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1. LASER BEAM WELDING PROCESS

The joining of any material with another one has always
been a necessity in engineering applications. Welding of
two materials always caused changes or deterioration of
the microstructural and mechanical properties of the ori-
ginal materials in the joint region. Joining of two different
materials (dissimilar joints) leads to a much more compli-
cated situation where each material’s own micro - and
macrostructural properties should be taken into account
during the joining process on its joint quality determina-
tion and also later on its joint performance in service.

Advanced materials generally require noble joining tech-
niques. Developments in new materials research should
be conducted in a hand-to-hand fashion with an investi-
gation on their weldability/joining capacity aspects. A
sound joint quality of any new material has always been
considered a “milestone” to its research & development
scheme and more to its wide-spread applications.

The laser beam welding process is capable of delivering an
energy density of greater than = 10 kW/mm? to the work-
piece, and thereby capable of deep ‘keyhole’ penetration.
It is known that the laser beam welding process possesses
a dual handicap of high investment and low thermal effi-
ciency. However, it has a great advantage of optical mani-
pulation of heat source (i.e. ease of working), low distor-
tion of workpiece, higher accuracy and automization, and
absence of vacuum working chamber in most cases, which
justifies the shortcomings. The laser beam processes are
therefore attracting a great deal of interest as a well-
controlled heat source as a result of its potential capabi-
lity for extremely high density in energy [1]. Lasers may be
classified according to their mode of operation as conti-
nuous wave (CW) or pulsed wave (PW) lasers. Early lasers
capable of melting and cutting materials were of the solid-
state type with a pulsed output whereas the continuous
lasers did not have sufficient power output for processing
the materials. However, the development of the high
power continuous wave (CW) CO, gas lasers (wave length
of 10.6 ym) and the solid state Nd:YAG (Neodynium-
Yttrium Aluminium Garnet) lasers (wave length of
1.06 um) in the last two decades led to the application of
the laser beam as the more general heat source in areas,
such as cutting, welding, heat treating, soldering, brazing,
cladding and hardfacing. Currently, almost all solid-state
Nd:YAG lasers supplied for welding or heat treatment pro-
cesses are integrated with the optical fibre system. An
integration of revolutionary fibre-delivery system with
Nd:YAG lasers significantly increased the flexibility and
versatility of the laser system which is ideal for industrial
robotic manipulation at multiple workstations for simul-
taneous outputs [2]. Furthermore, the Nd:YAG laser is bet-
ter suited for laser welding of highly reflective materials,
such as Al-alloys, than the CO,-laser because of its higher
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power density due to its appreciably shorter wavelength
(1.06 pum) [3, 4]. It should also be noted that for the same
average power, PW Nd:YAG lasers provide much higher
penetration levels than CW Nd:YAG lasers [5].

The laser beam welding is capable of joining a wide range
of materials of interest in the aerospace industry as well
as in many other industrial applications and often offers
remarkable advantages over conventional fusion welding
processes. Of particular interest is the ability to join the
more difficult thin sheet alloys for aerospace and auto-
motive applications [6] with minimal component distortion
and high reproducibility of joint quality. The laser welded
tailored blank manufacturing route appears to be well
established in automotive industry. Furthermore, the use
of “laser beam welded Al-alloy stringer-skin” fabrication
route is currently investigated to reduce the weight of
structures in aerospace applications. Another interesting
aspect of the laser is the localized heating which makes it
ideal for welding electronic components such as printed
circuit boards, where high average temperatures even in
small volumes surrounding the weld region is intolerable
[3.5.7)

When the laser beam impinges upon the metal during the
laser beam welding process (Fig. 1) it delivers its heat to
the surface and further penetration beneath the surface
relies upon the thermal conduction. The metal under the
laser beam evaporates and a cavity or keyhole is formed
through the thickness of the workpiece. By moving this
keyholg along the joint between two pieces of metal, a
weld is made. A recognized characteristic of laser beam
welding (LBW) is deep penetration, narrow bead width
and narrow heat affected zone typical of high power den-
sity welding. Fig. 2 illustrates the narrow weld zones in
similar austenitic and dissimilar austenitic/ferritic steel laser
welds. This configuration is achieved in a keyhole mode of
welding in which the beam passes entirely through the
joint to produce a full penetration weld. Applications have
generally utilized the downhand welding position.
However, it is also possible to do all position welding for
complex shaped components. Further details of the laser
beam welding process can be found in references 1-14.

2. WELDABILITY OF METALLIC MATERIALS

Despite significant improvements in laser beam welding
technology over recent years, there are still some compli-
cations in welding of metallic materials by the laser beam

solidified
weld bead

a) « weld direction

welding process to be overcome. Laser beam weldability
aspects of some advanced materials listed below will be
considered in this manuscript.

e Titanium Alloys (incl. TiAl)

* Nickel-Based Superalloys

o Al Alloys

e Steels

Although the use of welding in the aerospace industry is
rather limited compared to other major industries, it is
gradually increasing as a result of cost effective fabrication
considerations as well as the development of materials
and advanced welding methods which provides minimum
degradation of the material properties of the joint by pro-
ducing optimum joint shape (minimum weld size and dis-
tortion). At present, the gas tungsten arc welding (GTAW)
process is widely used to weld superalloys, such as Inconel
625, in aerospace industry. The laser beam welding process
will make a great impact on welding of these materials
provided that the metallurgical difficulties, such as solidi-
fication cracking, microfissuring, and base metal degra-
dation in the HAZ region, are overcome. Furthermore,
minimum distortion (for ease of final assembly and post
weld operation/machining) and lower level of residual
stresses (which avoids the degradation of fatigue and
stress corrosion properties) are desirable features of the LB
welds.

For instance, the problem of the porosity formation in
laser welding of aluminium alloys is still needed to be sol-
ved. A certain amount of porosity can perhaps be allo-

similar austenitic steel joint similar ferritic (St52) steel joint

Fig. 2. Narrow weld zones in steel laser welds
(note lack of HAZ in similar austenitic steel joint) [71].

laser beam

gaseous metal flow

plasma
gas channel

molten metal

solidified
weld bead

b)

Fig. 1. Principles of laser beam welding [8].
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wed in aluminium alloy weldments without the deterio-
ration of joint performance, provided that they are small
in size and uniformly distributed. However, a significant
reduction in porosity level should be achieved and the
significance of the presence of pores on the performance
of laser joints should be fully understood to apply this
fabrication process successfully for industrial applications.
Another example is the high hardness and solidification
cracking in laser welding of C-Mn steels. Laser welding of
C-Mn steels in medium-to-heavy sections in ship-building
and pipeline manufacturing industries displays a great
potential provided that these problems are overcome.

2.1. Weldability of Ti-Alloys

Titanium has a strong chemical affinity for oxygen, espe-
cially at elevated temperatures. Therefore, the melting,
solidification, and solid-state cooling associated with
fusion welding or post-weld heat treatment, if required,
must be conducted in completely inert or vacuum envi-
ronments. Titanium and titanium alloys can be readily wel-
ded by the LB welding process. The low thermal conduc-
tivity of the metal and high absorption of infrared light
ensure good coupling and better weld penetration than
for most other materials. With laser welding processes,
protection of the immediate weld zone can be achieved by
inert-gas shielding (during laser welding the top and bot-
tom of the joint must be shielded with helium or argon of
high purity). Power beam processes can be successfully
utilized to obtain full penetration titanium alloy joints in
thick sections with high depth to width ratios and little dis-
tortion without filler wire. The development of high
power lasers makes the welding of thicker sections of
these alloys also possible. Moreover, the LBW process does
not require a vacuum chamber, which is an advantage
over electron beam welding for some applications.
Therefore, LB welding is also quite promising for welding
of titanium alloys in heavy sections.

Residual stresses in titanium welds can greatly influence
the performance of a fabricated aerospace component by
degrading fatigue and stress corrosion cracking (SCC) pro-
perties. Moreover, distortion can cause difficulties in the
final assembly and operation of high-tolerance aerospace
systems. Therefore, LBW process, which produce full-pene-
tration, single-pass autogenous welds are preferable to
minimize these difficulties.

a)

Microhardness, HV0.5

The formation of undesirable martensite in the weld zone
is the only concern in welding of titanium alloys. However,
this is not expected to be a problem in LB welding of tita-
nium alloys, which are lean in beta stabilizer additions,
eliminating the possibility of the martensite formation
in the weld zone and subsequent hardness increase.
Furthermore, the alpha-prime martensite, which forms in
alloys lean in beta stabilizers, is not as hard and brittle as
that exhibited by more heavily beta-stabilized alloys. The
hardness profile of Ti64 CO, LB joint made using 3 mm
thick plate shows that the hardness increase in fusion zone
is not significant owing to low amounts of beta stabilizer
elements in this alloy, Fig. 3 [72]. Moreover, solid-state
cracking and porosity can be encountered in LB welding.
However, these defects can be readily avoided by preweld
cleaning of the workpieces and shielding of the weld zone
from atmospheric contamination in the case of laser beam
welding.

In the high cooling rate LB welding process, the predomi-
nantly martensitic or acicular structures produced in the
weld fusion zone (no significant HAZ development) exhi-
bit hardness and strength levels higher than those of the
original base metal. Consequently, failures of the flat ten-
sile specimens (loading transverse to weld) occur almost
always in the base metal (strength overmatching).
According to this kind of test results, these welds exhibit
100% joint efficiency. However, the ductility of the weld
zone as measured by the longitudinal-weld-oriented bend
or all-weld-metal tensile tests may be low. This is not a
major concern in laser beam welding of titanium alloys
which are lean in alloying additions, because the hard-
ness increase in the weld zone due to the formation of an
acicular structure is not significant. A satisfactory level of
fracture toughness of these weldments is expected due
to their microstructure which consists of either acicular
alpha (transformed beta) or Widmanstatten alpha. It is
also worth noting that “the all weld metal tensile pro-
perties” should be determined with proper testing pro-
cedures.

Intermetallic Ti-alloys: Intermetallic gamma (TiAl) alloys
for high temperature applications are very susceptible to
solidification cracking, resulting in the requirement for a
preheat or controlled cooling, as a result of their low duc-
tility and high modulus [15, 16]. The major challenge for
successful welding of these alloys is to cope with their low
ambient temperature ductility. The joinability of Ti-Al

600

B ERGEE B R A i

| Ti64, 3 mm, COp |~ weld centre
500 |- o
400-W:
300 |- ]
200 |- ]
100 Lotwt ot b0 v b b bttt ]

6 -5 -4 32101 2 3 4 5 6

Distance from weld centre, mm
b)

Fig. 3. CO, LB weld of Ti64 produced using 3 mm thick plate: a) optical micrograph showing the joint
and b) hardness profile [72].
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based intermetallic alloys is an important factor in deter-
mining their wider utilization since their fabrication is
limited which is a direct result of their low room tempe-
rature ductility. There is, therefore, an increasing interest
in the fabrication of these alloys by LB welding with pre-
heating (about 700°C) and solid-state bonding techniques.
Some success has already been reported in joining of these
alloys by laser beam welding process and diffusion bon-
ding. However, there is still need for further research on
the crack-free LB welding of these alloys and more data on
‘mechanical properties of welded joints.

2.2. Weldability of Al-Alloys

Although some problems may be encountered in LB wel-
ding of some of these alloys, sound joints can be produ-
ced with proper precautions (i.e. surface cleaning etc.).
However, there are some inherent difficulties in LB wel-
ding of aluminum alloys. These alloys are prone to crac-
king, base metal degradation in the HAZ regions (HAZ
softening) may occur and a high level of porosity may
form. Moreover, the high laser reflectivity of aluminum
alloys should also be considered in LB welding of these
alloys.

Non heat treatable aluminium alloys can only be streng-
thened by solid-solution and/or strain hardening in
contrast to heat-treatable alloys which are strengthened
by second-phase particles. The absence of precipitate-for-
ming elements in these low-to moderate-strength alumi-
num allbys becomes a positive attribute when conside-
ring weldability, because many of the alloy additions
needed for precipitation strengthening (for instance,
Cu + Mg, or Mg + Si) can lead to liquation or hot cracking
during LB welding. Furthermore, joint efficiencies are
higher in non-heat-treatable alloys since the base
metal/HAZ degradation due to the weld thermal cycle in
these alloys does not involve the coarsening or dissolu-
tion of precipitates as it is the case in heat-treatable alloys.
However, all aluminium alloys possess certain inherent
characteristics, such as tenacious oxide layer, high ther-
mal conductivity, high coefficient of thermal expansion,
high reflectivity, solidification shrinkage almost twice that
of ferrous alloys, relatively wide solidification-tempera-
ture ranges, and high solubility of hydrogen when in mol-
ten state. Therefore, some difficulties, which are namely
crack sensitivity, propensity for porosity, and strength loss
in the weld metal, can be encountered in laser beam wel-
ding of these alloys. These aspects must be considered
before successful LB welding can be employed [17, 18].

Crack sensitivity: All aluminium alloys exhibit a propensity
for weld metal cracking due to their large solidification

temperature range, high coefficient of thermal expan- .

sion, large solidification shrinkage due to large change in
their volume upon solidification. The weld crack sensitivity
of heat-treatable aluminum alloys is particularly of prime
concern due to the greater amounts of alloying additions
present in these alloys, which also exhibit a tendency to
form low melting constituents. Weld cracking in alumi-
num alloys may be classified into two main groups based
on the mechanism responsible for cracking and crack loca-
tion, namely liquation cracks and solidification cracks [17].

Liquation cracking takes place in precipitation-hardenable
alloys as a result of the relatively large amount of alloying
additions available to form eutectic phases. These consti-
tuents have low melting points, thus liquate (melt) during
welding, and accompanied by tears provided that suffi-

cient stress is present [17, 19, 20]. Higher heat input widens
the partially melted region and makes it more prone to
tearing. Thus, it is not expected to be of a prime concern
in laser beam welding of aluminum alloys which is a low
heat input process.

Solidification cracking or hot tearing is cracking in the
weld zone caused by the inability of the liquid to support
the strain imposed by solidification shrinkage and thermal
stresses [17, 21-23]. The degree of restraint of welded
assemblies plays an important role in crack sensitivity by
increasing the external stress on the solidifying weld. Hot
tearing takes place within the weld fusion zone and is
influenced by weld-metal composition and welding para-
meters. Fig. 4 shows solidification cracking in a dissimilar
austenitic/ferritic steel laser beam weld.

weld centre

Fig. 4. Soldification cracking in a dissimilar
austenitic/ferritic steel LB joint [71].

The crack susceptibility (castability) index for Al-Cu-Mg
ternary alloys generated by Pumphrey and Moore in 1948
[24] is normally used to predict the weldability of alumi-
num alloys. Crack sensitivity curves of various binary Al-sys-
tems have also been experimentally determined [25-30]
and can be used to predict the relative crack sensitivity
behaviour of complex alloy systems. Alloys with high
Cu + Mg exhibit a higher crack sensitivity. The most
notable examples are alloys 2024 (Al-4.4 Cu-1.5 Mg) and
7075 (Al-5.6 Zn-2.5 Mg-1.6 Cu).

High heat inputs, such as high currents and slow welding
speeds, are believed to contribute to weld solidification
cracking [31]. Another factor contributing to the hot tea-
ring is the weld metal grain size. The weldability of alu-
minum alloys can be improved through the refinement
of the weld metal grain size [32]. The weld metal grain
sizes produced by LB welding are usually fine due to rapid
cooling involved in this process. Low heat input LBW pro-
cess may thus reduce weld crack sensitivity. High constraint
conditions, which also contribute to cracking, can be avoi-
ded by proper joint design. However, LBW process can
result in cracking when magnesium, a high-vapor-pres-
sure alloying element, is boiled off. Furthermore, it is
known that the loss of magnesium causes a loss of
strength at the melted weld zone (weld strength under-
matching). This can be prevented by use of adequate filler
wire.

Porosity: Porosity in aluminum weldments is caused when
hydrogen gas is entrapped during solidification, which
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has an appreciable solubility in molten aluminum and a
limited solubility in the solid. Both non-heat-treatable and
heat treatable aluminum alloys are susceptible to hydro-
gen-induced weld metal porosity. Fig. 5 shows the for-
mation of pores in the fusion zone of a CO, LB welded
alloy 6061. Porosity can best be avoided by minimizing
hydrogen pick-up during welding and by removing the
oxide layer prior to welding. This can be accomplished by
proper removal of hydrocarbons, use of high-grade (low-
dew-point) shielding gas, and careful storage of filler wire
(i.e. protection from exposure to moisture and oil) [17]. It
has been experienced that filler wire is often the primary
source of hydrogen contamination in arc welding.

If wire feeding is used in LB welding, care should be exer-
cised to minimize hydrogen contamination. Care should
also be taken with the use of shielding gas in LB welding
in order to minimize hydrogen pick-up. Moreover, surface
hydrocarbons of the parts to be welded must adequately
be removed just before welding to minimize porosity.

Base Metal Degradation: Another problem, which can be
encountered in LB welding of aluminium alloys, is the loss
of strengthening elements in the heat affected zone
and/or fusion zone (strength undermatching). The extent
of base-metal degradation is determined by the welding
process and parameters [17, 33]. Conventional arc wel-
ding processes involve the application of 103-10% W/cm?
arc intensity and slow weld speeds (< 15 mm/s), which
leads to excessive heat input into the base metal, thus
resulting in a coarse weld microstructure and a wide HAZ.
Unlike the case of non-heat-treatable alloys, in which the

Fig. 5. Optical micrograph of alloy 6061 CO, LB weld
joint showing porosity formation in the weld metal
and weld pool collapse (plate thickness is 5 mm) [72].

base metal degradation is limited to recovery, recrystalli-
zation, and grain growth, HAZ damage in heat-treatable
alloys involves the dissolution or coarsening of the streng-
thening phase present. Consequently, the HAZ degrada-
tion of heat-treatable alloys is much more severe than
that experienced in non-heat treatable alloys [17]. Figs. 6
and 7 show electron beam weld joints of alloys 5005 (3 mm
thick) and 6061 (5 mm thick) and their hardness profiles,
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respectively, underlining more severe loss of strength
(undermatching) in fusion zone in heat-treatable alloys
[72]. However, in contrast to non-heat treatable alloys,
heat-treatable alloys can fortunately be post-weld heat
treated in order to recover the strength of the HAZ.

The width of the HAZ can be significantly reduced by LB
welding due to the low heat input involved. Therefore, the
HAZ softening can be considered as a limited problem in
the LB welding process. However, the base metal degra-
“dation, which is loss of strengthening elements during
welding, may occur in the fusion zone. Several researchers
have reported alloying addition evaporation (e.g., Mg and
Zn) during laser beam welding of aluminium alloys [34-37].
This problem is particularly pronounced in the highly
alloyed aluminium alloys. In non-heat treatable alloys, the
reduced strength due to the loss of alloying addition
(reduced solid solution strengthening) cannot be recove-
red. In heat treatable alloys, the reduced strength as a
result of the loss of the alloying elements can also be not
recovered with subsequent heat treatments due to a redu-
ced ability of the alloy to precipitation harden as a result
of a lower alloying element concentration. This problem
can, however, be overcome by utilizing proper welding
parameters and/or suppression of the plasma with a pro-
perly designed shielded gas nozzle [35]. The other alter-
native is to use filler wire [38].

If the weld metal has significantly lower strength than the
base metal (high undermatching), almost all of the applied
strain will be concentrated in the weld metal in transverse
tensile test. Thus, the weld metal will be the weakest part
of the joint and thereby the location of failure when the
joint is loaded transverse to the weld in tension. This is par-
ticularly the case for high-strength Al alloys. Typically,
joint ductility measured over a 50 mm gauge length will
be 2 to 4% even though the actual weld metal ductility
approaches 10 to 12%. However, this does not mean that
the weld metal is intolerably brittle. It is due to the very
small size of the weld metal which undergoes constrai-
ned plastic deformation in the transverse tensile test resul-
ting in very low ductility levels, Fig. 8 [72]. The level of
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Fig. 8. Comparison of stress-strain curves of base
material and EB weld joint for alloy 6061
(plate thickness is 5 mm) [72].

ductility achieved in such tests is obviously dependent on
the length of the “gauge length” used in the specimen.

2.3. Weldability of Superalloys

Solid solution hardened superalloys generally exhibit good
weldability and are often used in the as-welded condi-
tion. However, adequate precautions must be taken in
order to avoid liquation cracking. The fusion welding of
precipitation-hardenable superalloys is much more com-
plicated. The physical metallurgy of precipitation-harde-
nable superalloys that determine weldability is governed
by the precipitates used for age hardening (y and y*) and
those associated with solidification and solidification
segregation (primarily, Laves and carbides). There are two
types of cracking encountered in welding of these alloys,
namely strain-age cracking and liquation cracking.

Strain-age cracking was first investigated and understood
for the wrought alloy Rene 41 by Hughes and Berry [39,
40]. They demonstrated that strain-age cracking was an
aspect of the gamma prime aging reaction in the HAZ of

-weldments. This reaction might occur during welding or in

subsequent heat treatment, but regardless of the timing.
The ¥ precipitation in the matrix results in strengthening
of the matrix so that all the solidification strains of the
weldment are transferred to the grain boundaries in the
HAZ causing them to fail and form microcracks. The pos-
sibility of strain-age cracking is lower in LB welding pro-
cess compared to conventional arc welding since LBW pro-
duces a very narrow HAZ, if any.

Ni-based superalloys that are strengthened by y' precipi-
tates are more prone to strain-age cracking than are those
that are strengthened by ¥’ precipitates (e.g. Inconel 718)
due to the more sluggish reaction of the y" phase. Prager
and Shira [41] proposed the plot in Fig. 9, which was modi-
fied by Kelly [42] to include alloys such as René 220C,
IN939, IN909 and René 108, which demonstrates that the
phenomenon of strain-age cracking is due to the total
(Ti+Al) content. Both titanium and aluminum are Yy for-
mers in many superalloys, the strengthening phase that
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Fig. 9. Prager and Shira‘s plot of weldability versus Al
and Ti content, with several Ni-based superalloys
included by Kelly [42], based on strain-age cracking
susceptibility [41].
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forms rapidly at certain temperatures. When the (Ti+Al)
content exceeds 4 wt%, strain-age cracking becomes a
significant problem. The most effective means of preven-
ting strain-age cracking is to overage the material prior to
welding, which will not protect the HAZ, or to use control-
led heating and cooling cycles for welding and subsequent
heat treatment.

Liquation cracking in the HAZ of superalloy weldments is
first observed by Pepe and Savage [43]. Phases that form
during solidification, such as MC carbides and Laves

' phases, have the potential to initiate melting in the HAZ
during welding and spread along the grain boundaries.
The melting, often referred to as liquation, occurs as a
result of a reaction between the dissolving precipitate and
the matrix, resulting in liquid grain boundary films in the
HAZ, well away from the fusion zone. Such a location pre-
vents backfilling and promotes liquation cracking. The
liquid film is incapable of absorbing the strain produced
due to the contraction of the liquid metal in the fusion
zone during solidification and therefore, causes the grain
boundaries it occupies to separate and form HAZ micro-
cracks. Such cracking may be termed liquation cracking,
hot cracking, or microfissuring.

Other factors, such as large grain size [17, 44-48], heat
treatment, and high impurity levels [17, 42, 46, 49-60],
may also promote HAZ cracking in superalloys. It is also
worth pointing out that HAZ microcracking is apparently
a function of both the boron at the grain boundaries and
the lowest liquating temperature phase reaction present
in the system. Liquation cracking is expected to be a
concern in LB welding of these alloys. Some success in
obtaining crack-free welds has already been reported.
However, there is a lack of mechanical data of the weld-
ments reported.

The other problem which is encountered in LB welding of
precipitation hardenable superalloys is the base metal
degradation. The heating cycle involved in welding can
result in the solutioning of age-hardening constituents
which will reduce the strength of the weld zone (under-
matching). Temperatures immediately adjacent to the
fusion zone will reach and exceed the recrystallization
temperature, resulting in grain growth and elimination
of the retained strain energy from thermomechanical pro-
cessing. These effects can significantly alter the proper-
ties of the weldment. The base metal degradation is
expected to be the major concern in LB welding of preci-
pitation-strengthened superalloys, such as Inconel 718 and
A-286. However, this problem can also be overcome with
proper welding parameters (achieved within Brite-Euram
Project ASPOW) as demonstrated in Fig. 10, which illus-
trates a LB joint of Inconel 718 and its hardness profile
with no indication of base metal degradation in weld
region [72]. Fig. 10 also shows the formation of some Laves
phase, (Ni,Mo),(Nb,Cr), particles in the fusion zone which
is expected to have a negative influence on the fracture
toughness of fusion zone.

2.4. Weldability of C-Mn Steels

Steel is a good absorber of light wave lengths produced by
CO, and Nd:YAG lasers and many steels are readily wel-
dable by this process. A series of studies describing the
successful use of LB welding to different steels in various
industrial applications can be found in the literature.
However, the chemical composition (particularly C, P, and
S contents as well as carbon equivalent) of the structural

steels significantly influences the laser weldability of these
materials. In modern structural steels the carbon content
is significantly reduced and the strength is attained by
alloying elements and/or thermal processing during rol-
ling. These fine grained steels are particularly suitable for
low heat input laser welding process to avoid the deve-
lopment of a coarse grained microstructure in the HAZ
region. However, low heat input and high cooling rate
(high welding speed) typical of this process promote the
formation of hard and brittle microstructures (i.e. mar-
tensite) within the narrow weld and HAZ regions of steels
subjected to solid state phase transformations. Since the
hardness values reached in these regions are usually well
above those specified in standards and codes, expensive
and time consuming qualification procedures are required
for individual components [61]. Fig. 11 shows the hard-
ness peak in the hardness profile of similar ferritic steel LB
joint in contrast to the hardness profile of austenitic steel
LB joint with no hardness increase in fusion zone [62]. It
has been reported [63] that the use of IIW formula for
carbon equivalent (Ceq) is not adequate to assess the har-
dening effect in the fusion zone of the laser welds of C-Mn
steels.

The weld formation and quality of LB steel weldments are
usually associated with three aspects: porosity, solidifica-
tion cracking and high hardness in the HAZ and fusion
zone. Pores are formed as a result of dissolved gases or
gases arising from contaminated surfaces, trapped process
gases or evaporation of alloying elements. In the case of
steels, porosity has been in general associated with low
grade rimmed steels with oxygen contents above 100 ppm
especially as thin sheet material, although the literature
also reports this type of defects on weldments produced in
higher steel grades [64]. Because of the excessive weld
cooling rates the rate of escape of bubbles eventually for-
med in the fusion zone is usually lower than the rate of
solidification resulting in various degrees of porosity in
the final weld. Recent studies on different steel grades,
thickness and welding speeds have shown that generally
the porosity level associated with slower welds is higher
than those connected with faster welding speeds [64]. The
evaluation of the weldment quality revealed that higher
porosity levels, irrespective of parent plate type, do not
have a particularly detrimental effect on weld joint pro-
perties due to strength overmatching shielding effect.

At high cooling rates of the LB welding, the effect of
alloying elements on the resulting microstructure decreases
as martensite becomes the dominating structure. The
maximum hardness of the martensite formed is then deter-
mined by the amount of carbon in solution. Due to the
transformation kinetics on heating the austenite formation
temperature increases with increasing heating rates (i.e. at
about 1000°C/s the formation of austenite starts at tem-
peratures slightly above 900°C) [65]. Moreover, the auste-
nite formed at this heating rate is usually not homoge-
neous, or in other words, the available carbon might not
be completely dissolved. The maximum hardness of the
martensite formed from this heterogeneous austenite will
be a function of the dissolved carbon and not directly rela-
ted to the total amount of alloying elements. Nevertheless,
laser beam welds in steels presenting solid state phase
transformations are generally characterized by the pre-
sence of hard and brittle structures in the fusion zone and
HAZ which might have a negative effect on the deforma-
bility and toughness of the weldment. An obvious solution
or attenuation of such problem is a tighter control of the
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base metal chemical composition particularly in the case of
C, S and P contents [66].

Solidification cracking is caused by segregation surroun-
ding solidifying grains or dendrites of restrained welds. In
the case of steels elements such as sulphur, phosphorous
and boron which form low-melting point constituents
during the last stages of solidification reduce grain boun-
dary surface tension. In the presence of a minimum level
of tensile stress or restraint cracking occurs. In welding, the
magnitude of these stresses is a function of joint geome-
try particularly depth of weld penetration.

In summary it could be said that the susceptibility to form
solidification flaws depends on:

the geometry of the joint, the shrinkage involved in soli-
dification, the coarseness of the solidifying structure and
the amount and species of segregation. Fig. 5 shows soli-
dification cracking in a dissimilar austenitic/ferritic steel
laser beam weld as an example. The narrow and deep
geometry characteristic of laser welds results in very low
aspect ratios (bead width/bead height). It has been shown
[67] that in the case of laser welds in Ni-Cr-Mo steels the
total crack length increases as the bead shape becomes
cylindrical. Hence, for a given chemical composition, para-
meters favouring a reduction of the aspect ratio such as
increasing laser power and welding speed promote soli-
dification cracking. The occurrence of solidification crac-
king has also been shown to be directly related to exter-
nal restraint. Recent studies have, however, revealed that
small amounts of solidification cracks are non-critical to
structures. Furthermore, it is possible to control or avoid
these flaws by a combination of steel composition and
welding parameter selection. Nevertheless, this may
reduce the productivity of the laser welding process [68].

Laser welding is also about to become a rapid manufac-
turing tool in the automotive industry for welding of thin
steel sheets (blank or Zn-coated) by replacing the conven-
tional spot welding process.

Pre-shaped block

3. STRENGTH MISMATCH PROBLEM
OF LASER BEAM WELDS

It is common practice to obtain weld metals which display
higher strength (overmatching) than the steels used in
various engineering structures. By doing this, a beneficial
shielding effect of the higher yield strength weld metal
(defective region in most cases) on a defect from imposed
strains can be expected.

Despite significant improvements in LB welding techno-
logies over recent years, it still remains difficult to cha-
racterize narrow LB welds in a unique fashion and to
produce quantifiable mechanical properties. General gui-
dance on design aspects of LB welded joints is currently
lacking for potential users so that they are often reluc-
tant to opt for such a welding process despite the available
technology to fabricate the joint. Present standards do
not take into account the characteristic features of LB
welds stemming from high energy density, high welding
speed, high solidification rate and the small volume of
base material affected. Many LB weld joints, therefore,
may fail according to the available standards, even though
their mechanical performance is sufficient. Thus, additio-
nal non-standard tests, which consume time and money,
are often requested by the industries.

Tensile Testing: Due to very small LB weld zone (approx.
2-3 mm), standard round tensile specimens cannot be

extracted to determine the local weld zone tensile pro-

perties. Flat microtensile specimens can easily be produced
and tested in order to determine the mechanical property
variation across the weld joint. The extraction of these
specimens is schematically illustrated in Fig. 12 [70, 71].
Fig. 13 shows full stress-strain curves of laser beam welded
C-Mn steel joints determined by testing microtensile spe-
cimens.

Fracture Toughness: There are no fracture mechanics
based testing procedures available for power beam weld

Laser weld area

\

flat microtensile specimen
extracted by spark erosion

cutting technique

Loading pins

Fig. 12. Schematic showing the extraction of flat microtensile specimens from laser welded sheet
by spark erosion cutting [71].
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Fig. 13. Full stress-strain curves obatined by testing
microtensile specimens extracted from the base metal
(BM), weld metal (WM) and HAZ regions of CO, laser

beam welded 5t52 steel joint [71].

joints despite the wide and inevitable use in modern engi-
neering structures. This discrepancy is due mainly to the
lack of information on the interaction between the base
metal and fusion zone, which have different mechanical
properties. Substantial differences in strength properties
(mismatching) of the base metal and narrow fusion zone
of the LB welds inevitably occur due to the rapid thermal
cycle of the joining process.

Almost all LB welded structural C-Mn steels exhibit weld
metal region of higher hardness and strength (possibly
with lower toughness) compared to the base metal (over-
matching) due to the rapid solidification and single pass
natures of the welding process. Small laser weld region
with its high hardness and strength makes it almost impos-
sible to determine the fracture toughness properties
(intrinsic) of the weld region using conventional Charpy-
V impact [69] and Crack Tip Opening Displacement (CTOD)
toughness [62] testing specimens due to the crack path
deviation towards the softer base metal, as schematically
illustrated in Fig. 14. The crack path deviation into the
softer base material of a C-Mn steel (grade 5t52) LB weld

joint is shown in Fig. 16.

Oy O
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Fig. 14. Schematic showing extensive plastic zone
development in the soft base metal of C-Mn steel laser
beam weld. The crack path deviation inevitably occurs

towards the lower strength base metal
and the toughness result obtained represents
the base metal.

Fig. 15. Schematic showing confined plasticity
development within the lower strength weld region
of Al-alloy laser beam weld. An increase of constraint
at the crack tip occurs due to the lack of participation
of the parent plate in the deformation process.

An extensive development of plasticity at the lower
strength base metal regions of C-Mn steel laser welds
inevitably occurs due to the small size of the weld seam
both in laboratory specimen and components in service if
test/service temperature corresponds to the upper shelf
regime. This remote deformation causes a stress relaxation
(lower constraint) at the crack tip located at the possibly
lower toughness (higher hardness and strength) weld
region and hence prevents the occurrence of brittle frac-
ture (by crack path deviation, see Fig. 16) since the critical
cleavage fracture stress cannot be reached for the mar-
tensitic weld metal.

Therefore, it can be speculated that low level of fracture
toughness of the LB weld region of the C-Mn steels does
not matter if the base plate can deform plastically (i.e.
the base plate should not be in the lower shelf of ductile-
brittle transition regimes) and hence accommodates the
applied strain significantly by relaxing the crack tip or
defect at the lower toughness region.

The toughness result obtained from such a specimen will
be higher due to tougher base metal, but the obtained
toughness level should not necessarily be classified as
“invalid” toughness result. An inevitable interaction bet-
ween lower strength base metal (at a distance of about
1.5 mm to the weld zone) and the crack tip will occur and
hence relaxes the stress-state at the crack tip.

Therefore, inevitable extensive plasticity development in
the parent plate of the C-Mn steel laser welds may mini-
mize the structural significance of the lower toughness
small weld seam under some circumstances (i.e. depen-
ding on the temperature and defect size). If lower tough-
ness weld or HAZ regions of the C-Mn steel welds cannot
control the failure behaviour of the standard laboratory
specimen, no extra effort (i.e. artificial LB weld configu-
rations or specimen design to force the crack to remain
within the weld seam) should be made for the determi-
nation of fracture toughness of LB welds. This may be
achieved in laboratory scale specimens, but service beha-
viour of LBW joints will follow its own natural course.

As mentioned in section 2.2, laser weld regions of most Al-
alloys exhibit lower hardness and strength compared to
the parent plate. Contrary to the C-Mn steel specimen,
Fig. 14, the confined plasticity development at the vici-
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crack

strength overmatched
laser weld

Fig. 16. Crack path deviation into the softer base metal in a similar ferritic steel (5t52) joint.

nity of a crack tip of the LB welded Al-alloy is schematically
shown in Fig. 15. This phenomenon has been experimen-
tally demonstrated in weld joints with undermatching
weld zone as illustrated in Fig. 17. According to the expe-
rimental observations and some numerical studies, the
crack ténds to develop at the interface region (the border
of plastic incompatibility) between the base metal and
the softer weld region. It should further be noted that
the very small size strength undermatched weld region
(2H) would increase the load carrying capacity of the spe-
cimen or component at the cost of reduction in ductility
or deformation capacity of the weld joint. The reduction
in ductility of an alloy 6061 EB weld joint containing under-
matching weld zone is shown in Fig 8. The overall strength
of the joint is also lower than that of base material due to
a relatively large weld zone produced in EB welding.

strength undermatched
weld zone

Fig. 17. Optical micrograph showing confined plasticity
development due to the strength undermatching
in the weld region in a bend specimen.

Defect Assessment: Considering the very narrow LB weld
metal size, the “shielding effect” of the higher yield
strength weld seam of C-Mn steels (from externally
applied strain) on a defect present within the weld seam
could be of a very different magnitude than the shielding
effect observed on conventional larger sized weld joints.
Global deformation and fracture behaviour of the LB weld
joints which include inevitable participation of the neigh-
bouring base plate in the deformation process, as men-
tioned earlier, should be respected and considered.
Therefore, the defect assessment procedures or standards
developed for conventional weldments need to be modi-
fied for laser beam weldments. The fracture assessment of
such welds for structural integrity requires detailed infor-
mation on the effects and/or interactions of each part on
the overall fracture behaviour. As far as known, no syste-
matic study concerning the effects of local strength mis-
matching on power beam weld joint performance has yet
been conducted. Presently, the lack of any international
standard for incorporating mechanical heterogeneity (mis-
match) in laser beam structural weldments and related
safety assessment procedures urgently requires the deve-
lopment of a technology applicable to civil, aerospace, oil
and gas, power generation, chemical, process and ship
building industries as well as being acceptable by desi-
gners and producers of structural materials.

For these very reasons, an European Brite-Euram project
ASPOW (Assessment of Quality of Power Beam Weld
Joints) has recently been established [72] predominantly by
industrial companies to establish the European framework
of the destructive and non-destructive testing and assess-
ment issues of laser and electron beam welds of over 20
metallic materials.

4. FINAL REMARKS

Some success has already been reported on laser beam
welding of aluminium alloys, titanium alloys, superalloys,
and steels in the surveyed open literature. However, there
is still a lack of comprehensive mechanical properties data
on these joints and some weldability problems should also
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be overcome, such as porosity, particularly in aluminium
alloys, and cracking, particularly in intermetallic materials.
There is still a need for further research for a full unders-
tanding of the relationship between the welding para-
meters and the mechanical properties of the power beam
joints.

Distinct information on the relationship between the type
of porosity and weld process parameters is still lacking.
Furthermore, no information is available on the structural
significance of pores and HAZ degradation of Al-alloy
weldments. Therefore, there is a need for an NDT defect
catalogue particularly for the assessment of Al-alloy LB
weldments. This has a particular importance to develop a
new damage tolerance concept for laser or friction stir
welded (FSW) aerospace structural components.

Moreover, the evaluation of the mechanical properties of
the power beam welds, particularly for superalloys and
intermetallic alloys, has not yet been fully made.
Conventional testing procedures cannot be applied
straightforward to the LB welded joints, particularly in
the presence of strength over - (i.e. C-Mn steels) or under-
matching (i.e. Al-alloys) between the weld metal and the
base plate.

The laser beam weldability of these alloys is currently
being investigated and the weldments are assessed in a
Brite-Euram Project, ASPOW. The aim of this project is to
correlate the microstructure and mechanical properties of
the power beam weldments and provide reliable mecha-
nical property data and information on the fracture beha-
viour of these joints. Another objective of this project is to
develop an NDT defect catalogue for various power beam
welded alloys for structural assessment of these joints.
Finally, a european defect assessment procedure specifi-
cally tailored to laser and electron beam welds is in pre-
paration.
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