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Abstract. A brief state-of-the-art review of laser welding has been presented. Results of
our experimental studies on laser welding of Ti-6AI~V have been reported. Results of
weld evaluation including microstructure, mechanical properties and microchemistry have
also been presented.
Keywords. Laser welding; weld evaluation; laser beam power, laser beam diameter;
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1. Introduction
Lasers are optoelectronic devices which give a monochromatic beam of electromagnetic radiation with very low divergence. The development of high power lasers
is one of the important technological achievements of this century. Focused high
power laser beams have been very effectively used by material scientists and
engineers as a unique wonder-tool. Many metallurgical processes have been
developed which utilize the energy of a focused laser beam. Some of these are laser
welding, laser cutting, laser drilling, laser cladding, laser surface alloying, heat
treatment, laser glazing, growing single crystals, producing nearnet shape
component with rapidly solidified (non-equilibrium) microstructure, laser-assisted
machining and shock wave hardening (Nielsen 1987; Nicolas 1986; Litnov et al
1987; Lassman 1987; Weerasinghe and Steen 1985). Laser welding is emerging
as an alternative to conventional welding processes and with the attributes of
increased productivity and versatility it is expected to achieve prominence in future.
We are running a programme on laser welding, laser glazing and laser drilling
(Bharti 1987). In this presentation a brief review of laser welding principles and laser
welding variables will be presented. The review will be followed by our results on
laser welding of a Ti alloy.
1.1

Principle of laser weldin9

When a laser beam strikes an opaque material part of the energy is reflected back.
The absorbed portion of the laser energy can be regarded as a point heat source at
the surface. Mechanisms of energy transfer from laser beam to material are very
complex and have been studied by physicists as well as engineers (Anderson and
Jacksop 1965; Majumder et al 1986; Yoffa 1980). Rykline et al (1978) have treated
the generally abstract subject of laser-material interaction in a more tangible
manner. Photon-electron interaction generally raises the energy state of electrons in
the conduction band. The electron gas becomes heated up and later the energy is
quickly transferred to the material lattice. It has been calculated that thermal
equilibrium is established very quickly (Ready 1971), since the mean free time of an
electron in the conduction band is 10-13 s. Heat transfer from the radiated volume,
which is directly heated by the laser beam, to the bulk volume, occurs by
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conduction mechanisms. As a result intense localized heating of material occurs. If
the absorbed power and interaction time are adequate then localized melting and
boiling of material can also be achieved. This means that, by manipulating the laser
beam, it is possible to achieve cutting, welding or surface alloying.
The mechanism of deep-penetration laser welding has been studied and established by Sickman and Meriju (1968), and fluid flow during deep-penetration
welding has been experimentally studied (Arata et al 1986a). During deep-penetration laser welding heat transfer takes place via the "keyhole". This keyhole is
produced when a beam of sufficient power density causes vaporization of the
substrate. Pressure produced by the vapour causes displacement of the molten
metal upward along the walls of the hole. Figure la shows a schematic and figure
lb is a photograph of a cross-section of the keyhole in a tungsten alloy. The
keyhole acts as a black body which traps and redistributes the energy deep inside
the material. The keyhole is filled with gas or vapours created due to continuous
vaporization of wall material by the laser beam. The cavity is surrounded by liquid
and solid successively (Klemens 1976). As shown in the schematic this cavity is
obliterated owing to the flow of liquid and surface tension. Vapour, which is
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Figure I. (a) Schematic of the keyhole: (b) photograph showing cross-section of the
keyhole formed with a stationary beam of 4 kW power, in a tungsten alloy.
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constantly generated due to the heating by the laser beam, maintains the cavity
which contains liquid material. There is continuous flow of material from the cavity
at the point where the beam enters. This is clearly shown in figure lb, which is a
photograph of a keyhole created with a stationary focused beam of 4 kW power.
Metal flowing out of the cavity was frozen and that gives the appearance of a wall
around the keyhole. When the beam moves with respect to the substrate, the cavity
and the molten zone also move forward at a speed determined by the traverse speed
of the focused beam with respect to the substrate. A successful deep-penetration
weld is only possible when movement of this cavity and molten zone achieve a
steady state. As this cavity is sustained by the metal vapour, sufficient vapour should
be produced to maintain the steady state keyhole. This determines a maximum
advance speed at which steady state can be achieved. This speed has to be experimentally determined for a given combination of thickness (to be welded) and power
density. Though there are many numerical models of laser melting (Paul et al 1986;
Mazumder 1987; Chanet al 1985; Sekhar et al 1986), their estimates are only qualitatively correct and hence their utility for experimental work is limited. It is
therefore advisable for users to establish their own traverse speed versus penetration
depth profiles for the available power densities and for the material to be welded.

2. Laser welding variables
The following are the main process variables for laser welding:
1.
2.
3.
4.
5.
6.

Incident laser beam power
Mode structure of the laser beam
Incident spot size
Absorptivity
Traverse speed of laser beam (or workpiece)
Other factors like shielding gas, depth of focus, weld design and laser-induced
plasma.

These variables will be discussed here briefly.
2.1

Laser beam power

The depth of penetration during laser welding is directly related to power density of
the beam. This is a function ot: beam power and diameter of the focused spot. The
general observation is that for a given thickness a minimum threshold power is
required for laser welding. Increased power densities have been reported to increase
the penetration almost linearly. As penetration depth for laser welding depends on
power density, power should be measured very carefully. Generally, due to the losses
from external optics, power at the work-spot is less than the power generated by the
laser head. Hence it is advisable to measure the power at the work-spot. Though
there are many systems available for measuring beam power at the workpiece, a
black body calorimeter is quite sufficient.
2.2

Mode structure of the laser beam

Generally it is believed that TEMoo or Gaussian beam is ideal for welding. But
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most of the high-power lasers are available in higher modes. The effect of mode
structure on the efficiency of the process is a matter of debate. A systematic study of
the reproducibility of the properties of the welded joint by using the same power
density but different mode structure of the laser beam is not available. But it has
been realized (Steen 1988) that mode structure is important and as far as possible
the same mode structure should be maintained during processing. There are two
main sources by which mode structure can be altered. One is due to interference of
the reflected energy from the workpiece with the laser cavity. The other source of
mode variation is tuning of the cavity after the maintenance. Beam imaging during
the processing can be used to avoid variations during a single operation. The same
can be very effectively used for reproducing the required mode structure after
tuning. According to another school of thought (Metzbower 1988), when total flux
is high enough (quoted value 15 kW) mode of the beam is not important.
2.3

Laser beam diameter

This parameter along with beam power determines the power density and hence is
very important. There are many techniques for measuring beam diameter
(Mazumder 1978; David 1981; Arata 1986b), but all of them are unsatisfactory.
Difficulties in measuring the diameter are more severe in the case of high-power
beams. This difficulty arises basically because of the nature of the beam diameter
and also the definition of what is to be measured. Figure 2 summarizes the energy
distribution of a Gaussian beam. Hence a working definition of diameter of focused
spot (assuming Gaussian beam) would be the diameter where power falls to 1/e z of
the value of the power at the centre of the spot. Measuring this diameter requires
something like a photon drag detector and a beam choper with narrow slit-width
(Mazumder 1978). The process is cumbersome and is not satisfactory for modes
other than TEMoo. Courtney and Steen (1978a, b) have defined the equivalent
Gaussian beam diameter for any beam. Though this accounts for mode structure of
the beam, Courtney and Steen considered their method to have an overall accuracy
of + 30%.
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One can calculate the spot size based on diffraction theory using the following
equation.
Db=24 F'2,

(1)

F =f/D.

(2)

where

The depth of focus associated with focused spot size given by (1) is given by
Z~ = +3"54)~F 2,

(3)

where-F is the Frasnel number is defined as the ratio of focal length f of the
focusing optics and diameter of the unfocused spot and D and 2 the wavelengtb
of the laser beam. Though (I) is very useful for calculating the beam diameter the
calculated beam diameter is smaller than the real beam diameter in practice. This
difference is due to the presence of aberrations.
2,4

Absorptivity

Efficiency of the laser welding process depends on the absorptivity of the substrate
for the used laser radiation. All the heat transfer modelling studies are based on
energy absorbed by the workpiece. Calculations of energy coefficient of absorption
for infrared emission have been carried out (Govzdetskii et al 1986). The infrared
absorption of metals largely depends on conductive absorption by free electrons.
Hence absorptivity is a function of electrical resistivity. The following empirical
relation was worked out (Arata et al 1972) based on the data generated by using
polished metal surfaces.
A = 112"2 pl/2,

(4)

where A is the absorptivity and Pr is the electrical resistivity. Bramson (1968)
theoretically derived a relationship between temperature-dependent electrical
resistivity and emissivity of a metal. The equation can be used to calculate values
which will be somewhat lower than the general practical values of absorptivity
obtained during laser processing. This is because of the fact that most of laser
processes are carried out in air and an oxide film present on the surface of the
substrate may positively result in better absorptivity than calculated. Bramson's
relationship for perpendicular radiation is
(-)~-)

-0"667 -~--z + 0.006

~

(5)

where p,(T) is the electrical resistivity at absolute temperature, T expressed in ohmcm, and e~(T) the emissivity of the substrate at T(°C), temperature for radiation
having wavelength 2.
Estimated absorptivity for Ti-6 AI-4V and some other materials is presented in
table 1. The data in the table clearly shows that reflection losses are tremendous.
Hence there is a need to take measures to enhance the absorptivity. Use of
absorbent powder, forming anodized and other films (Arata et al 1972), and use of
reactive shield gas in order to improve absorption are documented. Once the
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1. Absorptivityof various materials for
10.6/~m wavelengthelectromagneticradiation.

Table

Material

Absorptivity

Titanium alloy
(Ti-6 AI-4V)
Stainless steel }
Iron
Zirconium

15%*

Aluminium
Silver
Copper

below 15%**

}
between~*
2% and 3%

*Branson's equation.
**Experimental(Arata et al 1986b).
keyhole is formed absorptivity increases to almost 100%. This fact opens the
possibility of deep-penetration welding of even very highly reflecting materials such
as aluminium.
2.5

Traverse speed

High traverse speed may result in lower penetration depth and low traverse speed
may result in excessive heating of metals and hence may result in material loss due
to evaporation (Gronyi et al 1986) and perforated welds. For a given thickness,
generally, there exists a range of welding speed and maximum and minimum
welding speeds. The user has to establish this range for his material, but generally,
welding speed range and maximum successful welding speed both decrease with
increase in thickness (Mazumder et al 1980).
2.6 Shielding gas
Shielding gas has three functions in laser processing. Its basic function is to blanket
the molten pool (keyhole) from the ambient. Other functions are: assisting in
containing/blowing of laser-induced plasma, and saving the lens from splashing
molten metal. Shield gas, being present just above the substrate, is expected to
• contribute to the formation of laser-induced plasma. Hence its properties may affect
the heat transfer characteristics. It has been experimentally shown that gases with
higher ionization potential result in more efficient energy transfer (Bharti 1987).
2.7 Position of focus
It has been conclusively established that the optimum position for the focal point is
below the substrate surface (Wilgoss 1979; Engel 1976). But different workers have
given different values for the distance below the surface. Figure 3 schematically
presents Wilgoss's (1979) results in consolidated form. Exact distance will vary with
material, thickness of the cross-section to be welded, power used and depth of focus.
One has to establish one's own optimum position based on the following criteria.
The best position is the one which results in minimum nailhead and nearly parallel
weld-bead, resembling the third from the left in figure 3.
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2.8

Weld design

Weld designs are specific in nature and they differ from application to application.
Since butt welding is the most popular it will be appropriate to review the butt weld
design. The fit-up tolerance in the butt weld should be within t5% of the workpiece thickness. Misalignment and out-of-flatness should be less than 25% of tile
material thickness, as shown in figure 4. The traverse alignment should be kept to
within half of the focused beam diameter (Mazumder 1978; Mazumder and Steen
1980). Clamping of the butt in a direction perpendicular to that of the weld is
recommended.
2.9

Laser-induced plasma

It is not a direct variable of the laser welding process but its presence affects
welding efficiency drastically. High energy densities of the focused laser spot result
in intensive heating of the material. Substrate vapours and ambient vapours get
ionized and result in high-density plasma (plume of charged particles) just over the
surface of the substrate in the beam path. Figure 5a shows a schematic of laserinduced plasma and figure 5b actual plasma during processing. This laser-induced
plasma (LIP) affects heat transfer from laser beam to material in the following ways.
Firstly, refractive index of the medium changes owing to the presence of positive
ions and electrons and also owing to the temperature change in the medium. This
results in shifting of the focal spot, which means that spot size at the surface of the
substrate changes. This leads to change in energy density at the substrate. Secondly,
the temperature inside the plasma plume has been estimated (Mazumder 1986) to
be of the order of 18,000 K. This hot plasma acts as a black body and absorbs all
the beam energy, and the beam energy, instead of being transferred from beam
directly to substrate, is transferred through plasma. Since contact area of plasma is
much more than that of the focused beam, this results in lower energy density and a
broader and shallower heat-affected zone (HAZ). The LIP being metastable in
nature changes its characteristics intermittently. This leads to variation in
dimensions of HAZ even in a single pass. Hence it is very important to avoid LIP.
Many studies on LIP have been reported in the literature (Yoffa 1980; Dyxon
1984; Miyamoto et al 1984; Yon 1978). The work of Miyamoto et al (1984)
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suggests that assist (shield) gas pressure slightly higher than the vapour pressure
suppresses plasma formation by forcing the vapours away from the focused beam
along the rear wall of the keyhole providing deep weld-bead without defects. The
three most common methods of suppressing LIP are: applying an electrostatic field
across the workpiece and welding nozzle; blowing assist gas coaxially with the laser
beam to blow the plasma back into the keyhole; and blowing away plasma with an
angled jet of shield gas. Blow-back of LIP is logically the most effective way as hot
holes and electrons blown into the cavity will increase the effective heat transfer.
2.10

Focusin 9 techniques

To make use of laser energy for welding of materials and for other laser processing,
the beam has to be bent and focused at the work-spot. Numerous techniques have
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been developed which utilize specially prepared mirrors, lenses and prisms and
combinations of these. So many techniques of directing the beam at the work-spot
have been developed that mentioning all of them is beyond the scope of this presentation. However, two popular and versatile techniques will be discussed here. One
which is mostly used with solid state lasers utilizes a planoconcave or double
concave lens which diverges the beam coming out of the laser cavity. This diverged
beam is then focused with the help of either lens or mirror. It was shown, by
(1) and (2), that focused spot diameter is an inverse function of unfocused beam
diameter. Use of divergent optics increases the diameter of the incident beam
for focusing optics and hence results in a smaller spot size. This system is particularly used for very fine drilling applications. The other common technique, which is
used for focusing the beam at the work-spot, is to use a plane mirror as beam
bender for folding the beam at the desired angle and subsequently using a mirror or
lens to focus it at the work-spot. Use of mirror optics is rec6mmended for economic
reasons but it results in some loss of energy at every reflection; the loss is negligible
for transmissive optics.

3. Experimental studies
Experimental studies were carried out using a 5 kW continuous w a v e C O 2 laser.
The beam delivery system consisted of 3 beam-bending mirrors and a zinc selenide
lens. Relative movement of workpiece and laser beam was obtained by a 5-axis
numerically controlled workstation. Job alignment was done with the help of a
coaxial He-Ne laser.
Samples for welding and other studies were prepared from rolled plates of Ti6AI~,V alloy. In order to increase the coefficient of absorption for 10.6~m
electromagnetic radiation, samples were sand-blasted. The microstructure of the
alloy is shown in figure 6. Effect of composition of shield gas on heat transfer
efficiency was studied using two inert gases, namely helium and argon. Effect of
laser beam power and welding speed on depth of penetration was studied. Laser
power was varied for 1 kW to 3 kW and traverse speed from 10 inches per minute
(IPM) to 50 IPM.
Welding of the alloy sheets was performed using samples held on a specially
designed and fabricated fixture shown in figure 7. Helium gas shield was used
above the welding surface and a flow of argon ga~ was maintained below. The
position of the focal point was 250 #m below the surface of the sample. To evaluate
the efficacy of laser welding, mechanical properties of the weld were measured.
Microstructural studies and electron-probe microanalysis were also carried out.
Fractography of the weld was also carried out to understand the fracture mode.

3.t

Determination of depth of focus

Focused spot size, energy density and depth of focus have been calculated using
expressions (1) and (2) of the previous section. They have been presented in
tabulated form in table 2. However, these values may not be the correct values
because the used expressions do not accout for aberrations. The following technique
was used to determine the depth of the spot of the tightest focus. A schematic of the
experimental setup is shown in figure 8. A 10-inch-long steel plate was clamped
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Figure 6.

Parent microstructure of the Ti 6AI 4 V alloy uscd in the welding studies.
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Table 2. Spot size* of the focused laser beam (for the laser beam used
tical and practical energy densities.

Focal length
of lens
(inches)

Frasnel
number

Spot
diameter
(/im)

Z, depth of
focus (#m)

5
7-5
10

3.175
4.763
6.35

80.65
120.968
161-29

±378.02
± 850-73
i 1512.09

10-6 ,um~-theore-

Theoretical power
density of focused Expected power density
spot per kW of of the focused spot per
energy of beam
kW of beam energy
(W/cm:)
(W/cm 2)
1-96 x 107
0.7 x 10+'
4-98 x 10~'

5 × 106
2-2 x 10~
1.2 × 10~'

*These are theoretical values and are correct for a pure parallel Gaussian beam (with infinite diameter
optics).
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Figure 8. Schematic of the setup used for determining depth of focus of 5 kW laser beam.

under the focused laser beam at an angle of 15 ~. This plate was moved at a speed of
200" per minute under the focused beam of 5 kW power to create a weld bead.
The laser trail thus created had three distinct regions. The centre portion of
the trail appears as weld bead while both ends of the trail appear as etched lines.
The middle L/3 portion of the weld bead was considered to be from the spot of
tightest focus and the corresponding distance on Z axis is depth of focus. Here L is
the length of the weld bead formed. The distance from the tip of the nozzle to the
surface of the plate (workpiece] on the Z axis was measured with a micrometermounted telescope. Using this method, the depth of focus of a 5-inch focal length
lens was found to be +0.162 inch compared to the theoretical value of +0.148
inch.
Plasma characteristics over a rolled plate of Ti 6AI~4V alloy at 3 kW power were
studied as a function of input shield gas pressure at nozzle. The results are
summarized in table 3 and indicate that an input pressure of between 0.8 kg/cm 2
and 0.9 kg/cm 2 at the welding nozzle can suppress L I P induced by a focused beam
of 3 kW focused at 11.5 mm below the welding nozzle. The results also suggest that
an effective control of inlet pressure is required as a slight increase in pressure
results in cutting.
As mentioned in § 2.9 it may be necessary to blow shielding at an angle. In
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Table 3. Effectof inlet gas pressure on laser-induced plasma.
Inlet pressure
at welding
nozzle (kg/cm 2)
0"4
0"5
0'8
0"9
1"0

Penetration
depth (/.tm)

Observation

500
1840
2100
> 12000
> 15000

Plasma present
Plasma present but plume is smaller
Small bead of plasma but splashing observed
No plasma but results in cutting
No plasma but results in cutting

order to avoid a similar set of experiments to achieve the same level of plasma
suppression, a simple setup, a schematic of which is shown in figure 9, was used to
map the pressure under the welding nozzle. Figure 10 shows one such map. In case
shield gas has to be blown at an angle, the setup can be used to determine the inlet
pressure that would result in the same dynamic pressure at the workpiece.
3.2

Penetration depth

Based on the results presented in table 3, an input pressure of 0.8 kg/cm z at welding
nozzle was chosen for further experiments. A 200 mm x 25 mm x 15 mm slab of the
same material was used to study the keyhole (penetration depth). The graph shown
in figure 11 summarizes the results obtained. Penetration depth falls with increase
in the traverse speed. The slope of the curve is steeper between 10 IPM and 20 IPM
and the maximum penetration depth achieved is 1.8 ram. This value is lower than
the theoretically calculated values (Paul et al 1986). The difference could be because
the actual spot size of the focused laser beam is much bigger than that shown in
table 2, which in turn is because of various aberrations present in the optics used
and scattering of the laser beam by laser-induced plasma. Hence actual energy
densities are much lower than the theoretical values. This is why we get lower
penetration than calculated.
3.3

Welding and weld evaluation

Welding trials were carried out at 3 kW power and 10 IPM welding speed using helium
shield gas as a coaxial jet with the beam. Rolled plates (100 m m x 25 mm x 2"5 mm)
of Ti-6A14.V alloy were sand-blasted and the edges (to be butted) were prepared to
match with each other. Figure 4 shows a schematic of the butt weld design. The tip
of the weld pool was shielded with helium and the bottom end was shielded with
argon.
Interaction time was very low and the weld pool was blanketed with inert gas.
Hence the chances of picking up oxygen are kinetically very low. It was possible to
weld the alloy sheets to limited thickness with these experimental conditions. In the
following sections the results of the weld evaluation are presented.
3.3a Macroscopic examination: In similar experimental conditions, HAZ of weld was
wider than HAZ of the keyholing sample. This may be because of the difference in the
dimensions of the two samples. The keyholing sample was 100mm x 25 mm x 15 mm
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and the butted plates 100mm x (25+25)mm x2.5 mm. Hence heat capacity of the
former was 7'5 times more than that of the latter. Due to lower heat capacity of the
latter increase in temperature is more. Since the thermal diffusivity of the alloy is
temperature-dependent, and the samples have different temperatures, similar laser
energy inputs to the two samples give different dimensions of HAZ. As total energy
flux remains the same while volume of HAZ is increased in the weld sample, lower
penetration depth is achieved.
Weld bead was light blue in colour°on the top and had serration marks which are
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characteristic of the laser melting process. Titanium has very strong affinity for
oxygen and it forms oxides of TiO. composition. Different values of n result in
different colours of the oxide. Blue colour suggests that oxygen uptake is extremely
low. It was also observed that the level of the butted piece was not uniform. This
could be due to movement of the plate during welding.
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Figure 11. Depth of penetration in Ti-6A!-4V alloy as function of welding speed and
laser beam power.

Figure 12. Micrograph showing deep-etched section of the weld bead.

Laser weldin 9

205

Figure 13. Micrographs of the fusion zone showing (a) porosity in the weld; (b) transformed structure in fusion zone; (c) transformed structure in HAZ.
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Figure 14.

Back-scattered micrographs of (a) fusion zone:

(b) HAZ of the weld,

3.3b Microstructure: The welded joint was cut in transverse and longitudinal
directions and was examined for microstructure and microchemistry. Well-polished
samples were etched with Kroll's etchants. Light etching shows up a moon-shaped
HAZ. The bright portion represents HAZ and the dark portion represents the
unaffected region or parent structure. Grain seems to be continuing from unaffected
zone to HAZ. HAZ shows finer transform // structure. Deep etching however
revealed two distinct regions in the HAZ. Two concentric moon-shaped zones are
visible to the naked eye: the inner or core moon and a casing. The micrograph
shown in figure 12 shows these features very clearly. The inner moon has resolidified
grains and they are elongated in the direction of heat flow. The casing moon is
HAZ where temperature has reached above the/~ transus temperatures and has a
fine-transformed structure due to rapid cooling. Though the two zones are easily
resolved with the naked eye and in optical microscopy secondary electron images
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and back-scattered images do not resolve them. Hence composition of the two
different zones is nearly the same. Figures 13b and c are optical micrographs, and
figures 14a and b are back-scattered micrographs of fusion zone and HAZ respectively. Porosity was not much, but showed up at some places (figure 13a). The source
of porosity could be a mismatch of the butted surfaces, and careful preparation of
the edges may lead to better results.
3.3c Microchemistry: A transverse section of the weld was examined under the
electron microprobe to study composition changes (evaporation and segregation)
during welding. Titanium, vanadium and aluminium were analysed. Characteristic

Table 4. Characteristic X-ray counts of various alloying elements in
different regions of fractured weld surface.
Characteristic X-ray counts per second on
EPMA*
Location

Titanium

Aluminium

Vanadium

Matrix
(Pt.l)
Particle
(Pt.2)
Vicinity
(Pt.3)

2875

850

154

1550

325

124

2530

980

75

*Excitation voltage 20 kV.
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X-ray intensity for each element was measured and the data are presented in table
4. No significant changes are observed in fusion zone and parent material. Microchemistry of the fracture surface was also carried out and the results are presented
in table 5. A detailed discussion is presented in § 3.3e.
3.3d Mechanical properties: Non-standard samples for tensile testing were
prepared and tested. Weld was fractured in brittle fashion without noticeable plastic
deformation on load displacement plot. These results have been presented in detail
elsewhere (Bharti 1987). Macrohardness was also measured in the fusion zone,
HAZ and parent material. Table 6 shows the results. There is some difference in
hardness of various zones which can be attributed to the difference in cooling rates
in the different zones.
3.3e Fractography: A fractured weld joint was examined in the scanning electron
microscope. A typical fractured surface is shown in figure 15. It shows cleavages,
dimples, cavities and some globules. These globules show resolidified structure,
though the structure indicates that solidification is much slower than in fusion zone.
These globules are concentrated at the rear end of the weld bead, near the intersection of the butt plane and weld bead, as shown in the schematic in figure 16.
Electron probe microanalysis indicates that these globules have the same composition as the matrix (table 4). These observations suggest that these globules are
probably formed in the partial fusion zone and some of them are swept to different
locations because of fluid flow in the vicinity of the keyhole.
Fractography reveals that decohesion has occurred at the globules and matrix
interface. This has resulted in a very brittle weld joint. Complete fusion across the
thickness of the butt is expected to reduce the brittleness of the weld as globules
which are responsible for brittle failure may not form on complete fusion.

Table 5.

Microchemistry of the laser-welded
Ti alloy on EPMA.

Helium
cover

Characteristic X-ray counts per
second*

/Fusion zone ~I)

•

~

Interface

l
Atmosphere

Area
Analysed

would have
seen afmos phere
zone ~$[]'1

Zone I
Zone II
Zone II1

AI

V

02

650
640
690

390
405
425

NA
NA
NA

*Excitation voltage 20 kV.

Table 6.

Macrohardness of laser weld.

Region tested

VHN*

Parent material
HAZ
Fusion zone

340 ± 8
352
3~-;0± 3

*Load used was 20 kg.

%

~o

t~
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Figure 15. Scanning electron micrographs showing general features observed on the
fractured weld joint of a partially welded joint, (a) General fractograph; (b) cleavage; (e)
dimples; (d) cavities and globules; (e) resolidified structure of the globules.

Laser welding

211
Region where globules

Weld b e o d

o r e f o r m e d olongfhe
lhe weld

Figure 16. Schematic showing regions where globules are formed.

4.

Conclusions

It is possible to weld Ti-6Al~4V in atmosphere without contaminating the weld
bead using a laser beam.
It is advisable to use a chill-block below the welding plates to avoid excessive
heating.
It is very difficult to control the blowback of LIP with a coaxial jet of shield gas.
As evident from experiments a very precise control of input pressure is required in
order to keep LIP in check; a marginal increase in pressure results in cut rather
than weld. To avoid cutting one has to operate at slightly lower pressure than that
which results in cutting. This results in plasma formation which blossoms intermittently giving rise to non-uniform weld bead. Hence it is advisable to blow away
LIP with an angled jet of shield gas.
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