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ABSTRACT:Laser welding using Nd: YAG laser with ¢mmious emission is applied for low alloyed steghe study pursued
molten areas characteristics in the material. l@nweld cross section was measured weld width, wefith and the weld molten
zone. Their variation was analyzed with power arelding speed. A full factorial experimental desigias applied for two
particular values of the distance between focaielkand the workpiece surface (defocusing deptipreents mathematical models,
the ranking effects by Pareto charts, responsecaniethod and the multiple ANOVA analysis of vace It showed the main

effect of laser power in determining the weld clogegstics.
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1. INTRODUCTION

Laser welding is widely applied machining of metalsd in
particular for steels. The laser beam is a conagur heat
source that allows for the intensity of the laseam 16-
10'W/cnt and for interaction time between laser radiatiod a
the material 18-10% obtaining molten zones. Melting
material is used for welding. Several papers haesgnted the
features of the steel melted zone for laser weldikjgviain
information about the weld characteristics are givey the
weld cross section. On this are measured the wiglthyweld
depth and the weld molten zone area. Sectioningvéids in a
stable area provides information about the abiiityperform
laser beam melting material. Applied the mathenaktic
modeling for the molten zone of welds is useful égtimating
the parameter values used in making welded jointpe the
full factorial experiment with the statistical methof ANOVA
analysis of the multiple underlying several methods
statistical analysis in experimental research32] [

The problems addressed in this paper are closehab t
addressed in subsequent studies. Thus the variednpters
considered, laser power, welding speed and defogusiere
applied in studies [4], [5] and [6]. Particular enést for
variations caused by defocus on welding charatiesisvas
presented in the works [7], [8], [9]. In these $dsdthe laser
beam was focus within the piece. Focusing the lasam over
the piece was used in the work [10]. As measureessi
characteristics showing the weld width and weldtdepe of
main importance [11] [12]. Melted area on weld srgection
was presented in the paper [13]. Studies usingffatttype
experimental plans were presented in [14].

Experiments performed by factorial experimentalnplallow
for the objective function variation as a functifithree or two
variables representing influence factors. Thisat&n leads to
formulas of correlation between the value of objecfunction
values and factors of influence called "matheméativadel" or
"empirical model". This function type is presetaapolynomial
in the variable values that appear influence factand
multiplications of them named interactions betwdaators.
Choosing this type of model is related to the duoasabout
influence factors hierarchy. This is to determihattwhich of
the influence factors or their interactions have tjreatest
contribution for objective function value. Contrilnns of
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effects are analyzed by ANOVA method for variations
analysis.

The mathematical model, written in coded systengs@nts
important information on variations:

-Hierarchy of influence factors is due by the ragien
coefficient by comparison of their modules.

-Type of variation for objective function (upwardr o
downward) with effect is given by the sign of reggion
coefficient.

At this information is added the correlation froANOVA
tables coefficients that give validity to the expental model.

Pareto chart showing the hierarchy of factors mflee the
statistical significance of model. Response surfat®ws
graphic (three dimensional) objective function ation with
two of influence factors. Pareto charts and respawsfaces
are auxiliary study methods that show the expertaigesults
in a more accessible form. Mathematical modelinddayorial
experiment was presented in [15]

This paper proposes a study on the laser welds omatiee low
alloy steel plates. Apply a complete factorial expental
design type2for two different experimental situations given by
the focal plane position relative to the workpieserface
(Defocusing) for welds made using laser irradiatid YAG
under continuous regime. In experiments were vatasbr
power and welding speed.

2. EXPERIMENTS

The experiment consisted in made lines of fusiomlde),
110mm long, on Dillimax 500 steel plates with thieks of 10

mm (carbon steel, carbon conten®.16 %), figure 1. Was
used a Nd: YAG Trumph Haas 3006D laser source Sk
maximum power on a continuous wave regime CW. Laser
beam was transmitted through a optical fiber witbrec
diameter of 0.6 mmThe focus system made a focdl \sfib

0.6 mm diameter. Lens focal length was 200 mm. As
protective gas argon was used with a flow rate @1 2 min.
Were used sheets of material with dimensions of
100x130%10mm for which were made between 5 and 8
welds, with a distance of over 10 mm between welds.
experiments was varied the laser power, weldingedpend
distance between focal plane and piece surfaceddsing or



defocusing depth) figure 2. Welds were cut in ttable part of
the weld near the place where welding process waspsd.
Weld section was processed metallographic. Weldhyidear
the piece surface, and weld depth were examinedguai
microscope with precision of 0.01 mm. Melted areasw
measured directly by its footprint. Parameters eghrin the
experiments are presentations in Figure 2. To fedtisn the
piece defocusing values are considered negative.

b)

Figure1l. Plate with welds a) Surface plate b) cross-i@est
through the plate
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Figure 2. Varied parameters

In the experiments were varied power and weldingedp To
statistically analyze the effects of parameters mexessary to
introduce a dimensionless parameter values. Transfions
between the two systems are based on real-codatibreships
following:

A=P-2[] M
B =-233+ 222 [ 2)

The experimental plan is presented in Table 1 wittual
values that coded for laser power and welding speed

Analysis procedure consisted of presenting theltesi the
mathematical model, ANOVA table showing the cortiela
coefficients associated with the mathematical mo&areto
chart showing the hierarchy of effects and respeustace is a
graphic representation of mathematical model. Fbe t
mathematical model were presented two forms for values
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laser power and welding speed and for coded systdoes.
The first allows rapid application of formulas atiet second
allows direct analysis of the values of regressiosfficients.
Based on these values were achieved Pareto charts.

Tablel. Varied parameters in the experiment

power speed defocusing

weld Al-] P[LW] | B[-] | v[m/min] &|mm]

1 -1 1 -1 04 0

2 +1 3 -1 0.6

3 -1 1 +1 15

4 +1 3 +1 15

5 -1 1 -1 05 -2

(] +1 3 -1 06

7 -1 1 +1 15

3 +1 3 +1 15

2 0 2 0 1 -1

10 0 2 0 1

On the weld cross section was measured near tfecewf the
weld the width wimm], at the center of the weld thepth h
[mm] and melted area MA [mfh These measurements are
shown in Figure 3.

Weld width
W [mm]

Melted area
MA [mm’]

Weld depth
h [mm]

Steel
piece

weld

Figure 3. Weld cross-section with the considered sizes
3. WELD WIDTH

For the weld width at defocusi@g=0 polynomial
mathematic model for is given by relations (3) (@)atistical
analysis of variation is given in Table 2.

w=0.5018+ 055P - 1221v
w = 2.8833+ 055A- 055B
Table 2 ANOVA table for weld width w atd =0

®3)
(4)

Effect Sumof |DF| Mean. | F-Ratio | P-val
Squares S4q.
A(power) 1.21 1 [1.21 |128.12 | 0.00
B{ speed) ([1.21 1 [1.21 |128.12 | 0.00
Total error | 0.028 3 |0.009
Total (corr.) | 2.448 5
R* =0.988 R*(adi ford.f.)=0.980

Pareto chart in Figure 4 shows that for focus ldsam at
workpiece surface the weld width decreases with goand
increases with welding speed.Effects mpdwer andwelding
speed are equal and opposite sign. Both effectstatistically
significant. The high effect of welding speed shothe
importance of interaction time between laser ramfiatand
material to obtain melt at the workpiece surfacée Thigh
intensity associated with laser beam focus at tloekpiece
surface results in the melt production of the wiekp surface
even small interaction time between laser radiatimd
material.



Response surface in Figure 5 shows the variatiaid width
on the experimental field. Maximum weld width istained at
maximum power and minimum welding speed.

Pareto Chart for
Weld widthw, 6 =0
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Figure4. Pareto Chart for weld width a =0
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Figure 5. Response surface for weld widthat= 0

From the technological point of view are recommehdalues
around the central point of the experimental fi€dcrease the
excess width is associated with reduced weld wefitid

For the weld width at defocusing = —2MmMM mathematic
model is given by polynomial equations (5) (6).Statal
analysis of variation is given in Table 3.

w=1.9806+ 1.3P — 1776v (5)
w=27166+13A-0.8B (6)
Table 3 ANOVA table for weld width w atd = —2mm
Effect Sum of | DF | Mean. | F-Ratio | P-val
Squares Sq.

A(power) 6.76 1 |6.76 33.338 0.00
B{ speed) 2.56 1 |2.56 |14.54 ]0.03
Total error | 0.528 3 |0176
Total (corr.) ] 9.848 5

R* =094 R¥(adj. ford £.) =091

Pareto chart in Figure 6 shows that for the focissde piece
weld width increases with power and decreases wilting
speed. Effect of power in this case is much highan the
welding speed. The effects of both parameters st@téstically
significant. It looks like that under lower intetysiof laser
beam on the piece surface of the power effect besomore
important.
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Response surface in Figure 7 shows that on theriexpetal
weld width increases with power.Variations with dia speed
are much smaller than for that to the laser beatusfmn the
workpiece surface.

Pareto Chart for
Weld width w, 0 = 2mm

A:Power | 6:2p

B:Speed H -331-
0 2 4 6 8
standardized effects

Figure 6. Pareto Chart for weld width ad = —2mm
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Figure 7. Response surface for weld widthdat —2mm
4, WELD DEPTH

For the weld depth at defocusingd =0 polynomial
mathematical model is given by equations (7) (&iStcal
analysis of variation is given in Table 4.

h=-1.694775+1.9675 - 0.7270% (7)
h=3+196A- 032B (8)
Table 4. ANOVA table for weld depthh @& =0
Effect Sum of |DF | Mean. | F-Ratio | P-val
Squares Sq.
A(power) 15.484 1 ]15.484]11564.94]0.00
B( speed) |0.429 1 10429 ]143.36 0.00
Total error |0.029 3 ]0.009
Total (corr.) | 15.942 3
R* =0.998 R*(adj ford f.)=0.996

Figure 8 shows the Pareto chart for the weld déptfocus of
laser beam at the workpiece surface. It is noted tte weld
depth greatly increase with power and decreasds waiding
speed. Both effects have shown statistically sigaift. Effect
of power is much greater than the welding speegtefft looks
like that the main role in determining the weld ttepf is for
laser beam intensity at the workpiece surface.



Response surface in Figure 9 shows that on theriexpetal
weld depth increases with power, without signiftcaariation
for welding speed. Getting a high depth of the dwéd
associated with obtaining Keyhole welding regime

Pareto Chart for
Weld depth h, 6 =0

A:Power 139.56

B:Speed
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Figure 8. Pareto Chart for weld depth & =0

hfmm]

S =N W RO,

Power P[k W] V[m/min]

Figure 9. Response surface for weld depthcae O

For weld depth at defocusingd =—-2mm polynomial
mathematical model is given by equations (9) (Bltistical
analysis of variation is given in Table 5.
h=-0833+ 187P -1.0656v 9)
h= 2538+ 187 A- 048B (10)

Table 5. ANOVA table for weld depth h @& = —2mm

Effect Sum of | DF | Mean. |F-Ratio | P-val
Squares Sq.

A(power} 13.987 |1 |13.987)28.88 |0.01

B( speed) 0.921 1 10.921 |1.90 0.26

Total error | 1.452 3 |04384

Total (corr.}] 16.362 |5

R?=0091 R*(adj ford. f) =085

Figure 10 shows the Pareto chart for the weld dépthtthe
laser beam focus within the piece. In this situatioe intensity
of laser beam to the workpiece surface decreases.

Laser power increases the weld depth and weldireedsp

decreases the weld depth. The main effect is thatower.
This is statistically significant. It is noted thtite difference
between the effects of welding speed and powerishnhower
compared to the case where laser beam focusingrisrmed
on the workpiece surface. It looks like that thdeef of
welding speed at low intensity of laser beam is Imstconger.
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Response surface in Figure 11 shows that on theriexgental
weld depth increases with power. There is a sn&lahse in
the weld depth with welding speed. This type ofiatéon

shows that if maintaining a high level of power cha

increased welding speed.

Pareto Chart for
Weld depth h, 5 = —2mm
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Figure 10. Pareto Chart for weld depth & = —2mm

hfmm]

5

4

3

2

1 15

0 ORI | RPP 0.1:'?':"?3

11415y’

26 3 gpeed

Power P[kW] V[m/min]

Figure 11. Response surface for weld deptld at—2mm

5. MELTED AREA AT THE WELD CROSS
SECTION

For melted area mathematic polynomial model at defimg
0 =0 is given by equations (11) (12). Statistical asyis
presented in Table 6.

MA = -5.4944+ 2.7P - 3774
MA = 3.8666+ 2.7 A-178B

Table 6. ANOVA table for melted area MA@ =0

11)
12)

Effect Sum of | DF | Mean. | f-Ratio | P-val
Squares Sq.
A{p ower) 25180 |1 |25.180)16.45 |0.03
B speed) 11.560 |1 |11.560|7.55 0.04
Total error |4.61 3 |1.53
Total (corr.) | 45.333 |5
R* =089 R*(adj ford f)=0.83

Figure 12 shows the Pareto chart for the melted are the
weld cross section for the laser beam focus to piede

surface It is noted that the melted area increasts power

and decreases welding speed. Power effect is titaliig

significant. It is noted that the contribution oéMing speed is
higher than for the weld depth.



Response surface in Figure 13 shows that the mamirfi
melted area on the experimental field is obtairteuigh power
and low welding speed. At low welding speed the @oeffect
has much greater contribution. From the technoldgoint of
view is recommended for high value power and mddera
values for welding speed.

Pareto Chart for
Melted area MA, 6 =0
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Figure 12. Pareto Chart for melted areadt= 0
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Figure13. Response surface for weld melted are@ at O

For melted area mathematic model polynomial
defocusingd = —=2mm is given by equations (13) (14).
Statistical analysis is presented in Table 7.

MA =1.8025+ 3025P - 4.16250/
MA = 348+ 3025A—- 1875B

Pareto diagram of Figure 14 presents the effecfsoafer and
welding speed on the molten area. It shows thairibéed area
increases with power and decreases with weldingdsp€&he
relative contribution of these two parameters esghme as for
the laser beam focus at the workpiece surfaceodkd that
defocusing produces small fluctuations in the nmline
sizes.

(13)
(14)

Table 7. ANOVA table for melted area MA a) = —2mm

Effect Sum of | DF | Mean. |f-Ratio | P-val
Squares Sq.
A{power) 36.602 |1 |36.602]6.51 0.08
B( speed) 14.062 |1 [14.062]2.50 0.21
Total error |16.863 3 |56
Total (corr.) | 67.528 |5
R*=0.75 R(adj ford.f) =058

Response surface in Figure 15 shows that maximunesare
obtained for the fused area at maximum power ardnmoim
welding speed. Melted area values are higher thanfor the

40

case where the laser beam was focus on the woekpigtace.

It looks like the laser beam focuses inside pigoelpces more

efficient the melt.

Pareto Chart for
Melted area MA, 6 = —2mm
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Figure 15. Response surface for weld melted adea —2mm

6. CONCLUSIONS

Weld cross section showing the main aspects ofwthieling
process. Its stated the following:

at - The amount of melt produced in the material iases with

power and decreases with welding speed.

- Laser power has the main effect on the charatiesiof the
weld.

- Focusing the laser beam inside piese increasewvéiding
speed.

- Weld depth depends almost exclusively by the poarel
intensity of laser beam to the workpiece surface.

- Melted area is less influenced by the defocusing.

To achieve laser beam welding is recommended thedtisw
have a depth close to the thickness of pieces lamdnielted
zone area is maximal. Association was observed degtvihe
weld width and the weld depth. Wide welds had ineddy high
depth. Welds for that power value was fixed onupper level
were in keyhole regime and those who value powes fiveed
on the lower level were in the conduction weldiregime.

Focusing the laser beam inside the piedex(—2mm) with
the maximum power (P 3 kW) produce welds in keyhole
welding regime with a reduced number of pores.
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