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ABSTRACT. An examination of the mi- 
crostructure, mechanical properties and 
corrosion resistance was conducted on 
laser-beam-welded low-carbon steel 
covered by immersion with anticorrosion 
coatings of AI and Zn. It was shown that 
during laser beam fusion welding of steel 
sheets with an AI coating, the AI layer 
was only removed for the width of the fu- 
sion zone, but in the case of welding the 
sheets with a Zn coating, the Zn outer 
layer was removed for the width of the fu- 
sion zone and heat-affected zone. To in- 
crease laser beam energy absorption, a 
layer of colloidal graphite was sprayed on 
the Zn coating. This was the cause of car- 
bon penetration into the liquid metal dur- 
ing the welding process and the forma- 
tion of a considerable amount of pearlite 
in the weld. Such joints with AI and Zn 
coatings that are laser welded have 
greater strength than the base material 
and feature good corrosion resistance. 

Introduction 

Thin steel sheets with anticorrosion 
Zn and AI coatings manufactured by im- 
mersion are widely used, especially in 
the automotive industry. The lack of an 
effective method of joining them without 
damaging their anticorrosion protection 
causes some difficulty in their applica- 
tion. Common welding technologies, 
where small energy densities are used, 
cause a wide discontinuity within the 
heat-affected zone and the loss of corro- 
sion resistance in that zone (Ref. 1 ). Thus, 
laser beam fusion welding, with its in- 
herently narrow fusion zone, is expected 
to minimize this difficulty. 
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With high laser beam power density, 
above 1 MW/cm -2 in the axis of the beam, 
material is evaporated and a gaseous pas- 
sage is formed in which the beam ionizes 
the metal vapors. The plasma that is 
formed absorbs almost all the incident 
laser beam energy and reradiates it to the 
material being welded. As a result, a deep 
and narrow weld is formed with a negligi- 
bly small heat-affected zone. The width- 
to-depth ratio of the weld obtained under 
these conditions ranges from 0.8 to 1.0 
(Refs. 2-5). 

Laser beam fusion welding did not re- 
quire scarfing the joints, but the applica- 
tion of washers and good fitup of the 
joined surfaces were necessary. The 
joints were quickly and precisely located 
along the programmed weld path (Refs. 
6-8). The whole process was done in 
inert gas, usually argon. This ensured 
good, metallurgically sound welds with 
strengths greater than those of the base 
material (Refs. 9-10). Similar results can 
be obtained by applying an electron 
beam for fusion welding. Such welding, 
however, demands special vacuum 
equipment. It also limits the size of 
welded assemblies. 
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Experimental Conditions 

Laser-beam-welded joints in 0.75-mm 
steel sheets with AI or Zn immersion 
coatings about 60 pm thick were the ob- 
ject of this work. Chemical composition 
of the tested steel sheets was determined 
with the use of an Analisator Spectromet- 
rical Plasma spectometer (ASP), and they 
are presented in Table 1. The Al-coated 
sheet was made of semi-rimmed steel, 
and the Zn-coated sheet of rimmed steel. 

Either pulsed mode or continuous 
wave lasers were considered appropriate 
for welding. Pulsed mode laser welding 
results in overlapping spot welds, which 
limits the welding velocity and can cause 
weld cracks. For this work, a cw CO 2 
laser was used. Its features are as follows: 
power, 1800 W; wave length, 10.6 pm; 
beam divergence, <1.1 mrad; mode, 
TEM 01; lens focal length, 150 mm and 
beam diameter on the material, 0.2 mm. 
The sheets were butt joint welded. The 
sheets were placed on copper washers to 
prevent the weld metal from being cont- 
aminated. Laser beam power density was 
107 Wlcm -2 and focused on the weld 
joint. A 2 or 3 mlmin -I welding velocity 
was used, depending upon the thickness 
of the material to be welded and the laser 
power. Argon was used as a cover gas 
with a flow rate of 6 L/min -1. To improve 
laser radiation absorption, the Zn-coated 
sheets were spray coated with a layer of 
coloidal graphite 0.3 mm thick. The thin 
layer of AI203 present on the AI coatings 
ensured satisfactory laser radiation ab- 
sorption. 

The following procedures were car- 
ried out: metallographic observations of 
the microstructure, measurements of the 
weld geometry, hardness of the fusion 
zone and heat-affected zone, AI, Zn and 
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Table 1--Chemical Composition of Tested Steel Sheets with AI and Zn Coatings 

Kind of Contents of Components (wt-%) 
Coating C Mn Si P S AI Ni 

AI 0.09 0.22 0.11 0 . 0 1 0  0 . 0 1 0  <0.022 <0.03 
Zn 0.095 0.28 0.01 0.011 0.015 0.023 0.03 

Table 2- -The Results of Welded Joints 
Microhardness Measurements 

Ti Hardness, HV~0 
Heat- 

< 0.01 Welded Sheets Fusion Affected Base 
< 0.01 with Coating Zone Zone Material 

AI 108 95 83 
Zn 221 154 102 

' i l  ~ ~ ~ ~ 21 

Fig. 1 - -  Ferrite structure in a cross-section o f  fusion zone and heat-affected Fig. 2 - -  Ferrite structure in the heat-affected zone f rom the weld inter- 
zone for sheet with an AI  coating, weld ing speed 3re~rain-l; 6.65X. face to the base material; 150)(. 

Fig. 3 - -  Thickened AI  layer (arrow) from the weld interface to heat-af- 
fected zone; 5X. 

Fig. 4 - -  Weld on a steel sheet with an AI  coating. Weld done at a 
process speed o f  2 re~rain-l; 7X. (Dark areas around the weld are 
mount ing  material.) 

Fe distribution in the weld, analysis of the 
mechanical properties, corrosion resis- 
tance of the welded joints and fracto- 
graphic examination of tensile test spec- 
imen fracture surfaces. 

Metallographic examination was car- 
ried out on transverse cross-sections of 
the weld. An Opton's Axiowert light mi- 
croscope was used to observe the struc- 
ture of the welded joints. 

Microhardness measurements were 
taken on metallographic microsections 
using a Hauser apparatus, and, applying 

the Vickers' method, with a load of 10 N. 
A Philips scanning microscope, model XL 
30 with an EDAX attachment for micro- 
analysis, was used to analyze the surface 
and determine the distribution of AI, Zn 
and Fe in the weld and heat-affected zone. 

Tensile tests were carried out on a 
1195 Instron testing machine with a 
loading range from 2 to 100 kN and a 
beam shaft rate of 2 mm/min -1. 

The Philips and Opton microscopes 
were used for fractographic analysis of 
sample fractures. 

Analysis of the corrosion resistance of 
these laser welded metal sheets with AI 
and Zn coatings was carried out accord- 
ing to ISO 9227 1990/E salt spray tests. 
Sodium chloride at 35°+2°C was used. 
The concentration was 50+5g/L with a 
pH of 6.5 or 7.2 for neutral salt sprayed 
10 cm from the sample. Tested samples 
were 1 mm thick, 50 x 80 mm. The sur- 
face roughness was Ra = 1.3 + 0.4 pm. 
Samples used for comparision were the 
same size and same material (metal 
sheet) but without coatings. Evaluation of 
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Fig. 5 - -  The structure of  fine-lamellar pearlite (dark grains) with dis- 
continuous ferrite. From a weld on a sheet with a Zn coating, covered 
with absorption layer of  col loidal graphite; 6X. 

Fig. 6 - -  Pearlite structure (dark places) in the weld and ferrite with 
pearlite in heat-affected zone; 500X. 
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Fig. 7 - -  EDAX spectrum of  a laser weld on 
a sheet with AI coating. 
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~Element K Ratio I Weight % 

I AIK 0.0038 1.240 
FeK 0.9962 9B.759 
Total 100.000 

I Atomic % 

2. 534 
97.466 

100.000 

the corrosion resistance after 24 and 96 
h of testing was on the basis of macro- 
scopic observation and microphoto- 
graphic documentation of the sample 
surface surrounding the weld. 

Results 

This work has shown the advantage of 
applying laser beam welding to thin steel 
sheets with AI and Zn anticorrosion coat- 
ings manufactured by immersion. Laser 
welding of sheets with an AI coating dis- 
play a coarse-grained ferrite structure 
with equiaxial grains changing the mor- 
phology of the column, directed toward 
the heat zone - -  Fig. 1. Solidification of 
the weld started from the fusion zone 
boundary with the formation of colum- 
nar grains having their axis in the same 
direction as the heat flow. Fading tem- 
perature gradient in the middle part of the 
weld caused the formation of ferrite with 

Fig. 8 - -  Fibrous fracture on the surface of  a tensile specimen. (Non- Fig. 9 - -  Smooth surface of  a pore (arrow) surrounded by weld fibrous 
metall ic inclusions pointed out with arrows.) fracture. Sample from a welded jo int  on a sheet with an AI coating. 
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equiaxial grains in this part of the welded 
joint. Columnar ferrite grains of variable 
size were formed in the narrow heat-af- 
fected zone - -  Fig. 2. In the case of laser 
beam fusion welding, the outer AI layer is 
removed only within the width of the fu- 
sion zone. Making the fusion zone wider 
(Fig. 3) causes some of the AI to evapo- 
rate. The remaining AI, most probably 
covered with the AI203 layer, melts and 
shifts in the direction of the heat-affected 
zone. Slowing down the welding rate 
from 3 to 2 m/min -1 caused a reduction 
in the weld penetration (Figs. 1, 4), due 
to more vaporization of the welded mate- 
rial. The welds on sheets with a Zn coat- 
ing display a fine lamellar pearlite with a 
discontinuous ferrite lattice on the col- 
umn grain boundary - -  Fig. 5. That mi- 
crostructure changes from the weld fusion 
zone centerline through the heat-affected 
zone to the base material, where it is a 
fine-grained ferrite structure with a de- 
creasing amount of pearlite-- Fig. 6. Due 
to the lower melting and evaporation tem- 
perature of Zn compared to AI, the Zn sur- 
face layer evaporates during the welding 
process. This occurred within the area of 
the fusion and heat-affected zones, corre- 
sponding to the sheet thickness. For the 
Zn-coated steel, the carbon also pene- 
trated into the weld. This leads to the for- 
mation of fine lamellar pearlite with fer- 
rite in the fusion zone and in the 
heat-affected zone - -  Figs. 5, 6. 

Analysis of the elemental distribution 
in the laser beam fusion welded sheets 
with AI coatings showed that AI pene- 
trated from the coating into the weld 
metal. The average concentration of AI at 
the weld centerline is about 1.2% weight 
- -  Fig. 7. However, no zinc was observed 
in the welds on sheets coated with a zinc 
layer. Changes in the microstructure and 
chemical composition of the coated and 
welded steel determined the difference 
in weld hardness for the fusion zone, 
heat-affected zone and base metal - -  
Table 2. Smaller changes occurred in the 
welds for sheets with an AI coating. 
These changes are the result of grain-size 
variation, ferrite morphology and the 
presence of AI in the weld. The hardness 
of welds with a fine lamellar pearlite and 
some ferrite found in the welds on Zn- 
coated sheets is about two times higher 
than that of the base material with a fine- 
grained ferrite structure. 

Welded joints did not show cracks 
and, with few exceptions, only a few very 
small pores were found. These pores 
were near the fusion zone centerline and 
seen on metallographic microsections. 
Pores were of ellipsoidal or disk form. All 
pores were perpendicular to the sheet 
surface direction. The ratio of the weld 
width to the sheet thickness equaled 1.1, 
regardless of the applied coating. 

FeL~ 
MnL~ 
HnL¢ 

ALKo¢ 

SiK~ 

1.00 2.00 

Element K Ratio 

C K 0.0008 
0 K 0.0130 
AIK 0.0171 
SiK 0.0036 
MnK 0.0033 
FeK 0.9623 
Total 

3.00 4.00 

Weight % 

0.325 
2.759 
4.955 
0.817 
0.319 

90.825 
100.000 

FeK~ 

Fig. 10 - -  EDAX spectrum from the fi- 
brous fracture zone o f  the weld sur- 
rounding the pore (arrow)presented in 
Fig. 9. 

S,O0 6.00 7,00 B.O0 9.00 

Atomic % 

1.325 
8.435 
8.983 
1.423 
0.284 

79.551 
100.000 

I 0 . 0 0  I 1 . 0 0  IZ.O0 13.0' 

Tensile tests on sam- 
ples 4.8 mm wide and 15 
mm long from laser- 
beam-welded joints 
placed perpendicular to 
the direction of tension 
showed failure occurred 
in the base material. 
Table 3 shows that 
welded joints of Zn- 
coated sheets have a 
slightly higher strength 
and yield point at com- 
parable elongation val- 
ues. This is explained by 
the very fine-grained fer- 
rite structure of these 
sheets. Fracture surfaces 
of the samples showed fi- 
brous fracture caused by 
shearing, which demon- 
strates good ductility. 
The "craters" in Fig. 8 
come probably from 
nonmetallic inclusions. 
In one case cracking oc- 
curred in the weld of an 
Al-coated weld at the lo- 
cation of a pore. At this 
location, the pore sur- 
face is smooth with skip 
distances - -  Fig. 9. The 
pore edge features the 
higher AI and O concen- 
tration. With the use of 
EDAX technique (Fig. 
10), weight concentra- 

Fig. 11 - -  Distribution of AI (A) and 0 (B) in the fibrous zone of 
the weld for the region surrounding the pore shown in Fig. 9. 
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Fig. 12 --Microphotography of a laser welded joint surface for AI 
(A) and Zn (B) coating after 96-h corrosion resistance test. 

Table 3--Mechanical Properties of Laser-Beam-Welded Joints for Sheets 0.75 mm Thick with 
AI and Zn Anticorrosion Coatings 

Kind of Y.P. Y.P. T.S. T.S.__:. A A 
Coating No. MPa MPa MPa MPa % % Remarks 

1 207 347 11.5 
2 204 340 11.0 

AI 3 206 206 352 346 10.8 10 
4 210 345 11.2 Crack of 
5 201 342 6.2 weld 

6 235 362 10.9 
7 227 356 11.5 

Zn 8 243 228 367 361 9.8 
9 215 372 10.2 

10 219 348 11.7 

10.8 

Y.R--Yield point. 
Y.P.--Average value of Y.S. 
T.S.--Tensile strength. 
T.S.--Average value of T.S. 
A- -  Elongation. 
A--Average value of A. 

tion of these elements are, respectively 
4.95 and 2.76%. The qualitative distrib- 
ution of these elements in the pore area 
(Fig. 11 ) indicates the possibility of its for- 
mation with the participation of a disso- 
ciated AI20 3 layer from the AI coating. 

Corrosion resistance tests carried out 
in the neutral salt spray of laser welds with 
AI coatings showed that after 96 h of test- 
ing (Fig. 12), the presence of slight corro- 
sion changes occurred within the fusion 
zone. Laser welds on sheets with a Zn 
coating showed that no corrosion 
changes occurred after the same time and 
under the same conditions. This shows 
good protection by the Zn even within the 
fusion zone and heat-affected zone. 

Conclusions 

The work presented here shows the 
advantages of laser beam weld ing for 

joining steel sheets coated with AI and Zn 
by the immersion process. 

Laser beam weld ing causes the re- 
moval of the protective AI coating only 
wi th in the width of the fusion zone. In the 
case of welding sheets with a Zn coating, 
the protective Zn coating is removed 
within the width of the fusion zone and 
heat-affected zone. 

Welds with AI coating feature good 
width-to-depth ratios and narrow heat- 
affected zones. These are essentially full- 
penetration welds. 

Fusion welding of sheets with AI coat- 
ings shows that AI and probably dissoci- 
ated AI20 3 penetrate into the weld and 

cause increased hardness and fine pores. 
Spraying a colloidal graphite absorp- 

tion layer on the Zn coating increases the 
laser beam absorbed energy, which in 
turn leads to a larger heat-affected zone 
with simultaneous carbon penetration 

into the final weld metal. This is why 
there is a considerable amount of fine- 
lamellar pearlite in the weld causing an 
increase in hardness. 

Laser-beam-welded joints of sheets 
with AI coatings showed after 96-h testing 
in the natural salt spray neglible corrosion 
w i th in  the joint. Laser-beam-welded 
joints of sheets with Zn coatings did not 
show, during the tests carried out under 
the same conditions, any corrosion. 

The weld and heat-affected zone of 
laser-beam-welded joints on steel sheets 
with AI and Zn coatings displayed better 
mechanical properties than the base ma- 
terial - -  Table 3. 
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