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Slag and oxide inclusions are often observed in the al-
loy and more frequently in the welded structure. The
influence of inclusions on mechanical properties, which
is similar to that of porosity, is detrimental to perfor-
mance. It was reported that oxide inclusions tend to
affect fracture toughness and fatigue properties of the
welds [1–3]. The presence of oxide inclusions often ac-
counts for poor weld quality of repaired turbine blades
in power plants [4]. Hence, the reduction of inclusions
in metal is crucial for improved mechanical properties.

For deep-penetration laser welding, the power den-
sity is typically between 0.5 × 106 to 5 × 107 W/cm2

[5]. With a keyhole being created, the temperature in
the keyhole can be greater than the vaporization tem-
perature of the elements in the material [6] and the weld
pool temperature can be raised to about 2500 ◦C [7]. It is
noted that there is a great difference in absorption coef-
ficients between oxide and metal during laser welding.
As a result, oxide inclusions are preferentially heated
and vaporized out of the melt zone. The reduction of
oxide inclusions in metals via laser welding, known as
the fusion zone purification [8], can be useful in engi-
neering applications.

The purpose of this study was to investigate the effec-
tiveness of fusion zone purification with repeated laser
welding. AISI 410 stainless steel (SS) sheet together
with oxide and metal powders (SiO2, ZrO2, and 410
SS) were used to manufacture a small region of metal-
oxide composite within the test coupons. Microstruc-
tural observations and mechanical tests were conducted
on welded specimens to characterize the extent of ex-
cluding oxides from the metal component after laser
welding.

AISI 410 SS sheet of 3.4 mm thickness was used as
the base material to manufacture a region containing
SiO2 and ZrO2 particles within the test coupons. The
oxide powder was mixed with the 410 SS powder to
form the composite powder containing about 10 wt%
of a given type of oxide. The nominal chemical compo-
sition of 410 SS powder in weight percent was 0.15C,
12.50Cr, 0.11Ni, 0.02Mo, 0.14Mn, 0.51Si, 0.02S, and
balance Fe. A small amount of binder was also added
in the composite powder prior to fill in the V-groove on
the test coupon as shown in Fig. 1.The 410 SS powder
was then sprayed on top of the V-groove via a coaxial
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Figure 1 Schematic diagram showing the V-groove in the 410 SS test
coupon for manufacturing the metal-oxide composite region. Note that
a second V-groove (dashed line) was introduced after filling out the first
V-groove with consolidated metal-oxide composite.

powder feed nozzle. By proper adjustment of process-
ing parameters (3.0 kW laser power, 600 mm/min travel
speed, 30 g/min powder flow rate, and a stand-off dis-
tance of 25 mm), the sprayed 410 SS powder mixed
with the composite powder in the V-groove to form
fairly good joints. This method helped to reduce spat-
tering of oxide particles in the process and kept them
in the specimen. After spraying on one-side of the test
coupon, a symmetrical groove was then made on the
reverse side, repeating the steps just discussed.

Laser “keyhole” welding was performed on the
oxide-impregnated region of test coupons using a
Rofin-Sinar 850 5 kW CO2 laser. All specimens were
processed with 3.2 kW laser power and a travel speed
of 600 mm/min. Two full-penetration welding passes
along the centerline of V-grooves, one on each face,
were executed on specimens to facilitate mechanical
testing within the weld metal. The resulting weld metal
had a fairly uniform width of approximately 3 mm.
Furthermore, laser-welded specimens with four passes,
i.e. two passes on each face, were also conducted.
All welded specimens were subsequently tempered at
650 ◦C for 2 hr; such welded and tempered specimens
were designated as WT-2 and WT-4 specimens for weld
passes of 2 and 4, respectively. Besides, SiO2 and ZrO2
are added after the number to indicate the type of ox-
ides in specimens, e.g. WT-2-SiO2 and WT-2- ZrO2
specimens.

Impact and fatigue crack growth tests were con-
ducted on laser-welded specimens at room temper-
ature. The subsize impact specimen (2.5 mm thick)
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Figure 2 SEM photographs showing the metal (410 SS) and (a) SiO2

and (b) ZrO2 composite regions prior to purification experiments.

was employed in the Charpy test and the impact re-
sult was the average of three specimens. The fa-
tigue crack growth tests were performed on compact-
tension (CT) specimens with the crack growth di-
rection along the centerline of the welds. The con-
figuration of CT specimens was the same as in a
previous study [9] and the experimental procedures
met the ASTM E647-91 standard [10]. Additionally,
fractographic examinations of impact-fractured speci-
mens were examined by scanning electron microscopy
(SEM).

Fig. 2 shows the resultant microstructures of the ar-
tificial region of metal-oxide composite prior to laser
welding. It reveals a substantial number of oxide par-
ticles remaining in the matrix of 410 SS; however, the
bonding between them is poor. The size of oxide par-
ticles is about 2–5 µm in diameter, and the volume
fraction of SiO2 and ZrO2 is approximately 11 and 6%,
respectively. Such test coupons that contained a metal-
oxide composite region were the bases for subsequent
works.

Fig. 3 demonstrates that oxide inclusions in WT-4-
SiO2 specimens can be excluded significantly from the
weld metal by laser welding. It consists of tempered
martensite with no discernible oxide particles, resem-
bling the laser-welded 410 SS (no oxide inclusions)
after the same temper treatment. Similar observations
were also found in WT-4-ZrO2 specimens. Neverthe-
less, the complete exclusion of oxide inclusions from
the weld metal by laser welding remains very diffi-
cult. It should be noted that small oxide particles were
hard to distinguish from SEM metallographs, however,
they could be found easily within dimples of impact-
fractured specimens.

TABLE I Impact values of various laser-welded specimens

WT-2-SiO2 WT-2-ZrO2 WT-4-SiO2 WT-4-ZrO2

8.6 J 8.8 J 11.5 J 11.6 J

Figure 3 SEM photograph showing the microstructure of the weld metal
in the WT-4-SiO2 specimen.

Table I lists the impact results of WT-2- and WT-
4-(SiO2 and ZrO2) specimens. The impact energy of
laser-welded specimens was in the neighborhood of 9
J for WT-2 specimens and 12 J for WT-4 specimens.
The increase in impact energy of specimens with more
weld passes could be attributed to the removal of more
oxide inclusions and the reduction of particle size in
the matrix; the impact toughness of WT-4-(SiO2 and
ZrO2) specimens was only slightly less than that of the
410 SS weld metal (∼12.7 J) after tempering.

The size and distribution of oxide particles on the
fracture surface of the weld metal after impact testing
could be used to examine the effectiveness of fusion
zone purification. Fig. 4 exhibits the impact-fractured
surfaces of WT-2- and WT-4-(SiO2 and ZrO2) speci-
mens. Clearly, the latter contained less oxide particles
than the former, showing that more weld passes better
purify the fusion zone during laser welding. The size
of dimples seemed to depend on the particle size of
oxides as well. The oxide inclusions were smaller and
more dispersed in WT-4 specimens than those in WT-2
specimens.

Fatigue crack growth tests were performed only on
WT-4 specimens due to the fact that oxide inclusions in
these specimens were greatly removed. Fig. 5 presents
the fatigue crack growth rate, da/dN , versus the stress
intensity factor range (�K) curves for WT-4 speci-
mens, in which the da/dN vs �K of the 410 SS weld
metal is also presented. The fracture surface appear-
ance, as well as fatigue crack growth rate characteris-
tics, of WT-4-(SiO2 and ZrO2) specimens were similar
to those of the 410 SS weld metal, indicating the effec-
tiveness of oxide inclusions removal by multi-run laser
welding.

In summary, a significant effect of fusion zone purifi-
cation after laser “keyhole” welding was demonstrated.
Oxide inclusions such as SiO2 and ZrO2 in the 410 SS
matrix could be reduced considerably by repeated laser
welding. The impact energy of WT-2- and WT-4-(SiO2
and ZrO2) specimens was about 9 and 12 J, respectively.
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Figure 4 Impact-fractured surfaces of (a) WT-2-SiO2, (b) WT-4-SiO2, (c) WT-2-ZrO2, and (d) WT-4-ZrO2 specimens.

Figure 5 The da/dN versus �K curves for WT-4-SiO2 and WT-4-ZrO
specimens.

The increase in impact energy of laser-welded speci-
mens with more weld passes was attributed to the re-
moval of more oxide inclusions and the reduction of
particle size in the matrix. The fatigue crack growth
rate characteristics of oxide-containing specimens were
similar to those of the 410 SS weld metal after exclud-
ing oxide inclusions to a certain extent by multi-run
laser welding.
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