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Abstract A 2219-Al thin-walled component was produced
by gas tungsten arc (GTA)-additive manufacturing, and the
microstructures were observed. The thin wall can be divided
into two regions: a top region and a bottom region. In the top
region, dendritic structures dominate and the eutectics are dis-
continuous. In the bottom region, there are many light strips
dividing the region into parallel layers. In this region, dendritic
structures are absent and eutectics are continuous. During the
GTA-additive manufacturing process, deposited materials are
heated many times by thermal cycles. According to conse-
quences and time sequences, thermal cycles can be classified
into three categories: melting heat, partial-melting heat, and
post-heat. The top region is the melting-heat-affected zone,
whose microstructures are the consequences of the melting
heat. The line between the top region and bottom region is
the partial-melting-affected zone, whose microstructures are
affected by melting heat and by partial-melting heat. As for
the post-heat-affected zone, namely the bottom region, melt-
ing heat and post-heat contribute to the inner-layer parts’ mi-
crostructures, while melting heat, partial-melting heat, and
post-heat contribute to the inter-layer line microstructures
together.
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1 Introduction

Additive manufacturing (3D printing) is a type of rapidly de-
veloping and promising technology. Usually, it uses high-
energy-density beams as heat sources, such as laser beams
and electron beams. Recently, researchers have found that
sources of electric arcs have many advantages over high-
energy-density beams, referring to their efficiency and econ-
omy [1–5]. Gas tungsten arc (GTA)-additive manufacturing is
a kind of arc-source additive manufacturing technology,
which uses the heat of the typical gas tungsten arc welding
(GTAW) arc to melt materials. With simple welding equip-
ments, components of various kinds of materials have been
produced, such as TC4, Inconel625, 308L steel, 300M steel,
and 5356-Al [6–12].

During the additive manufacturing process, materials in
components are deposited layer by layer. As a result, the de-
posited materials have to be heated many times (except for the
last deposited layer). As a result, the microstructures of the
additive manufactured materials have some differences from
the conventionally produced materials. For example, Baufeld
reported that there were two kinds of strips in the TC4 com-
ponents. Additionally, the columnar grains in TC4were so big
that they can be macroscopically observed [6]. However, in
the research of steels, only one type of strips was found in
308L steel and 300M steel by Skiba [8, 9]. As for the study
of Inconel625, Fujia Xu declared that the segregation phe-
nomenon was a significant matter in microstructures, which
directly influences the mechanical properties [7]. Wang pro-
duced a 5356-Al cylinder and observed from bottom to top,
finding the microstructures transforming from columnar
grains to equiaxed grains [10]. Similarly, Liu produced some
5356-Al components with CMT. There were many columnar
grains in the inter-layer lines. Controlling the temperature dur-
ing manufacturing can achieve fine grains [12]. After years of
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research, many achievements about microstructure observa-
tion have been obtained. But the relationship between the
thermal process and microstructure evolution has not been
thoroughly understood. In the current study, the microstruc-
tures of the additive manufactured 2219-Al are observed. And
most importantly, the effects of the thermal cycles on micro-
structure evolution are carefully analyzed.

2 Experimental

Experiments are carried out on an experimental setup, which
is shown in Fig. 1. In this setup, a CLOSS GLW300 power
supply is used, a GTAWgun is tied to the moving tables, and a
preheat table is used to heat the base plate. ER2319 wire is the
feeding material and the diameter is 1.2 mm. The material
2319 is designed especially for the welding of 2219-Al. The
chemical constituents of 2319-Al and 2219-Al are identical
(nominally Al-6 wt% Cu), except for a slight variation of Ti.
In this paper, the additive manufactured material will be re-
ferred to as 2219-Al, because this is the common alloy de-
signed for product forms other than weld-feeding wire.

A thin-wall component is produced in this paper. In the first
layer, the arc is maintained between the tungsten electrode and
the base plate, while in other layers, the arc is maintained
between the tungsten electrode and the last beam. In each
layer, the beam is deposited from the same side and the wire
is fed in front of the arc. When the beam deposition of one
layer is finished, the arc will be extinguished and the welding
gun will be raised by a certain distance. In order to avoid
overheating, the resident temperature of the last beam is de-
tected, and the next beam will not be deposited until the res-
ident temperature reaches that fixed value. The additive
manufactured thin wall is shown in Fig. 2, and the welding
parameters and dimensions of the thin wall are given in
Table 1. It should be noted that, in order to keep the width
of the beams the same, the first few layers need a higher heat
input, but these parameters are not given in this paper. Some
metallographic specimens are made from the cross sections of

different heights. After grinding and polishing, the specimens
are etched with Keller’s reagent for 3 s. Finally, an optical
microscope and a scanning electron microscope (SEM) are
used to observe the microstructures.

3 Microstructures

Figure 3 is the etched cross section of the thin wall ap-
proaching the top. There are two regions in the cross section,
and they are the top region and the bottom region. The area of
the top region is smaller and the profile is a semi-circle. The
rest area of the thin wall belongs to the bottom region which is
rectangular in shape. The outline is smooth and the signs be-
tween the deposited layers are difficult to be defined. The
color of the top region is much lighter than that of the bottom
region. Simultaneously, there are many light stripes in the
bottom region. These light stripes are parallel with each other
and the distances between the stripes are almost the same.
Parallel stripes divide the bottom region into parallel layers.
In this paper, the light stripes are defined as inter-layer lines,
and the spaces between the light stripes are defined as inner-
layer parts.

The microstructures of the additive manufactured 2219-Al
exhibit different characteristics in the top and bottom regions.
Figure 4a is the dendritic structures in the top region, whose

Fig. 1 GTA-additive manufacturing system

Fig. 2 Thin-walled component

Table 1 Welding parameters and dimensions of thin wall

Arc current (A) 103

Welding speed (mm/min) 200

Wire feeding speed (mm/min) 1000

Resident temperature (°C) 70–90

Arc length (mm) 3

Electrode diameter (mm) 2.4

Flow rate of shielding gas (L/min) 10

Length of thin wall (mm) 200

Thickness of thin wall (mm) 7.0

Height of thin wall (mm) 70
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dendritic clearances and secondary dendritic arms can be eas-
ily uncovered. Since the grain boundaries and sub-boundaries
are flourishing, grain boundaries are difficult to be uncovered.
As a result, the sizes of the grains cannot be measured.

In the bottom region, the morphologies of the grains are
more complicated. Grains of the inner-layer parts are shown in
Fig. 4b. The equiaxed grains dominate in this part, while the
dendritic structures are absent. The boundaries of the grains
are clear, and the sizes of the grains are about 50 μm.
Microstructures of the inter-layer lines (light strips) are shown
in Fig. 6c. Although the equiaxed grains also dominate in
these lines, the sizes of the grains are not homogeneous.
There are many small fragments of broken grains, and thus,
the amount of grain boundaries multiplies. It suggests that the
increasing grain boundaries contribute to the light strips in the
macroscopic structure. Additionally, some interesting

phenomena can be obtained in the junction between the
inner-layer part and inner-layer line, as shown in Fig. 4d.
Although the area of the junction is narrow, the grain bound-
aries decrease sharply in the junction. It seems that the growth
of the grains breaks in this junction. Meanwhile, there are
some slender grains growing from the planer region. It should
be noted that so far it is the first time to be reported that there is
the phenomenon of decreasing grain boundaries in additive
manufactured materials.

Eutectics in the top and bottom regions are also observed
by SEM. Figure 5a is the top region, and eutectics of
punctiform and claviform dominate. The eutectics in the grain
boundaries and sub-boundaries are discontinuous. While in
the bottom region, the distribution of the eutectics is continu-
ous. Figure 5b is the inner-layer part, and latticed eutectics
take the places of punctiform and claviform eutectics.
Figure 5c is the inter-layer line, where the bulk of eutectics
is much thicker. The width of the bulk eutectics can be tens of
times as much as the latticed eutectics. As a phenomenon of
grain boundaries, the amount of eutectics decreases sharply in
the junction between the inner-layer part and the inter-layer
line, as shown in Fig. 5d.

By increasing the microscope brightness to its maximum
value, Fig. 6a is obtained. There are many small porosities in
the cross section. Porosities exhibit a belt-like distribution in
the inter-layer lines. The porosities can be classified into two
categories: inner-smooth porosities and inner-rough porosities
and are shown in panels b and c of Fig. 5, respectively. The
sizes of the porosities are usually smaller than 50 μm.
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Fig. 3 Cross section of thin-wall

Fig. 4 Grains in additive
manufactured 2219-Al. a Top
region, b inner-layer part,
c inter-layer line, d junction
between inner-layer part and
inter-layer line
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Eutecticsα -Al matrix

a b

c d

Fig. 5 Eutectics in additive
manufactured 2219-Al. a Top
region, b inner-layer part,
c inter-layer line, d junction
between inner-layer part and
inter-layer line

a

b c

Fig. 6 Porosities in additive manufactured 2219-Al. a Belt-like distribution of porosities, b inner-smooth porosity, c inner-rough porosity
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Generally speaking, porosities of this size can do little harm to
the mechanical properties of the material. But taking into con-
sideration the belt-like distribution, the results are not clear.

4 Effects of thermal cycles

4.1 Thermal cycles during GTA-additive manufacturing

Figure 7b is the thermal cycles of the P7 point. The P7 point is
the middle point in both welding and building directions of the
seventh layer. The thermal cycles are obtained by MSC.Marc,
and details of the calculation are not shown in this paper. The
material of P7 point has been heated seven times during
manufacturing. The peak temperature of the first thermal cycle
is the highest and it melts the wire. Peak temperatures of
following thermal cycles decline gradually, as is shown in
Fig. 7b. All the bottom temperatures of the thermal cycles
are equal to the resident temperature, which is given in
Table 1, and are about 80 °C.

Some conclusions can be obtained from Fig. 7a, b. During
the last thermal cycle, the peak temperatures of the thermal
cycles decline gradually from top to bottom. Thus, there must
be a line between P3 and P4, whose peak temperature is
660 °C. Additionally, there must be a 548 °C peak temperature
line between P4 and P5. If the temperature exceeds 660 °C
(TL, the melting point of α-Al), that means the point of the
material is melted at this moment. If the temperature exceeds

548 °C (TE, melting point of θ-Al2Cu), that means the eutectic
reaction is carried out: α+ θ→L, and the point of the eutectic
is melted at this moment. As shown in Fig. 7b, there are three
peaks exceeding TL, which means P1, P2, and P3 points are
melted during the last thermal cycle. Thus, the heat of the TIG
arc can melt more than two layers deep in the thin wall during
material deposition. As a conclusion, the top region consists of
more than two layers amounting to the deposited material.
However, as shown in Fig. 3, there is no line in the top region.
That means the lines between the deposited materials cannot
be seen in the additive manufactured 2219-Al. The conclusion
proves that the light strips are fusion zones in the GTAWother
than materials’ deposition lines.

Thermal cycles during additive manufacturing are per-
formed sequentially. According to the consequences and time
sequences, they can be classified into three categories: melting
heat when the peak temperature exceeds TL, partial-melting
heat when the peak temperature is equal to TL, and post-heat
when the peak temperature is less than TL. The microstruc-
tures in the top region are the consequences of melting heat.
At a certain point of the material, the melting-heat process is
first performed and it is inevitable. Because of the layer height,
a partial-melting-heat process is performed only for special
points after the melting-heat process. The post-heat process
is performed for all points of the materials. As shown in
Fig. 7a, the top region is the melting-heat-affected zone,
whose microstructures are the consequences of the melting
heat. The line between the top region and bottom region is
the partial-melting-affected line, where the microstructures are
affected by melting heat and partial-melting heat. As for the
post-heat-affected zone, namely the bottom region, the melt-
ing heat and post-heat contribute to the inner-layer part of the
microstructures, while the melting heat, partial-melting heat,
and post-heat contribute to the inter-layer line microstructures
together.

4.2 Melting-heat process

For any point of the materials, the melting heat is performed at
the beginning. In the melting-heat process, the materials of the
feeding wire and some of the top layers are melted. In the
following solidification process, planer grains are first formed
at the bottom of the molten pool. But the growth of the planer
grain is not stable. With the solidification of the liquid phase,
the survival requirement of planer grains will break, which is
given as follows [13]:

G≥
ΔT
DL

R ð1Þ

where G represents the temperature gradient, R represents the
growth rate, DL represents the diffusion coefficient, and ΔT
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Fig. 7 Thermal cycles of P7 point. a Sketch map of thin wall, b thermal
cycles
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represents the temperature difference between the solid and
liquid interface.

As solidification is processed, segregation of the solutes
becomes more and more serious, which leads to a temperature
decreasing of solid-liquid equilibrium. As a result, the consti-
tutional supercooling increases and the survival requirement
of the planer grains breaks. At this time, cellular and columnar
grains begin to form [14]. They grow along the building di-
rection of the thin wall, because this direction has the best heat
sink condition. When constitutional supercooling is high
enough, equiaxed grains begin to form. Because the increas-
ing rate of constitutional supercooling is so fast in the GTAW
process, the junction area between planer grains and columnar
grains is narrow. As a result, equiaxed grains will dominate the
inner-layer part. The general growth frame of grains in GTAW
is shown in Fig. 8. However, in fact, planer, columnar, and
equiaxed grains are hard to be found in the melting-heat-
affected zone. On the contrary, dendritic structures are
flourishing. It is not the absence of them; actually, they are
disturbed by the segregation of solutes, which will be ana-
lyzed in more detail later in this paper.

Another consequence of the melting-heat process is the
segregation of solutes. Because the solidification rate is fast
in GTAW, solutes have no time to completely diffuse.

In 2219-Al, eutectics consisted of θ-Al2Cu and α-Al.
However, during the formation of eutectics, α-Al in eutectics
will unite with α-Al matrix. Thus, the main constituent of
eutectics is θ-Al2Cu. Since the melting point of α-Al is higher
than that of θ-Al2Cu, α-Al forms earlier in the liquid phase.
The result is that interior places of the grains consist more of
the Al element, while dendritic clearances and grain bound-
aries consist more of the Cu element [15], as shown in Fig. 9.
The segregation of solutes is remarkable in that the dendritic
structures are easy to be distinguished. As a result, planer,
columnar, and equiaxed grains exhibit dendritic structures.
At the end of solidification, the segregation is so serious that
the eutectics ultimately form in grain boundaries and sub-

boundaries. But the content of Cu in the wire is 6.3 %, which
is much lower than the value of eutectics (33.2 %). Thus, the
insufficiency of content contributes to the discontinuous
eutectics.

4.3 Partial-melting-heat process

As is described before, dendritic structures are clear and eu-
tectics distribute in the grain boundaries after the melting-heat
process. During the partial-melting-heat process, the peak
temperature is equal to TL. However, TL is a stagnation tem-
perature and it is only a transient process. In such condition, θ-
Al2Cu can melt completely, but the α-Al is only partially
melted. As a result, some ends of dendritics are melted and
the gaps between grains become wider. Since the liquid phase
flows into the gaps, when the temperature cools down, the
eutectics become bulky in shape. Meanwhile, fragments of
broken dendritics ultimately result in many small grains,
which increase the amount of grain boundaries. Actually, it
is the increasing grain boundaries that contribute to the light
strips (inter-layer lines) in the macroscopic structure.

Another consequence of the partial-melting-heat process is
the re-distribution of solutes. According to Fick’s first law,
which is given in Eq. (2), the rate of element diffusion in-
creases rapidly when temperature increases [16].

J ¼ −D
dC
dx

ð2Þ

where J represents diffusion flux,D is the material coefficient,
and dC/dx is the density gradient. As expressed in Eq. (2), J is
in direct proportion to D. Thus, if D is obtained, J can be
calculated. In the meantime, D can be expressed as follows
[16]:

D ¼ D0exp −
Q
RT

� �
ð3Þ

where D0 represents the diffusion constant, Q represents the
activation energy of diffusion, R represents the gas constant,
and T represents the thermodynamic temperature.

In Eq. (3), D and T exhibit an exponential relationship. It
reveals that, in contrast to TR, the element diffusion rate in TL
increases exponentially. Because, at high temperatures, atoms
vibrate more intensely. With the aid of energetic fluctuation,
the probability for an atom to jump over the energy barrier is
much larger in high temperatures. As a result, during this heat
process, solutes are re-distributed. As is described before, the
interior places of the dendritic structure are rich in Al, while
the dendritic clearances and grain boundaries are rich in Cu.
During the partial-melting-heat process, Al presents a down-
hill diffusion feature to reduce the density gradient. On the
contrary, Cu presents an uphill diffusion feature, as shown in
Fig. 10. Because, in the current conditions, α-Al is in a
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Fig. 8 Grain growth during melting-heat process
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supersaturated solid state, Cu has to separate out from α-Al.
Meanwhile, in the grain boundaries, eutectic reactions can
consume a large amount of Cu. Thus, Cu is segregated into
grain boundaries. Since the segregation in dendritic clearances
is alleviated after the partial-melting-heat process, the mor-
phologies of dendritic structures are invisible. As a result,
dendritic structures transform into equiaxed grains.

There is a kind of undesirable consequence of the
partial-melting-heat process, which is the belt-like distri-
bution of porosities in inter-layer lines. During the partial-
melting process, broken dendrites and the fast solidifica-
tion rate in GTAW together make the bottom of the melting
pool where porosities can easily be formed in that position.
The prior factor increases the probability of nuclei genera-
tion and the latter factor decreases their chance of escape.
Generally, porosities in Al alloy belong to hydrogen pores
[17, 18]. Since the whole of the thin wall is deposited by
welding wire, the wire surfaces exist as a sufficient hydro-
gen element supply. Other research has proved this source
theory. A thin wall was manufactured in a seal chamber,
which was inflated by argon. In this condition, hydrogen
was completely isolated. But the results showed that the
amount of porosities did not decrease. Thus, the only pos-
sible source for the hydrogen is the wire surfaces.

4.4 Post-heat process

According to the effects on microstructure evolution, the post-
heat can be classified into two categories: eutectic-melted
post-heat (EMPH) when peak temperatures of the thermal
cycles are higher or equal to TE and eutectic-unmelted post-

heat (EUMPH) when peak temperatures of the thermal cycles
are lower than TE. After the melting-heat and partial-melting-
heat processes, the EMPH and EUMPH processes are per-
formed sequentially.

During the EMPH process, the morphologies of the
grains are immutable, but the eutectics can re-form.
During this process, when the temperature reaches TE, the
eutectic reaction is carried out: α+θ→L and θ-Al2Cu are
melted. In this condition, the liquid phase flows like a river.
Branches of the river merge with each other, joining the
main stem in grain boundaries. However, during the
EMPH process, the peak temperature is lower than TL,
and α-Al cannot be melted. When the temperature cools
down to TE again, the eutectics are re-formed. As a result,
in the post-heat-affected zone, the eutectics are continuous.
Although, some punctiform eutectics can survive during
this process, their amount and sizes are much smaller.
Additionally, re-distribution of solutes is also remarkable
during the EMPH process, as it does in the partial-melting
heat process. Segregation in dendritic clearances is allevi-
ated, and the morphologies of dendritic structures are in-
visible. As a result, in post-heat-affected zones, the den-
dritic structures transform into planer, columnar, and
equiaxed grains.

The EUMPH process is carried out after the EMPH pro-
cess. Because the peak temperature is lower than the melting
points of α-Al and θ-Al2Cu, the morphologies of the grains
and eutectics cannot transform any further. Additionally, at
such temperature, element diffusion is not as remarkable as
in the EMPH process. In fact, the EUMPH process has little
effect on microstructure evolution.

rich in Al rich in Cu grain boundaryeutecticFig. 9 Solute segregation during
melting-heat process
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5 Conclusion

(1) The GTA-additive manufactured thin wall of 2219-Al
can be divided into two regions: top region and bottom
region. In the top region, grains exhibit a dendritic struc-
ture and the eutectics are discontinuous. In the bottom
region, there are many light strips dividing the region
into parallel layers. Each layer can be divided into the
inner-layer parts and the inter-layer lines. The dendritic
structure is absent in the whole bottom region. In the
inner-layer part, equiaxed grains are dominant and eutec-
tics are latticed. In the inter-layer line, there are many
fragments of the equiaxed grains, which increases the
amount of grain boundaries. At the junction between
the inner-layer part and inter-layer line, the boundaries
of the grains decrease sharply, and only some slender
grains grow from the planer region.

(2) The deposited material has to be heated many times
by thermal cycles during the additive manufacturing
process. According to consequences and time se-
quences, thermal cycles can be classified into three
categories: melting heat, partial-melting heat, and
post-heat. The top region is the melting-heat-affected
zone, whose microstructures are the consequences of
the melting heat. The line between the top region and
bottom region is the partial-melting-affected zone,
whose microstructures are affected by melting heat
and partial-melting heat. As for the post-heat-
affected zone, namely the bottom region, the melting
heat and post-heat contribute to the inner-layer parts
of the microstructures, and melting heat, partial-
melting heat, and post-heat contribute to the inter-
layer line microstructures together.

(3) During the melting-heat process, materials of the wire
and former layers are melted. In the solidification pro-
cess, grains of planer, cellular, columnar, and equiaxed
form successively. The increasing rate of constitutional
supercooling is so fast that the area of the planer-
columnar grains is narrow at the junction between the
inner-layer part and inter-layer line. On a wider scale,
equiaxed grains dominate. Because of the fast rate of
solidification, solutes have no time to diffuse. Al is rich
in the interior of the grains, while Cu is rich in the den-
dritic clearances and grain boundaries. So, the dendritic
structures are clear in the top region.

(4) During the partial-melting-heat process, ends of the den-
dritics are broken. Fragments of the broken grains in-
crease the amount of grain boundaries which contributes
to the light strips in the macroscopic structure. Because
the gaps between the grains become wider, the bulk of
eutectics forms when the temperature cools down. Solute
diffusion is especially remarkable in this process. Al pre-
sents a downhill diffusion feature to reduce the density

gradient. On the contrary, Cu presents an uphill diffusion
feature. Additionally, porosities are an unwanted conse-
quence of this process.

(5) Post-heat can be classified into two categories: eutectic-
melted post-heat (EMPH) and eutectic-unmelted post-
heat (EUMPH). During the EMPH process, eutectics
are re-formed and discontinuous eutectics become con-
tinuous. Segregation in dendritic clearances is alleviated,
and dendritic structures transform into planer grains, co-
lumnar grains, and equiaxed grains. On the contrary,
EUMPH process has little effect on microstructure
evolution.
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