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Effects of oxygen contamination in the argon

shielding gas in laser welding of commercially

pure titanium thin sheet
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This work studied the effects of oxygen contamination in the argon shielding gases on weld
microstructures and properties during laser welding of commercially pure titanium thin
sheets. The experimental results, mainly analyzed by optical and scanning electron
microscopy and mechanical testing, have indicated correlations between weld surface
colour, weld microstructure and mechanical properties (strength, ductility, hardness). As
the oxygen content increased, the weld surface colour changed from silver, straw to blue
while the surface hardness continued to increase. On the other hand, with the increasing of
oxygen content, the weld strength increased first and then decreased because the
microstructure changed from mainly serrated alpha in welds made with pure argon
shielding gas to mainly acicular and platelet alpha. Practical guidelines are also discussed,
based on the study, to deal with shielding deficiencies in laser welding of titanium.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Joining of titanium (Ti), either commercially pure or
alloyed, is often required in aerospace and chemical
industries, and especially in the medical field. Ti is pre-
ferred for manufacturing of surgical implants and pros-
thetic devices because it provides excellent combina-
tions of corrosion resistance, mechanical properties and
biocompatibility [1–3]. A number of processes, such
as gas tungsten arc welding, laser welding, and braz-
ing [4, 5], have been used successfully to join Ti. But
titanium is extremely reactive, especially in the molten
state, and the strength and hardness of Ti welds are
increased while the ductility is reduced through pick-
ing up interstitial elements, such as oxygen, nitrogen,
and hydrogen, if shielding is inadequate during welding
[6–8].

A number of investigations have evaluated the effects
of air contaminations (e.g., oxygen and/or nitrogen) in
shielding gases on the weld microstructure and mechan-
ical properties in gas tungsten arc welding (GTAW) of
commercially pure (CP) Ti and Ti alloys [5, 9, 10].
Most studies concluded that the colour of the weld sur-
face could be used as an indication of the degree of
air contamination in the shielding gases and thus in
the titanium welds. For example, Maak [10], in an in-
vestigation on GTAW of CP grade-2 (CP-2) Ti with
both the face and root of the weld sufficiently shielded
by a specially designed jig, concluded that weld sur-

face discoloration correlated to the shielding gas defi-
ciency, the oxygen and nitrogen content in welds, and
weld metal mechanical properties. However, this cor-
relation between weld surface colour and weld con-
tamination depends also on other variables (e.g., the
design of shielding devices, weld metal cooling rate).
For example, Harwig et al. [9] found that weld colour
indicated only the surface contamination that occurred
during solid-state cooling at high temperature, in an in-
vestigation in which only contaminated shielding gas
was used in the GTAW torch but pure argon was always
used in back and trail shielding. A silver weld could be
produced if a contaminated weld pool was well shielded
after it solidified since the surface oxide can dissolve
into the substrate [9]. On the other hand, slower cooling
rates would promote darker weld colour since the weld
metal is at a higher oxidation temperature as it leaves
the protection of the shielding.

Laser welding is an alternative to other processes for
joining Ti and has a number of advantages [4, 7], such
as,

• Compared to other fusion welding processes, the
highly focused laser beam energy increases weld-
ing speed and hence productivity, and also requires
very low heat input, which reduces the possibility
of damaging surrounding thermal-sensitive com-
ponents; and

0022–2461 C© 2005 Springer Science + Business Media, Inc. 3437



• No filler metal is required, as in brazing and sol-
dering; therefore, biocompatibility and corrosion
resistance of the base metal can be retained.

However, no systematic investigation has been pub-
lished on effects of shielding gas deficiency/ impurity in
laser welding of Ti, although air contamination remains
an issue as in other welding processes [7]. The present
work investigated the effects of oxygen contamination
in the argon shielding gas on the microstructure and
properties of laser welds of CP-2 Ti thin sheets. The
thickness of 0.5 mm of the sheets is much thinner than
the 2–3 mm material used by Harwig et al. [9].

2. Experimental procedure
The material used in this study was CP-2 Ti sheet
of 0.5 mm thickness in 50 × 10 mm coupons. Full-
penetration seam welds were made using a Lumonics
JK702H pulsed Nd:YAG laser with a 600 µm fiber op-
tic delivery system as bead on plate in the flat position.
The laser system had a 200 mm focal length collimator
lens and a 120 mm final focus lens. The intensity distri-
bution of the laser beam at the focal point was found to
be well approximated by a Gaussian distribution with a
1/e2 beam diameter or “spot size”, at 413 µm [11]. To
avoid back-reflection, the laser head was aligned so that
the incident laser beam was at 15 degrees to the nor-
mal of the specimen surface. Ultra high purity argon
(99.999%) and argon-oxygen mixtures, in which oxy-
gen varied from 0 to 10 vol.%, were used as shielding
gases in welding on both the top and bottom surfaces of
the weld. Throughout the experiments, the laser was fo-
cused on the top surface of the material with following
parameters: 4.5 ms pulse width, 5 Hz pulse frequency,
0.4 mm/s welding speed, 22–23 W average power and
30 cfh (cubic feet per hour) flow rate of the shielding
gas. Weld bead surfaces were visually inspected and
the discoloration was recorded.

Vickers hardness tests were carried out on both the
surface and cross sections of the welds using a load of
300 g. Each data point was an average of six nominally
identical hardness impressions. It has been suggested
[9, 10] that transverse tensile testing does not provide
an accurate assessment of the weld strength and ductil-
ity because the different strengths of the weld and base
metals often lead to non-uniform straining in the gauge
length of the test coupon. However, longitudinal all-
weld-metal tensile testing was not practical in this work
since the laser welds were very small. Instead, a spe-
cially designed transverse specimen was used (Fig. 1)
to concentrate the strain in the weld metal. Tensile tests
were performed using an INSTRON 4465 tensile tester
with a cross-head speed of 1.0 mm/min.

Figure 1 Design of tensile specimen.

TABLE I Surface colour and hardness of welds made with varied
oxygen content in argon shielding gas

Oxygen content (%) Surface colour Hardness (Hv)

0 Silver 242 ± 11
0.15 Straw 246 ± 16
0.5 Dark Straw 247 ± 13
1.5 Dark Straw/Purple 254 ± 20
2.0 Dark Straw/ Purple/Blue 282 ± 18
3.0 Purple/Blue 295 ± 16
5.0 Blue 323 ± 15
10.0 Blue 373 ± 20

The welded Ti coupons were sectioned, ground, pol-
ished and etched for examination under the optical mi-
croscope. The etching solution was Kroll’s reagent:
2 ml HF, 6 ml HNO3 and 92 ml H2O. The fractured
surfaces of tensile tested samples were examined using
a scanning electron microscope.

3. Results and discussion
3.1. Weld surface colour and hardness
Table I lists the changes in weld surface colour and
hardness with increase of oxygen content in the argon
shielding gas. The surface colour changed from sil-
ver on the welds with pure argon shielding gas, which
is similar to the original colour of the base metal, to
straw/dark straw as oxygen was introduced into the
shielding gas, to purple and even blue as oxygen content
in the shielding gas was greatly increased. This obser-
vation, which was similar to most findings for GTA
welds, indicated that the degree of discoloration of the
weld surface could be related to the oxygen contamina-
tion in the shielding gas, since the colour change was
a direct result of the change in the thickness of oxide
film [10]. Because of the very low heat input, the cool-
ing rate in laser welding is extremely fast [12]. This
prevents extreme oxidation after freezing of the weld
because the temperature of the weld and heat affected
zone drops very fast. However, it should be cautioned to
use the discoloration as an inspection tool of the shield-
ing deficiency because the color sequence (from straw,
purple to blue) repeats itself as the oxidation thickness
increases [13].

For the GTA welds made with contaminated shield-
ing gas, the microhardness of welds increased from 165
to 225 Hv as oxygen equivalent of weld metal increased
from 0 to 0.29 wt% [9]. The hardness of welds was
found to depend on the content of oxygen in the weld
metal as well as on other factors. The 3 mm thick welds
had a microhardness that was approximately 5 Hv lower
than the 2 mm thick welds as a function of oxygen
equivalent, apparently due to the lower cooling rate.
However, the equivalent formula was not found to be
applicable to the data of laser welding. In that previ-
ous work [9], the maximum hardness was only 225
Hv for the GTA welds, even lower than the value of
242 Hv obtained under high purity Argon shielding
gas in laser welding. The effect of cooling rate on the
microhardness of these welds is significant, and the fi-
nal hardness result depends on the interaction of cooling
rate with the composition including O and N contents.
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Figure 2 Cross sections of (a) base metal and (b) weld made with pure argon shielding gas.

Figure 3 Cross sections of welds made with various oxygen content in argon shielding gas.

The increase in oxygen content also increased the
surface hardness from 242 Hv on welds with pure argon
shielding gas, to 373 Hv when the oxygen content was
10%. These data may be compared to the hardness of
191 Hv found on the surface of the base metal. This
increase in hardness as the oxygen content increased
was due to both increased surface oxide film thickness
and increased oxygen diffused into the surface layer of
the weld. Therefore, surface hardness could be a good
indication of the gas shielding deficiency.

3.2. Weld structures and properties
Fig. 2 shows the microstructures of the base (2a) and
weld metal (2b) with pure argon shielding gas. The
welding thermal cycle when using pure argon shield-
ing gas changed the base metal microstructure from
equiaxed alpha of relatively uniform grain size (aver-
age about 10–15 µm) to a mixed coarse-grained ser-
rated alpha and a smaller amount of fine-grained acicu-
lar alpha (Fig. 2b, pointed by arrow S and A). Addition
of oxygen (up to 0.5–1.0%) in the argon shielding gas
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Figure 4 Hardness profiles along the cross section of weld made with
10% oxygen content.

Figure 5 Weld hardness versus oxygen content in argon shielding gas.

reduced both grain size and amount of the serrated al-
pha, and increased the amount of acicular and platelet
alpha (Fig. 3a, pointed by arrow S, A and P). As the oxy-
gen content continued to increase (above 1.5–2.0%),
weld microstructure was dominated by the acicular and
platelet alpha. At very high oxygen content, the alpha
platelets formed in colonies, giving a basketweave ap-
pearance (Fig. 3d).

The significant changes in weld microstructures be-
cause of increased oxygen content were not observed in
GTAW of commercially pure Ti in which serrated and
acicular alpha [9, 10] were the typical constituents at in-
creased oxygen contents [9, 10]. There are two possible
reasons for this discrepancy between GTAW and laser
welding. First, the range of oxygen content covered in
those GTAW studies was relatively narrower, with air
contamination up to 2% [10], compared to the oxy-
gen contamination up to 10% in this work. Second, the
microstructural change in laser welding is much more
sensitive to the oxygen content because of the much
faster cooling rates compared to those in GTAW. For

example, typical cooling rates in laser welding range
from hundreds to thousands of degrees centigrade per
second (comparable to those in water quenching) while
those in GTAW are in the range of tens of degrees centi-
grade per second [12]. In fact, it has been suggested that
alpha prime (martensite alpha) may be present in com-
mercially pure Ti and Ti-6Al-4V laser welds because
of low heat input and rapid cooling by the surrounding
cold material [7]. Comparative studies of near alpha and
alpha-beta Ti alloys using GTAW, and laser and elec-
tron beam welding, have indicated that the phase trans-
formation in welds changes from diffusion-controlled
nucleation and growth, to martensitic mechanisms as
cooling rates increase [12, 14].

The hardness varied across the weld region because
oxygen diffused into weld metal through the surfaces
and the oxygen content was higher near surfaces com-
pared to the centre (Fig. 4). Therefore, the average value
(from three, two and one indentations in weld region
respectively at locations 1, 2 and 3 as shown in Fig. 4)
was plotted in Fig. 5 for the effect of oxygen content.
The hardness of the weld metal with pure argon shield-
ing gas was 209 Hv, which compared to that of the base
metal at 173 Hv. The oxygen content increased the weld
hardness all the way to 317 Hv for the weld with 10%
oxygen, which came from both microstructural change
and absorbed and diffused oxygen in the weld metal,
as indicated by Wang and Welsch [5]. It is interesting
to note the large increase of hardness of the welds with
pure argon shielding gas over the base metal, which is
opposite to the observation that GTAW bead-on-plate
welds with low oxygen content were softer than the CP-
2 Ti base metal [9]. The difference in hardness change
is believed to be caused by the different cooling rates
between GTAW and laser welding, similar to the differ-
ence in weld microstructure of GTAW and laser welds.
In fact, Harwig [9] also noted that the extent of weld
softening became smaller as the cooling rate increased.

Fig. 6 shows the effect of oxygen content on the ten-
sile strength of the welds. The oxygen content increased
the strength from 594 MPa for the welds with pure ar-
gon shielding (compared to 592 MPa for the base metal)
to about 620–630 MPa when the oxygen content was

Figure 6 Weld tensile strength versus oxygen content in argon shielding
gas.
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Figure 7 Load-displacement curves for welds made with various oxy-
gen contents.

about 2–3%. However, as the oxygen content contin-
ued to increase, the weld strengths started to decrease
and eventually became even lower than that of the base
metal (Fig. 6). This was not surprising, since the tensile
specimen geometry shown in Fig. 1 causes a substantial
strain concentration at the edge notches, which should
cause early crack initiation in the lower ductility welds
made with high oxygen content. The resultant reduced
maximum force associated with low overall strain is
indicated in the typical load-displacement curves in
Fig. 7.

Figure 8 Fracture surfaces at various locations of a weld made with 10% oxygen content.

Generally, the tensile fractures initiated at the notch
and crossed the three areas including weld, fusion line
and base metal (Fig. 8). Weld metal showed less duc-
tile behaviour, especially when the oxygen content was
high. Fig. 9 shows the typical fracture surfaces of the
welds (in the weld zone in Fig. 8) made with various
oxygen contents in the shielding gas. While the base
metal fractured in a ductile manner with classical dim-
ple morphology, the fracture of the welds made with
pure argon shielding gas was similar to that of the base
metal but included some locations with less ductile fea-
tures (Fig. 10). The introduction of oxygen into the
shielding gas greatly reduced the ductility by replac-
ing the ductile dimple structure with relatively brittle
quasi-cleavage morphology. When the oxygen content
was high (e.g., at 10% in Fig. 9d), there were little signs
of plastic deformation, with the fracture path appearing
to be intergranular along colony boundaries or cleav-
age across colonies, which indicates that the fracture
mode changed completely from ductile to brittle. This
was very similar to an investigation on the effects of
oxygen on mechanical properties of an alpha titanium
alloy Ti-6Al-2V, in which oxygen caused a change from
good ductility at low oxygen concentration (0.07 wt%)
to total brittleness at high 0.65 wt% [15].

3.3. Shielding gas deficiency and
mechanical property requirements

The above experimental results have indicated cor-
relations between weld surface color, and weld

3441



Figure 9 Fracture surfaces of welds made with various oxygen content in argon shielding gas.

Figure 10 Fracture surfaces of (a) base metal and (b) weld made with pure argon shielding gas.

microstructure and mechanical properties (strength,
ductility, hardness). But the question remains as to what
level of oxygen contamination would be acceptable dur-
ing laser welding of Ti.

For structural welding, AWS D10.6-91 [9] suggests
that a satisfactory weld should have a hardness that does
not exceed the base metal hardness by 5 RB (which is
equivalent to about 30 Hv). The ASME Boiler and Pres-

sure Vessel Code Division 1, Section VIII [10] also sug-
gests that a weld hardness increase over the base metal
of more than 40 Brinnel hardness number (which is
equivalent to about 40 Hv in the range of hardness val-
ues considered for Ti welds) indicates excessive weld
contamination. But, in this work, the welds with pure
argon shielding gas had already a hardness increase
over base metal of about 36 Hv.
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Another commonly used hardness standard for Ti
welds suggests a maximum weld hardness of 250 Hv
[10]. This would translate into an acceptable oxygen
content up to 2% in Fig. 5, which appears to be con-
sistent with the shielding oxygen content at 1.5–2%
that caused significant changes in weld microstructure
and fracture surface morphologies (Fig. 9). However,
any acceptable levels of oxygen contamination in the
shielding gas would also depend on how much oxygen
could be absorbed into weld metal and how fast the
weld would cool down from high temperature. Further
work is needed to study the effects of oxygen con-
tamination under different welding conditions, such
as heat input, sheet thickness, and joint and fixture
design.

4. Summary
This work investigated the effects of oxygen contamina-
tion in the argon shielding gas on weld microstructures
and properties during laser welding of commercially
pure titanium thin sheets. The experimental results,
mainly analyzed by optical and scanning electron mi-
croscopy and mechanical testing, have indicated corre-
lations between weld surface color, weld microstructure
and mechanical properties (strength, ductility, hard-
ness). The main conclusions include:

• Weld surface colour changed from silver to dark
blue as the oxygen content in argon shielding gas
increased from 0 to 10% but may not be a good
indication of the shielding deficiency because the
color sequence would repeat itself as the oxidation
thickness increases. On the other hand, weld sur-
face hardness, while increased as the oxygen con-
tent increased and also correlated to weld metal
hardness, could be a better inspection tool of the
shielding deficiency.

• Addition of oxygen in the shielding gas, while
reducing coarse-grained serrated alpha, increased
finer grained acicular and platelet alpha in weld
metal. When the oxygen content was above 1.5%,

weld metal was dominated by acicular and platelet
alpha. As the oxygen content continued to increase,
the alpha platelets occurred in colonies, giving a
basketweave appearance.

• As the oxygen content increased, weld metal
strength increased first and then started to drop
when the oxygen content was above 2%. This was
apparently caused by the occurrence of brittle frac-
ture as a result of the formation of acicular and
platelet alpha.
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