  (f) 7.8 m\min pulse speed

()
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(b)

()

Fig.(3)
The shape of spot welds for stainless steel of (1.22mm) thickness at (400watt) of pw- CO, laser
of 0.13mm) spot diameter on metal surface [spot welding] [22] which has duration of :
(a) 5msec and 10 msec (b) 20 msec and 40 msec (c) 80 msec
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Fig.4:
The shape of weldment of 304 stainless steel which is welding by cw-CO, laser and 30pm spot
laser on metal surface [spot welding] [12] where :
(@) 1.2 mm thickness and 2250 Watt laser
(b) 0.5mm thickness and 1700 Watt laser (c) 0.1 thickness and 1200 Watt laser mm

We must notice that the type 304 stainless steel is often used in food processing , chemical
storage , and hospital equipment because it withstands corrosion .1t is also a valuable material for
containers used to store liquefied gases and for equipment used at cryogenic temperatures . In most
of these applications , laser welding can be used to process the type 304 stainless steel [24,25].

The properties of 304 stainless steel is summarized in table (1-a,b) .
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Table 1:
The properties of 304 stainless steel [14,24-29]
- a —_
Composition of 304 stainless steel

AIoningeIement Mn Cr Ni Si C P S Fe
Wt % 1 18.1 8.6 0.69 0.046 0.012 J 0.003 | balance

- b=
Other properties data which will be used for calculations

Density of liquid metal (kg/m?) : Effective thermal conductivity of liquid | 209.3
(J/ms.K)

Absorption coefficient . Density of solid(kg/m") 7.93x10°
Solidus temperature ( K) Latent heat of evaporization(J/kg) 6.1x10°

Liquidus temperature ( K') Latent heat of melting(J/kg) 2.73x10°
Specific heat of solid ( J/kg.K) . Melting temperature(K) 1685
Specific heat of liquid (J/kZ].K) . Vaporizat?on temperature (K) 2910

Thermal conductivity of solid (J/ms.K) . Critical temperature (K) 4074

Calculations and results :

Each of laser intensity absorbed by metal 1(z) , metal surface temperature (T), mass
evaporation rate (p) , the linear vaporization rate (v ) , total laser power required to achieve welding
(Quwt) and welding efficiency (§ ) , have been calculated using Egs.(8,10,7,6 and 21-22 ),
respectively and drawn as functions of pulse speed , pulse width , and sheet thickness in Figs.(5-
10)-a,b,c, respectively, where (T, ) has been taken in ( 300 K) .

While welding speed ( Vwelding ) , laser power which is required to heating (Qn ), melting
(Qm ) , and evaporation (Q,) and penetration (Z ) , were calculated using Egs.( 15, 12,13 and
14 ) , respectively, at different values of pulse speed at (10,25,100) kHz repetition rates , pulse
width , and thickness , as listed in tables (2-a,b,c,and (3,4),respectively .

The time of laser welding achieving (t) has been calculated using Egs.(16-20) and we found
that (t = 3.10732 sec) for (1.22mm) stainless steel thickness welded by (500 Watt ) pw-CO;
laser at different pulse speed and repetition rates , ( t= 327.9335 sec ) for (1.22mm) stainless
steel thickness welded by (400 Watt ) pw-CO; laser at different pulse width and ( t= 0.2545
sec) for ( different values of thickness) stainless steel welded by (different values of power )
cw-CO;, laser .

It is important to notice that the dependent data in these calculations , are listed in appendix
(1-3) . Where appendix(1) shows the dependent ( penetration (z) , weld width )data at (t =
3.10732 sec) welding time and different values of pulse speed at ( 10,25,100 )kHz repetition
rate [19]. While appendix(2) shows the dependent ( penetration (z) , weld width )data at (t
=327.9335 sec) welding time and different values of pulse width [12] . Lastly , appendix(3)
shows laser power incident , laser power absorbed , and weld width at ( t= 0.2545 sec) welding
time and different values of sheet thickness [22].
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Table (2)
The absorbed intensity (1(Z)), surface temperature (T) ,welding speed (vwelding ) , linear evaporation
rate (v), mass vaporization rate (g),the total heat required to heating ,melting and evaporation (Qtot
= Qn,Qm,and Q, )and welding efficiency (§ ) at (t = 3.10732 sec) welding time and different values
of pulse speed (m/min) ,and repetition rate is :(a)- 10 kHz  (b)- 25 kHz (c) - 100 kHz

-a —

551.0833

0.175342

1.390483

2997607.5

0.41405

3.0333

551.0835

0.175338

1.390414

3749925.4

0.517968

3.794

551.0838

0.175336

1.390383

4502243.3

0.621884

4.555

551.0843

0.175338

1.390367

5627804.1

0.777355

5.6949

551.0846

0.175337

1.390358

6753364.9

0.9328269

6.8339

551.085

0.175332

1.390339

8817865.1

1.2179916

8.92306

551.0853

0.17533

1.390299

11255608

1.554711

11.3898

551.0857

0.175307

1.39026

12573622

1.736765

12.7236

551.0864

0.175297

1.390235

17828183

2.4625663

18.0408

551.0838

0.175372

1.390529

5441182.6

0.90729

96.235

551.0839

0.175368

1.390534

5627804.1

0.77735

83.43

551.0844

0.175363

1.390532

6753364.9

0.93282

100.116

551.0849

0.175361

1.390534

7126607.9

0.98438

105.649

551.0852

0.175357

1.390534

8065547.2

1.11407

119.569

551.0855

0.175355

1.390504

10130047

1.3992

150.174

551.0861

0.175348

1.390479

12387001

1.71098

183.633

551.0865

0.175348

1.390453

13512561

1.8664

200.319

551.0869

0.175344

1.390448

18767123

2.5922

278.217

551.0842

0.175391

1.39066

6568493

0.9072

97.375

551.0845

0.175386

1.390648

6568493

0.9072

97.375

551.0851

0.175382

1.390644

750684.9

1.0369

111.286

551.0856

0.17538

1.390644

8445205.3

1.1665

125.197

551.086

0.175379

1.390631

9384144.7

1.2962

139.117

551.0863

0.175381

1.390642

11260857

1.5554

166.938

551.0866

0.175382

1.390639

13133486

1.81409

194.699

551.087

0.175379

1.390656

15011365

2.0734

222.538

551.0875

0.175377

1.390602
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Table(3)

The calculated values of each of (I(Z)),v,0welding,Qn,Qm,Qv,&) at ( t= 327.9335 sec ) welding time
and different values of laser pulse width .

80 5.635 541007.4 | 7.022 37.828 ] 7.082819 | 0.0153 | 2.063 | 302.32 | 302.3241 ] 33.8

40 5.946 541007.4 | 5.905 37.837 | 7.082819 | 0.012 ]1.621 ] 237.54 | 237.5488 | 25.8
20 6.619 540996 | 6.352 37.859 | 7.082818 ] 0.0111 ] 1.498 ] 219.54 | 219.5491 | 24.7
10 6.984 540995.2 | 4.877 37.872 ] 7.082804 | 0.0078 | 1.056 | 154.76 | 154.762 | 17.3
5 6.84 540994.6 | 4.484 37.887 ] 7.082804 | 0.0065 | 0.884 | 129.56 | 129.5624 | 14.4

Table(4)

The calculated values of each of (1(Z),Z,v,Qn,Qm,Qv.§) at ( t= 0.2545 sec) welding time and
different values of sheet thickness

1.55 7.959 [ 0.409 | 149.12 | 051072 0.8100 6.4239 2.062 [ 11.056 [ 42.122 ] 3168 | 22.3

1.2 796 |1.682] 192.61 | 0.3928 0.6271 4.9735 1.586 | 8.5036 | 25.081 | 24.36 | 13.6

1.0 6.369 | 1.669 | 231.13 | 0.3928 0.4181 3.3156 1.586 | 8.5036 | 20.901 | 24.36 | 14.1

0.5 6.015 | 1.749 | 462.27 | 0.3339 0.2787 2.2104 1.348 | 7.2285 | 8.8834 | 20.71 | 6.37

0.1 4246 | 1794 426 0.1571 0.1974 1.5657 0.6344 | 3.4010 | 0.8359 | 9.745 | 0.85
Discussion:

When the pulse speed of (400)Watt (pw-CO,) laser is increased , each of penetration
depth (2) and weld width (X) are decreased as shown in Appendix(1) .This refers to the incident
laser intensity has been enormously absorbed by metal (high 1(Z))as shown in Fig.(5-a) and
increasing in each of mass evaporation rate (B) and linear vaporization rate (v) as in Fig.(7-a) and
Fig.(8-a),respectively. As we Know , the vaporization process is energy absorbed process ,then the
metal surface temperature (T) has been decreased ,as in Fig.(6-a) .This is decreases the magnitude
each of penetration depth (Z) and weld width (X) , that leads to low abundant heat quantity to
completely laser welding process achieving ( low Qi) as in Fig.(9-a) and makes each of
(Owelding , € ) low as in Fig.(10-a) .

The increasing of pw-CO2 laser repetition rate at same pulse speed , each of penetration depth (2)
and weldment width (X) are increased as shown in Appendix(1-a,b,c) . That means increasing the
number of reached laser pulses to metal surface at same time , that causes metal surface heating
(high (T)) as in Fig.(6-a) and increasing each of mass evaporation rate (B) and linear vaporization
rate (v) as in Fig.(7-a)and Fig.(8-a), respectively , while laser intensity absorbed by metal were
decreased ( low (1(2))) as in Fig.(5-a). The high heat quantity on metal surface lead to high
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abundant heat quantity (high Q) as in Fig.(9-a) ,which accelerates the laser welding process
achieving ( high vwelding ) as explained in table (2-a,b,c) and improving the welding efficiency ( &)as
in Fig.(10-a)because of increasing each of weldment properties (Z and X) as in Appendix (1-a,b,c) .

The welding of stainless steel of (1.22 mm) thickness has been achieved by (400 Watt )( pw-
COy) laser at (t= 327.9335 sec) , the increasing of laser pulse width leads to increasing each of (Z
and X) as in Appendix(2) . This can be explained by that the increasing of laser pulse width means
increasing in (FWHM) causes decreasing laser intensity decreasing (low 1(2)) as in Fig.(5-b) . the
high laser pulse width gives more heat quantity to metal which increases (T) as in Fig.(6-b) and
each of (B) and (v) as shown in Fig.(7-b) and Fig.(8-b) , respectively. This makes the heat quantity
to achieve welding and each of ( vwelding and & ), too high as explained in Fig.(9-b) ,table (3) and
Fig.(10-b), respectively .

For study the effects of metal thickness variation in welding process , the laser power must be
varied also ,as shown in Appendix(3) . Table (4) explained that the highest value of metal thickness
leads to decreasing in (Z) and increasing in (X) as shown in table(4) and Appendix(3) ,respectively.
This can be interpreted by increasing incident laser power on the metal surface which was used by
workers on laser welding for metals of large thickness and the absorbed laser intensity by metals
(1(2)) will be high as Fig.(5-C) .I(Z) causes an increasing in each of weldment width (X) as
Appendix(3) , mass evaporation rate () as Fig.(7-C) , linear vaporization rate (v)as Fig.(8-C) and (
Vwelding and & )as table(4) and Fig.(10-C).The decreasing of penetration depth (Z)with increasing of
metal thickness , in spite of high laser power used to welding, can be attributed to that the laser
power were be used in mass evaporation of metal surface and increasing of weldment width (X)
instead of penetration depth (Z) , decreasing in temperature of metal surface (T) as Fig.(6-C) .In the
same time it makes heat quantity of laser welding (Qu) high as Fig.(9-C).

The best laser welding has been explained when (500Watt) pw-CO; laser at (1.25 msec )pulse
width and (100kHz) repetition rate is used , where highest welding efficiency (&) of (110.7%) has
been obtained by using it. While lowest (&) of (0.85%) has been obtained using (1200 Watt)(cw-
CO,) for stainless steel of (0.1mm) thickness .The pulsed laser with high repetition rates had been
preferred in laser welding process because of it's high efficiency ,while the continues laser don't
prefer until in highest laser power.

The highest (Vwelding ) IS Of (0.5107X10°m/sec) which be obtained using (2250 Watt)(cw-CO,) at
(t= 0.2545 sec) for stainless steel of (1.55mm) thickness as shown in table (4) , while low value of
(Vwelding ) 1S Of (0.00109 X10°m/sec) had been obtained using (400Watt)(pw-CO,)laser of (5msec)
pulse width at (t=327.93 sec) which is used to weld stainless steel of (1.22mm) thickness. The
highest laser power is the best in the speed of welding (' high Vwelding )-

A (1.2mm) which is the highest penetration depth (Z) , had been obtained in stainless steel of
(2.22mm) thickness ,welded by (500Watt) (pw-CO,) laser at (1.25m/min)pulse speed with
(100kHz) repetition rate ,as shown in Appendix(1-a,b,c),while the lowest (Z) of (1.63X10™° mm)
had been obtained using (1200Watt)(cw-CO,) laser for welding of stainless steel of
(0.1mm)thickness. The highest penetration depth had been obtained using pulsed laser vise inverse
of continuous which causes (Z) decreasing.

Appendix(3) shows the highest value of weldment width (X)of (1.3mm)in a stainless steel of
(2.55mm) thickness using (2250Watt) (cw-CO,) laser , while the lowest (X) of (0.84mm) in a
stainless steel of (1.22mm) thickness , had been obtained using (400 Watt)(pw-CO;) laser . The
continuous laser enhances weldment width (X) and accelerates welding process , while the pulsed
laser increases penetration depth and welding efficiency .

All the results listed in table (2-a,b,c) where the pulse speed was varied, was of (Keyhole
welding) type , while the results in table (3) where the pulse width was varied , was of (Spot
welding ) type and all the results in table (4) where thickness was varied , was of (spot welding)
type , except at (1.55mm)thickness which was of (Keyhole welding) type.
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Conclusions:

For improving the efficiency of laser welding process , it is prefer to use pulsed laser with
highest repetition rates until the pulse speed was law , where (110.7%) welding efficiency had been
obtained using (500Watt)(pw-CQO) laser with (100kHz) repetition rate , in spite of the pulse speed
was too law of (1.25 m/min) , while the continuous laser had the lowest welding efficiency , where
the lowest (&)of (0.85%) had been achieved using (1200 Watt)(cw-CO,) for stainless steel . The
pulsed laser causes an increasing in penetration depth (Z) inside the metal, where the highest (Z) of
(1.2mm) had been achieved by (500Watt)(pw-CO,)laser at (1.25 m/min) pulse speed and (100kHz)
repetition rate , while the continuous laser causes decreasing in (Z) as (1.63X10°mm)obtained by
cw-CO; laser of (1200 Watt) . The continuous laser enhances weldment width (X) upon penetration
depth and increases ( welding) 8 We notice that the highest (X)of (1.3mm) in (1.55mm) metal
thlckness had been obtained using (2250 Watt) (cw-COy)laser, the highest ( Vwelding) OF (0.5107X10°

*misec) in (1.55mm) metal thickness at (2250 Watt)(cw-CO,)laser . While the lowest (X) of
(0.26mm) in (1.22mm)metal thickness had been obtained at (400Watt)(pw-COy)laser of (12.5
m/min pulse speed) at (10kHz) and lowest ( Vwelding) Of (0.00109X10*m/sec) achieved for (1.22mm)
metal thickness using (400Watt ) (pw-CO, )laser at (5msec) pulse width . The highest laser power
accelerates welding achlevmg ( vweiding) and enhances laser welding efficiency ,where high(
Vwelding)OF (0.5107X10°m/sec) had been obtained using (2250 Watt )CO, laser and (&) of (22.85%) ,
while (Uweldlng) of (0.157X10°m/sec) had been obtained using (1200Watt)laser and (&) of(0.85%)
achieved in the same laser. The main conclusion is the pulsed laser with highest repetition rates is
the best in laser welding than continuous and it was preferred to use highest laser power in laser
welding .The welding efficiency (§) was rightly proportion with penetration depth (Z) , while
welding speed ( vwelding)Was rightly proportion with weldment width (X) . The Keyhole welding is
the best than spot welding where (110.7%)of (&) had been obtained in keyhole welding at (1.25
m/min pulse speed) ,while (0.85%) of (&) had been obtained in spot welding at (1200Watt)for
(0.21mm)metal thickness .

Appendix(1) [19]
The dependent data in the calculations when pulse speed was variable at : 10KHz , 25 KHz ,
and 100 KHz .

At 10KHz

At 25 KHz

At 100 KHz

Penetration
(mm)

Width
(mm)

Penetration
(mm)

Width
(mm)

Penetration
(mm)

Width
(mm)

0.16

0.22

0.3

0.23

0.16

0.3

0.29

0.35

0.35

0.27

0.20

0.35

0.3

0.4

0.35

0.38

0.24

0.48

0.36

0.55

0.4

0.44

0.3

0.52

0.38

0.6

0.45

0.58

0.36

0.63

0.43

0.7

0.5

0.7

0.47

0.75

0.54

0.8

0.6

0.76

0.6

0.8

0.66

0.85

0.7

0.8

0.67

0.86

0.72

1.0

0.8

0.92

0.95

1.1
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Appendix(2) [22]

The dependent data at variable pulse width were :

" Pulse width (msec) | (msec) W " Weld width (mm) |

Appendix (3) [12]

The dependent data at variable sheet thickness were :

Thlckness Weld width J| Laser power PO Power absorbed
(m m) (m m) (watt ) (watt)

References:

[1]- D.Havrilla, T.Weber , " laser welding takes the lead ", lasers & optronics , March , p.30,
1991.

[2]- M.Tullmin, F.P.A.Robinson, C.A.O.Henning , A.Stranss , and J.Legrange , " Properties of
laser-welded and electron —beam — welded ferritic * Stainless steel , J.of the South African
institute of mining and metallurgy , Vol.89, No.8 , (243-249), 1989.

[3]- J.O0.Milewski,G.K.Lewis, M.R.Barbe and D.A.Eremers , " Distributed Nd-YAG laser
welding and process control in inert glove boxes ", American welding society and oak Ridge
National laboratory , (8-10), 1993.

[4]- J.A.Hamill , and P.Wirth , " Laser welding P/M for automotive applications ", SAE
International congress and Exposition ", (1-11), 1994.

[5]- K.H.Leong , H.N.Carol , " Welding with high power CO; and Nd:YAG lasers ", Industrial
laser review , (1-6),1994.

[6]- D.Favez , J.D.Wagniere , and M.Rappaz , " Laser welding of dissimilar materials ", J.of
materials science , Vol.30, (4205-4214), 1995.

[7]- S.A.H.Fawzi , R.N.Arif , " Influence of electrical field on pulsed laser beam welding of
stainless (304), Tr.J.of physics, Vol.23, (959-976), 1999.

[8]- J.Xie , " Dual beam laser welding ", Welding Journal , (223-s), (11-15), 1999.

[9]- V.V.Semak,W.D.Bragg, B.Damkroger , and S.Kempka , " Transient model for the keyhole
during laser welding ", Phys.D.Appl.Phys., Vol.32, No.5, (L61-L64), 1999.

[10]- P.W.Fuerschbach , and G.R.Eisler , " Determination of material properties for welding
models by means of Arc weld experiments ", 6™ Infl. Trends in welding research , Pine
Mountain , (15-19), 2000.

241



Journal of Kerbala University , VVol. 9 No.2 Scientific . 2011

[11]- W.Fumio , N.Tokuhiro, H.Akiyoshi, S.Sachio, and Y.Kozo, " High-power COIL and YAG
laser welding "', Defence Technical information center , 2002.

[12] — A.K.Nath, R.Sridhar , P.Ganesh, and R.Kaul , " Laser power coupling efficiency in
conduction and keyhole welding of austenitic stainless steel ", Sadhana , Vol.27 , part 3,
(383-392), 2002.

[13]- C.V.d.Eijk, H.Fostervoll , Z.K.Sallom , and O.M.Akselsen , " Plasma welding of NiTi to
NiTi, stainless steel and Hastelloy C276 , " ASM Materials Solutions 2003 conference , USA ,
(13-15), 2003.

[14]- X.He , T.Debroy, and P.W.Fuerschbach , " Composition change of stainless steel during
microjoining with short laser pulse ", J.of applied physics , Vol.96 , N0.8 , (4547-4555), 2004.

[15]- G.Kelkar , and N.Ball , " Bond formation in laser and resistance welding", International en
technologia de La sol da dura industrial , (1-10), 2007 .

[16]- CSIR National laser center , " Focus on CSIR research in laser welding ", 2007 .

[17]- J.C.lon, " Laser Beam welding of wrought aluminium alloys ", Science and technology of
welding and joining , Vol.5, No.5, (265-276),2000.

[18]- W.Han , " Computational and experimental investigations of laser drilling and welding for
micro electronic packaging ", PhD.Thesis , Worcester polytechnic Institute-Mechanical
engineering department , (75-89) , 2004 .

[19]- A.Hoult, " An Introduction to lasers — in the Assembly process”, Laser Applications center
, Coherent Inc., (1-9) , 2007 .

[20]- T.childs , K.Maekawa , T.Obikawa , and Y.Yamane , " Metal Machining Theory and
applications ", John wiley & sons Inc. , New York , (351-362),2000.

[21]- J.Majumdar, and I.Manna , " Laser processing of materials ", Sadhana,28(3&4),(495-
562),2003.

[22]- Synrad technology company,”Spot welding stainless steel ", news letter 162, (1-4),2007.

[23]- Coherent's laser application center , " Technical note , high-speed welding of metals with
diamond CO; lasers, stainless steel *, (1-3),2004.

[24]- Lefebvre , and Joseph , " Guidance on specifications of ferrite in stainless steel weld ",
welding in the world , (21-31) , 1993.

[25]- J.ayndjakangas and T.Taulavuori , " A review in design and manufacturing of stainless steel
sandwich panels ", stainless steel world October , (21-24 ), 2004 .

[26]- D.Peckner and I.M.Bernstein , " Handbook of stainless steels ", Mc Graw-Hill Book
company , NewYork , 1997.

[27]- P.W.Fuerschbach, and J.T.Norris , " Beam characterization for Nd:YAG spot welding
lasers ", ICALEOQ , Scottsdale ,AZ,2002.

[28]- J.R.Davis , " Metals Handbook ", ASM International , Materials Park, OH, 1998.

[29]- Metals Handbook (ASM international , Materials Park),OH,1,1990.

242



Journal of Kerbala University , VVol. 9 No.2 Scientific . 2011

11 +

10

I(z) x 108 (Watt/m?)

0 2 4 6 8 10 12 1

nitlee aneead M/Min)

(@)

y = 2E-05x3 - 0.001x2 + 0.019x + 6.840

2.5 22.5 42.5 62.5 82.5

pulse width (msec)

(b)

y = 0.747x83 - 2.712x? + 5.153x + 3.811

(z) x10%* (Watt/m?)

0.005 0.505 1.005 1.505

Sheet thickness (mm)

(C)
Fig.(5) Laser intensity absorbed 1(Z) as a function of :
(@) pulse speed at (10, 25 and 100) kHz for pw-CO, laser [keyhole welding]
(b) pulse width for pw-CO, laser [spot welding]
(C) metal thickness for cw-CO, laser [spot welding] except at 1.55mm thickness (keyhole welding)
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Fig. 6: Metal surface temperature (T ) as a function of :
(@) pulse speed at (10, 25 and 100) kHz for pw-CO, laser [keyhole welding]
(b) pulse width for pw-CO, laser [spot welding]
(C) metal thickness for cw-CO, laser [spot welding] except at 1.55mm thickness (keyhole welding)

244



Journal of Kerbala University , VVol. 9 No.2 Scientific . 2011

__-_——h-*--A- - = y = 1.390x 1605
A
)
L y = 1.390x3E-05 e
i= =
& @
> .’
< —_——
— ( = =
S y = 1.390x7E-05 (
S, @ 10KHz
> ®  25KHz
@ ( A 100KHz
— — = 10kHz
I/ 25kHz
1.3902
1 3 5 7 9 11
pulse speed (m/min)
(a)
7.082822
7 08282 | y = 3E-10x3 - 4E-08x2 + 2E-06x + 7.082
7.082818 =
7.082816
& 7.082814 |
«\
©. 7.082812
£
&, 7.08281
X
= 7.082808 -
b
S  7.082806 A
>
@ 7.082804 - =
7.082802
7.0828
0 10 20 30 40 50 60 70 80 90
pulse width (msec)
7.05
6.05
y = -2.598x3 + 8.830x2 - 4.431x + 1.802
5 5.05 1
i}
\
[T
4.05
1S
=
(=)
X 3.05 1
N—r
-
o
=}
S 205 1
<
(-3
1.05
0.05 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.005 0.205 0.405 0.605 0.805 1.005 1.205 1.405 1.605
Sheet thickness (mm)

(C)
Fig. 7 : Mass evaporation rate ( B) as a function of :
(a) pulse speed at (10, 25 and 100) kHz for pw-CO, laser [keyhole welding]
(b) pulse width for pw-CO, laser [spot welding]
(C) metal thickness for cw-CO, laser [spot welding] except at 1.55mm thickness (keyhole welding)
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Fig.8 : The linear vaporization rate (v) as a function of :
(a) pulse speed at (10, 25 and 100) kHz for pw-CO, laser [keyhole welding]
(b) pulse width for pw-CO, laser [spot welding]
(C) metal thickness for cw-CO, laser [spot welding] except at 1.55mm thickness (keyhole welding)
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Fig.9 : The total quantity of heat for laser welding (Qtot) as a function of:
(a) pulse speed at (10, 25 and 100) kHz for pw-CO, laser [keyhole welding]
(b) pulse width for pw-CO, laser [spot welding]
(C) metal thickness for cw-CO, laser [spot welding] except at 1.55mm thickness (keyhole welding)
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Fig.10 : The welding efficiency ( &) as a function of :
(@) pulse speed at (10, 25 and 100) kHz for pw-CO, laser [keyhole welding]
(b) pulse width for pw-CO, laser [spot welding]
(C) metal thickness for cw-CO, laser [spot welding] except at 1.55mm thickness (keyhole welding)
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