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ABSTRACT:.For keyhole welding regime there is atjgatar of the weld cross-section shape aspecingbyethe heat affected zone
area. It analyzes the laser welds made with Nd:Ya€&r on low alloy steel plates using irradiatiancontinuously regime. The
power, welding speed and defocusing are variedefixgnts were conducted after the full factorigberkmental design?2 This
showed the effect of laser power for setting kegheélding regime
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1. INTRODUCTION

Laser welding has two distinct regimes of conductieelding
and keyhole welding regime which differ in the weld
penetration and weld cross section shape.
phenomenon causes separation between the situatibee
laser welding is performed. This defines two regmef
welding: conduction welding and keyhole welding ireg.
Investigation and study of laser welding process tha main
directions. These are investigations of the welgiracess (on-
line) and investigations of made welds (off-link) this second
category were classified experimental investigaioarried out
in the paper.

Studies during the welding process refers to tiwestigation
of the weld pool surface and oscillations that ociu this

using, X-ray images, fast shooting, spectral anmslyd the

radiation emitted from laser- material interactmmme, analysis
of the radiation emitted from welding bath usingmdiodes
with an absorption in the UV and IR, analysis olursds

emitted during welding and the variation of radiatintensity
reflected the weld surface by a control source teelaser or
laser diode) using a photo detector. These stwdiago study
the weld pool and keyhole as main problems andttessudy
the parameters that control the welding process.

Weld analysis studies weld cross section shaped ekt
affected zone size, presence of porosity in thedwehd
metallographic appearance of the weld and stretegts on
welded joints. Other aspects of are related tovtbkl surface
through its roughness and solid waves (waves osuhface of
the weld).

Investigation of welds and welding process is aquamed by
modeling to knowledge and predict the welding psscés
proposed a separation between analytical modebnghft is
important phenomenological component and experiatent
modeling that ignores phenomenological aspect. d@Jsin
numerical modeling and numerical methods are censi as
an additional instrument for analytical modeling.heT
difference between the analytical models is duepimposed
simplifying assumptions. It proposes a gradual apgh them.
This is considered a heat source to the materialase
identified by the laser beam, and then considersimgoheat
source feature of laser machining processes. Meldyztion
occurs in a specific form which requires the disttion of heat
flux density initially considered. It comes to coemwp models

that consider a conical, cylindrical or hemispharikeyhole
[1] [2] [3] [4]. Experimental modeling make a lifdetween the
parameters controlling the welding process (caffators of
influence) and sizes measured or calculated (callgdctive

Keyholefunction). This connection is due by correlatiomdtions

(equations) called mathematical or empirical madels
Experimental modeling used factorial experimentdanp
which vary several factors simultaneously. Relatedthis
question is the choice of type of mathematical fdem
(polynomial, logarithmic) that describes the typfevariation
and the creation of a statistical study of variatith notes using
quadratic formula (second-degree polynomials) aed the
method of variation analysis ANOVA.

Conduction welding regime. This regime is called conduction
limited welding. The solid-liquid interface heatamsfer
mechanism is exclusively by conduction. Heat isdemted
directly from the heat source that occurs due laadration
from the workpiece surface within the material. Goction
welding regime is characterized by irradiation wight to
produce piece surface melting and vaporizationnotitenough
to produce vaporization in the depth of materialor F
conduction welding regime values of F ratio betwdenweld
width and weld depth are higher thanF121. As an
indicative value for the weld depth in conducti@gime is 1.5
mm [5]. Defects that are obtained in conduction divej
regime are cracks on the weld surface.

Keyhole welding regime. This welding regime involves the
keyhole phenomenon in weld pool which involves tiadues
of laser beam intensities that exceed thresholddeweto
produce a vapor front propagation in the mateHalat transfer
mechanism at solid-liquid interface involves botinduction
and convection due to the melt movement in the welal. In
weld cross section there is a welding defects géobles, the
presence of this pore led to the designation oh&&yregime
(“key hole”). F ratio between weld width and weld depés fa
smaller value than 1F- <1 . Defects in welds are obtained for
the keyhole welding regime are gas porosity dudigsolution
into the melt a gas bubbles and vacuum large aréhs.
presence of the Keyhole and vapor within the maleriade
pushing melting front (solid-liquid interface) idsi the
material. This provides increased weld penetratieor. welds
made in experiments the two welding regimes arevahin
Figure 1 by the weld cross section.
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Figure 1. Image of weld cross-section of the weld a) weld in
the conduction regime b)weld in keyhole regime

Getting the melt within the material is given by tlaser beam
intensity on workpiece surface and the interactitime

between laser radiation and material. Range ofegfar these
parameters for our experiments is: the laser

intensity 054x10° - 1061x10° W/cn? and interaction time
24-480 ms. Varied parameters laser beam power, imgeld
speed and defocus have the following effects oarlhdgam

intensity and interaction time:

- Power. Laser beam intensity increases with poidre
amount of melt increases with laser beam intengttpm a
certain value, intensity too high not favors matkermelting,
favors its vaporization.

-Welding speed. Increasing welding speed decredbkes
interaction time between laser radiation and malteAs the
interaction time is less, the melted zone dimersi@re
smaller.

- Defocus. Defocus, by lowering the focal planeidaspiece
produce a decrease in intensity at the workpiectaca by
increasing laser beam spot on the workpiece surfes will

increase the interaction time between laser andenmat
Focusing within the piece associated with the preseof
keyhole in welding bath will spread the radiatiomoi keyhole
and increase coupling of laser radiation and meteefocus
can have such different effects on the materialtingel You

can not preset a clear trend of increase or dexrs@smelted
area with defocus. From this point of view is neeaeg to
analyze the effects of defocus on the geometricacheristics
of the weld.

Studies for laser welding of various metals purknewledge
and optimizing the welding process and also to skimuctural
changes that occur in the metal after laser beaadiation.
Thus laser welding of steels is presented in [8],[8] Laser
welding of aluminum alloys has been presented @& works
[9], [10]. Welding of titanium alloys were presedtén [11]
Laser welding of nickel alloys are presented in][a@d [13].
Study of laser welding process for nickel alloyss Haeen
presented in [14], [15].

The paper proposes the identification and use ahtiies that
can characterize welds under keyhole welding reglimeoks
like those in characterizing keyhole regime occusiges
associated with both weld cross section and weldase.
Experimental factorial desigrf 2sed presents for higher levels
of power keyhole welding regime and for the lowawpr
level presents the conduction welding regime. Il discuss
variation of the response functions relative tdedparameters
power and welding speed.

2. EXPERIMENTS

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

(carbon steel, carbon contenf).16 %). Was used a Nd: YAG

5

beam

Trumph Haas 3006D laser source with 3kW maximumvero
on a continuous wave regime CW. Laser beam wasrtrigted
through a optical fiber with core diameter of Grn. The
focus system made a focal spot with 0.6 mm diametems
focal length was 200 mm. As protective gas argos wsed
with a flow rate of 20 I/min. Parameters varied fine
experiments are presented in Figure 2.

In experiments was varied the laser power, weldinged and
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 footprintDefocusing values are
considered negative if the laser beam focus irtsidgiece
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Figure 2. Scheme of keyhole welding pool with varied
parameters in welding process

In the experiments were varied power and weldingedp To
statistically analyze the effects of parameters mexessary to
introduce a dimensionless parameter values. Tremstons
between the two systems of parameters values (actalues
and coded values) are based by following relakignss

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

The experimental plan is presented in Table 1 witfual
values that coded for power and cutting speed.

Table 1. Varied parameters values in experiment

power speed
weld Al-] PEW] | B[] | v[m/min]
1 -1 1 -1 0.6
2 +1 3 -1 0.6
3 -1 1 +1 15
4 +1 3 +1 15
S 0 2 0 1
6 0 2 0 1

Analysis procedure consisted of presenting theltesd the
mathematical model, ANOVA table showing the cotiela
coefficients associated with the mathematical moéhareto
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
laser power and welding speed and for coded systues.
The first allows rapid application of formulas atiet second
allows direct analysis of the values of regresgsioafficients.
Based on these values were achieved Pareto chguieF3
shows the analysis weld scheme and analyzed shats t
characterizing the weld.



In figure 4 is presented Pareto chart to weld widththe laser
beam focus to the workpiece surface. It is noted theweld
width with increases with power and decreases wigfding
speed. Effect of welding speed is close to thgtafer and is
height than this. The two parameters effects weo¢ n
statistically significant. Weld width was measuisghsidering
the entire weld. It shows that in this case thedweidth
presents dynamic phenomena occurring in the welgiog.
Melt movement produces increased role of weldingegpand

produces oscillations between power and weldingdes the
Heat affected zone first effect
area S[mm?] ’
Steel workpiece

Figure 3. Scheme of weld with measured sizes

Weld width
L [mm]

Weld width
W [mm]

Weld depth
h [mm]

Weld cross-section

The paper analyzed variations the following sizestd width,
shape ratio of weld cross section and the heatiaffl zone
area on the weld cross section.

Weld width L [mm] was obtained as a result of three
measurements on the weld surface at the beginmiiugile and
end of the welding process.The weld width charaster in
general the weld and it is independent of the arehis cross
section in weld was performed.

2.6 3
Speed
F ratio (w/h) is the ratio beetwen weld width aneldvdepth on Power P[kW] vim/min]

the weld cross section.This ratiois associated wighwelding
regime characterization.Values of F ratio belavityushows

keyhole welding regime. Response surface in Figure 5 shows that the expatahweld

Figure 5. Response surface for weld widthat= 0

A heat affected zone area S[fjnvas measured on the weld wi_dth increases with power and decreases with wgldpeed.

cross section. It is given by the isothermal lineof It_ is recommended the high values for weld width bot the

transformation metal structure which is well belthe melting ~ highest.

temperature. Area heat affected zone containingematone  The mathematical model for weld width at defocusing

?hr:g.tﬁeegiea;r?)?tri((j)lgﬁazgﬁg be measured withegrmaturacy 0 = —2mm is given by equations (5) and (6). The correlation
: coefficients for the mathematical model associatéth the

3. WELD WIDTH mathematical and statistical method of ANOVA anialysf

variances are given by equations (7) and (8).
The mathematical model for weld width at defocugdng O is J yed % ®

given by relations (3) and (4). Statistical analyisy ANOVA L =2.0966+ 0875A - 05458 (5)
method is given in Table 2. L =1.61645+ 0875A—-1.2099(%« (6)
L =2.08866+ 029A- 0375B 3) R? = 086 (7)
L =0.63285+ 029P - 0.832%/ 4) R? (adj.for d.f) =077 (8)
Table 2. ANOVA table for weld width L atd = 0 Figure 6 presents the Pareto chart for the weldhnichere the
Effect Sum of |DF |Mean.|f-Ratio | P-val laser beam was focused within the piece. It shthas the
Squares Sq. weld width increases with power and decreases wiélding
A(power) |0.336 1 [0.336 |1.80 ]0.27 speed. The first effect is that of power. This fatistically
B( speed) |0.562 1 10562 |3.01 |0.18 significant. It shows that in this case the weldmmpcess is
Total error | 0.561 3 10187 more stable than when the laser beam focus at tkpiece
Total (corr.) | 1.460 3 surface. Even if the influence of welding speetigh the first
R?=061 R*(adj.ford.f) = 0.35 effect is that of power.
Pareto Chart for Pareto Chart for
Weld width L, 5=0 Weld width L & = —2mm
B:Speed | R S A:Power 1 72
A:Power - - 1%34- A B:Speed 4 2324
0 1 2 3 4 0 1 2 3 4
standardized effects standardized effects
Figure 4. Pareto Chart for weld width ad =0 Figure 6. Pareto Chart for weld width a = —2mm



Response surface from figure 7 shows that the am th Response surface in Figure 9 shows that on theriexgpetal
experimental weld width increases with power. Viaoiaof the field is a decrease in ratio F. Minimum values ofafio are
weld width with welding speed is reduced. Maximuaiues obtained at maximum power and minimum welding speed
for the weld width is obtained at maximum power and
minimum welding speed. It is noted that for theu®dnside
piece weld width is higher than for the focustie tvorkpiece
surface. This is explained by increasing the ldssam spot
size at the workpiece surface for the laser befanus within
the piece.

Figure 9. Response surface for Ratio Fat= 0

To obtain the welding procedure Keyhole F ratioueal need
to be below unit 1. Minimum values of F ratio wagsociated
with the presence of many pores in the weld. Thiknown as
a strong Keyhole welding regime. Maximum values afior
show conduction welding regime for which there @& of the
weld in material. There is only melting the mateaisurface.

v[m/min]

Figure 7. Response surface for weld width@t —2mm

4. RATIOF The mathematical model for the ratio F at defoaysin

The mathematical model for the ratio F at defoayish= 0 is 0 =-2mm is given by equations (11) and (12). Study the
given by equations (9) and (10). Study of variation the variations by ANOVA method is presented in Table 4.

ANOVA method is presented in Table 3. F = 171-1.0925A - 0.24258 (11)
F = 1535- 1025A+ 0375B (9) F = 446-1.0925° - 0.5383% (12)
F =4.45875- 1025P + 0.832% (10) Figure 10 shows the Pareto chart for the ratio Rhenlaser

beam focus within the piece. F ratio decreases pater and
decreases with welding speed. The main effect lysloof
power. Note that in this case increases the rolpasier in
comparison with the situation which focuses theeddseam

Figure 8 shows the Pareto chart for the ratio fot¢os the laser
beam to the workpiece surface. It shows that fat@ecreases
with power and increases with welding speed.

Table 3. ANOVA table for Ratio F atd =0 was made at the workpiece surface.
Effect Sum of | DF | Mean. | f-Ratio | P-val Pareto Chart for
Squares Sq. Ratio F, 6 = —2nun

4.202 |8.81 |0.05 e
B( speed) |0.562 0.562 [1.18 | 0.35

Total error |1.431 0.477 :
Total (corr.) | 6.196 |5 A:Power | -:3:08

R*=0.768 R*(adj ford.f)=0614

A(power) 4.202

=] =

. ] ] B:Speed :| 2B8 N :
As the decreasing ratio F takes place transitiam : : : :
conduction welding regime to keyhole welding regime A A
Welding speed has a relatively height contributiam PR Sl S b

comparison with that of power. Presented effects aot o 1 2 3 4
statistically significant. This is due to the irsitiy of the standardized effects
welding process. Figure 10. Pareto Chart for Ratio F @ = —2mm
Pareto Chart for Table 4. ANOVA table for Ratio F (W/h )3.6 = -=2mm
RatioF, o=0 Effect Sumof | DF |Mean. | f-Ratio | P-val
R R R A Squares $q.
S S B Alpower) |4.774 1 |4.774 | 947 0.5
A:-Power | . 2.97 B( speed) |0.235 1 ]0.235 | 047 |0.55
i : Total error | 1.512 3 |0.504
: : : Total (corr) | 6.521 3
B:Speed || A - R P g > -
A R =076 R*(adi ford. f)= 0.61
..... ..... ..... Effect of power is close to statistical significencLow
o 1 2 3 4 intensity of laser beam to the workpiece surfacapces that
standardized effects in this case the setting of ratio F the weldingimegto depend
Figure 8. Pareto Chart for ratio F a = 0 only by power. The negative sign associated witlecefof



welding speed indicates in a certain measure ttecreg of
time of interaction between laser radiation andemial favors
melting front propagation material.

vim/min]
Figure 11. Response surface for Ratio F@t= —2mm

Response surface in Figure 11 shows that on theriexental
F ratio values decrease with power. Minimum valfezsratio

F are obtained at maximum power.Note that minimwatues
can be obtained for the ratio F are higher thasd¢habtained
with laser beam focus at the workpiece surface.

5. HEAT AFFECTED ZONE AREA ON THE
WELD CROSS SECTION

The mathematical model for heat affected zone areaweld
cross section at defocusing is given by equati@83 énd (14).
ANOVA statistical analysis method is presented atl€ 5.

S =925+ 6875A- 38758 (13)
S =-1352875+ 6875P —8.6025v E=m¢ (14)

Table 5. ANOVA table for HAZ area S ad) = 0

Effect Sum of | DF |Mean. |f-Ratio|P-val
Squares Sq.
A(power) 180.062 |1 |189.062]11.63 |0.04
B( speed) 60.062 |1 ]60.062 |]3.70 0.15
Total error | 48.750 3 [16.25
Total (corr.) | 297.875 | 5
R* =083 R¥(adj ford ) =072
Pareto Chatrt for Heat
affected zone area S, o =10
rrrrn LA rTrrr Trrnnn T
A:Power | .31
B:Speed f--tQiE-----

0 1 2 3 4
standardized effects

Figure 12. Pareto Chart for HAZ area & = 0

Figure 12 shows the Pareto chart for the heat t&ffierone area
to focus the laser beam to the workpiece surfaces hoted

that the area of heat affected zone increases pather and

decreases with welding speed. The main effect espibwer

that is statistically significant.

Response surface in Figure 13 shows that on tHd 6é
experimental heat affected zone area increases pather.

Decrease the heat affected zone area is strongpw atelding
speeds.

S[mm’]

22

18
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Figure 13. Response surface for HAZ areaét= 0

The mathematical model for heat affected zone aredhe
weld cross section at defocusing = —2mm is given by
equations (15) and (16). ANOVA statistical analysisthod is
presented in Table 6.
S=94166+ 8125A—- 3875B
S=219535+ 8125P - 8.602%/

Table 6. ANOVA table for HAZ area S ad = —2mm

(15)
(16)

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

A(power) | 264.062 |1 264.062 | 20.27 0.02

B(speed) | 60.062 1 60.062 |4.61 0.12

Total 39.083 13.027

error

Total 363.208 |5

{corr.)

R* =089 R¥(adi ford f) =082

Figure 14 presents Pareto chart for the heat afferbne area
where the laser beam focused within the pieces ttoited that
the area of heat affected zone increases with poavet

decreases with welding speed. Power effect is stitally

significant. Compared with case where the lasembeas

focused on the workpiece surface effect speed dsede

Pareto Chart for Heat
affected zone area S, 6 = -2

A:Power H 4, 50
B:Speed|] it
0 1 2 3 4 5
standardized effects

Figure 14. Pareto Chart for HAZ area & = —2mm

Response surface in Figure 15 show that the hésdted zone
area values increase with power. Variation shownldse to
where the laser beam focusing is achieved at thekpiece
surface. Area heat affected zone is a magnitude m@nsitive
to changes in power and welding speed values themtelted
area. From analysis of the two situations is olegrhat the
effect of defocus on the heat affected zone arezdisced.
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Figure 15. Response surface for HAZ are@at —2mm 7
6. CONCLUSIONS
The paper also analyzes the effect of defocus enadding
process. We analyzed the variation of the threesdiaat show
the effect of radiation on the material. Weld widthowes g
material melting at the workpiece surface. Hea¢@éd zone
area shows the effect of melting and heat transomss
material. The ratio F shows obtained welding regime, g

conduction regime or keyhole regime.

Correlated analysis of the three sizes can leadth®
establishment of welding regime and estimate theusntn of
melt produced. They stated the following:

- Establish the welding regime depends on laserepow

- The amount of melt produced increases with poeved
decreases with welding speed.

- To focus the laser beam inside piese to incre¢hselaser
beam power effect the sizes analyzed.

The main results showed the experimental reseasletted to
use of a laser beam focus within the piece. In #itisation
welding process becomes more stable. Stability amifasts
itself by maintaining a constant weld size alohgveld and by
reducing the number of pores in the weld.
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