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Figure 1.30 Schematic showing the effect of the temperature gradient (G) and the
solidification speed (R) on the morphology and size of the grains in FZ.

in detail in the following chapters for arc welding processes, laser beam welding,
resistance welding, and solid-state welding.

The mechanical properties of the weld depend on the microstructure. The
microstructure of the FZ is cast, which consists of dendrites or columnar grains.
Equiaxed grains may also appear in the weld zone, which is favored over the
columnar or dendritic grains. It is shown that the equiaxed grains result in a
higher ductility of the weld without any influence on the tensile strength [72]. The
fine equiaxed structure provides more grain boundaries, which act as dislocation
barriers, causing an increase in the yield strength (o)) according to the Hall-Petch
equation [73].

o, =0yt k.d=%> 1.17)

where o, is the opposite shear stress to the movement of dislocation inside the grain,
k is a material constant representing the degree of difficulty to produce grain disloca-
tion, and d is the grain diameter. The grain structure may also affect the mechanical
properties through other mechanisms. For example, segregation of the alloying ele-
ments that cause hot cracking can also affect the failure mechanism of the joint in
loading. Segregation is influenced by the grain structure, as discussed before. Along
with the grain size and morphology, other mechanisms such as precipitation hard-
ening, solution hardening, and strain hardening need to be considered in analyzing
the mechanical properties of the joint.

In addition to thermal history, the nucleation particles affect the mechan-
ical properties through modification of the solidification structure [74]. The
metallographic images of the failed tensile specimens from the weld cross sections
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Figure 1.31 Metallographic images of the failed tensile specimens from the weld cross
sections of three AA6082AL alloys with three different Ti content welded by laser
welding [74]/DVS Media GmbH.

of three AA6082Al alloys with three different Ti content welded by laser welding
are shown in Figure 1.31. At low Ti content, the FZ boundary consists of coarse
columnar grains, where their boundary act as the fracture site during tensile
testing. By 0.07% Ti addition, the fracture occurs along the boundary between the
columnar and equiaxed grains. By 0.37% Ti, a full fine-equiaxed grain structure
is developed, which promotes higher plastic deformation. The fracture occurs
in the middle of the weld zone. The yield strength and ultimate tensile strength
(UTS) of three specimens differ slightly, but the elongation of the weld to the
fracture is highest in the specimen with the highest amount of Ti. The underlying
mechanism by which the failure of the weld is influenced is the segregation and
hot cracking caused by the grain structure. The degree of segregation is higher in
coarse and columnar grains than the fine and equiaxed ones, as mentioned before.
This explains the fracture locations observed in Figure 1.31. The mechanism of
grain modification by adding nucleation particles is discussed in more detail in
Chapter 2.

The thermal cycle not only influences the microstructure and mechanical prop-
erties, but also the distortion and residual stresses during welding. The distortion of
Al alloys during welding is higher than steel due to its higher heat conductivity and
higher thermal expansion coefficient. There are some basic laws that are practical
for avoiding distortion during welding. For fillet welds, two simultaneous welding on
both sides reduces the angular distortion. The seam welds, which cause the highest
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stiffness on the structure, should be performed last. The butt welds should be done
before the filler welds [75].

1.4 Welding of Aluminum to Other Metals

A high demand exists for joining of Al to other metals such as steel, magnesium,
and titanium, mainly for structural reasons. Welding of Al to copper is also gain-
ing attention for electrical purposes, and hence, Al usage in the energy sector is
increasing. The main challenge of welding Al to these materials is the formation of
thick intermetallic compounds (IMCs), which are brittle and degrade the mechani-
cal properties of the joint [76]. Usually, the interface is composed of one or more IMC
layers at the interface. However, this layer is not always uniform, and its shape and
morphology depend on the process and its parameters. The mechanical properties
of the joint are highly influenced by the thickness and distribution of IMC as well as
the direction of the applied load with respect to the interface [77, 78]. Dependency
of the joint strength to the IMC thickness is depicted in Figure 1.32, which shows
that while IMCs formation is necessary to establish a joint, its growth needs to be
controlled to maintain its thickness in an optimum range.
The thickness of the IMC layer (dj,,.) is estimated by the following relationship

dpge = DI* (1.18)

where D is the diffusion coefficient, ¢ is time, and n is a constant whose value depends
on the controlling factor of the growth, diffusion or reaction [79]. In dissimilar joints,
the microstructures of the parent materials are not as decisive as the IMC layer, as
this layer is the weakest point that controls the mechanical behavior. The mech-
anisms of IMC formation in fusion welding and solid-state welding processes are
discussed in the following chapters.
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