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Abstract
This paper concentrates on the microstructural analysis of the three-dimensional (3D) parts built by rapid prototyping (RP)
based on gas tungsten arc welding (GTAW). The material used for building 3D parts is AISI 1018. Two sets of experiments are
carried out. From each experiment, samples are obtained by a standard metallographical procedure: cross sectioning, polishing,
and etching. During the ﬁrst experiment, the temperature at the locations with diﬀerent heat-transfer conditions are monitored by
thermocouples. The relationships between the geometry of the deposited beads and the welding parameters are developed. The
microstructure analysis of fusion and the heat-aﬀected zone is performed. Samples from the second experiment are examined on
Vickers microhardness tests. The results showed that the deposited layers possess a maximum hardness at the top layer with a
slight decrease towards the middle and bottom layers. The obtained results show that 3D parts built in this manner have a very
uniform microstructure and are free of cracks and porosity.
# 2004 Elsevier Ltd. All rights reserved.
Keywords: Rapid prototyping; GTAW; Volume of heat sink; Microstructure; Microhardness

1. Introduction
Market need has forced manufacturing companies to
look for a technology that can make products directly
from a 3D computer aided design (CAD) electronic
ﬁle. In the last decade, it has been shown that RP
through layered manufacturing principles is an attractive method for 3D object generation. Layered manufacturing technology is the key technology of the RP
systems that allows for the fabrication of 3D parts
layer by layer. The most common processes are stereolithography, laser-engineered net shaping (LENS),
laminated object manufacturing, selective laser sintering (SLS), 3D cladding, 3D printing, and shape deposition manufacturing (SDM). Most of the RP systems
still make parts from non-metallic materials while others systems that make metallic parts are making objects
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that are porous, have weak bonds between layers and,
consequently, have structural weakness.
RP based on deposition by welding overcomes this
disadvantage. Produced 3D parts are built from metal;
they are dense and porous-free yet have very good metallurgical bonding between the layers. When this technique is combined with the CNC milling, manufactured
parts are geometrically accurate and have a good surface appearance as well [1–3]. Several research-teams
have shown that this technique is capable of making
diverse part shapes [4–8].
The welding process for building 3D parts was mentioned for the ﬁrst time in 1925 by R. Baker to produce
receptacles or containers of ornamental and useful
shapes. The ﬁrst known application of RP based on
deposition by welding was reported in Germany in the
1960s when several free-standing shapes were built. A
number of researchers [9–13] have contributed in developing this process; although, they were mainly concerned with the equipment set-up and possible
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Fig. 1.

New experimental set-up.

applications, and less with the quality of the produced
parts or problems met in the process. The RP based on
deposition by welding has been developed to fabricate
various components of aircraft engines and pressure
vessels in iron-based, nickel-based, and titanium-based
alloys [4,14,15]. In this paper an iron-based alloy (AISI
1018) is used.
During the building of 3D parts with relatively complex geometry, it is noticed that even though the level
of the heat input is kept constant, the size of the molten pool signiﬁcantly alters. Namely, the size of the
heat sink, which depends on the 3D geometry of
already deposited material, plays a crucial role in this
phenomenon [16–18]. The smaller the heat sink, the
smaller amount of heat transferred through conduction, which means that a larger amount of energy is
used for heating and melting of feeding and base
material. For this reason, the molten pool enlarges
when the heat source, optimized for obtaining a good
depositional result on the locations that are remote
from boundaries, is placed in the vicinity of the internal
or external edges, corners and channels. The scientiﬁc
challenge of RP based on deposition by welding is to
control the dimensions and properties of the buildups.
The control of the molten pool size and solidiﬁcation
time can oﬀer both the desired dimension by limiting
the molten pool size and the desired properties through
microstructure manipulation. A stable and repeatable
procedure of building layers is crucial for the quality of
the fabricated part such as the geometrical accuracy,
the level of residual stresses, the microstructure, the
bonding, etc. To achieve this kind of the control, a better understanding is required of: the relationship
between the independent process parameters and
dimensions, the microstructure, and the properties. In
this article, a feasibility study of RP based on deposition by gas tungsten arc welding has been performed.
The relationship between the welding parameter settings, microstructure, and properties is investigated to
obtain a better understating of the deposition process.

2. Experimental procedure
Experiments are carried out on the new experimental
set-up, which is shown on Fig. 1. In this set-up, rapid
prototyping based on deposition by welding uses gas
tungsten arc welding (GTAW), and as a material, it
uses an iron-carbon alloy (AISI 1018). To start the arc,
a high voltage is used to break down the insulating gas
between the non-consumable electrode and the workpiece. The electric arc is produced by a passage of
current through the conductive ionized shielding gas.
Current is then constantly transferred through the electrode to keep the electrode arc. Once the arc and weld
pool are established, the torch is moved, and the arc
progressively melts the substrate surface and ﬁller
metal (Fig. 2). Besides the equipment, the most important aspects of the GTAW process are the welding
parameters. To achieve a speciﬁc weld quality and production output, suitable welding parameters must be
used. The most inﬂuential parameters are welding current, arc voltage, wire feeding speed, welding speed,
type and purity of the shielding gas, shielding gas ﬂow
rate, arc length, electrode tip geometry, and electrode
material.

Fig. 2.

Gas tungsten arc welding process.
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In these experiments, a tungsten electrode 2.25 mm in
diameter and pure argon as a shielding gas are applied.
During the experiment, the distance between the tungsten electrode and the workpiece is held to be 2 mm.
The travel speed of the welding torch is 3.81 mm/s,
the diameter of the feed wire is 0.85 mm, and the
ﬂow of the shielding gas is 235 mm3/s. The welding
torch is positioned at the robot arm (see Fig. 1), and
the tip of the electrode is used as a ‘tool control point’
during programming of the robot, so all parameters of
motion are controlled through this point. A new wirefeeding mechanism is designed to provided the constant
feeding speed of the wire during the deposition process,
regardless of the robot’s position (see Fig. 1). The wirefeeding mechanism is controlled by the stepping motor
that is connected to the drive and further to the data
acquisition board and a personal computer (PC)-based
controller. The same controller controls the power
supply and communicates with the robot’s controller.
Two sets of experiments are performed. In the ﬁrst
experiment, a welding bead is deposited along the edges
of the 3D part (Fig. 3), where the 3D part is designed so
that the volume of heat sink, i.e. the surrounding mass
of the material, varies between 12.5% and 100% of the
maximum possible volume. The goal is to simulate different heat-transfer conditions and accordingly to establish a relationship between diﬀerent heat transfer
conditions, and bead geometry, and its microstructure.
Experiment I is done for nine combinations of the welding current (80, 120, and 160 A), and the ﬁller metal
feeding speed (40, 80, and 120 cm/min). The second
experiment (Fig. 4) is designed so that material is
deposited in layers. The goal of the second experiment
is to ﬁnd which parameters produce a better layer. The
quality of the layer is judged by verifying that the layer
is crack-and-void-free, examining surface smoothness
and determining the mechanical properties. Eighteen
experiments are carried out with wire feeding speeds of
40, 80, and 120 cm/min, welding currents of 120 and
160 A, and for each combination of the wire-feeding
speed and welding current, the material is deposited in
one, two, and three layers. In every experiment, the
wire-feeding speed and the heat input, i.e. the welding
current, are kept constant.

Fig. 3. Experiment I.

Fig. 4.
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Experiment II.

3. Results and discussion
3.1. Weld bead geometry and temperatures
After depositing beads, each sample is cross sectioned using an abrasive cut-oﬀ wheel, polished to a
1-lm ﬁnish, and etched in a 2% Nital solution. The
workpiece from the ﬁrst experiment is cut through the
A–A, B–B, C–C, D–D, E–E, and F–F cross sections
(see Fig. 3) in order to obtain information about the
weld-bead geometry and microstructure at critical
angles; while for the second experiment, the location of
the cross-sections is irrelevant. A few images of the
weld bead cross sections from the ﬁrst experiment for
the wire-feeding speed of 40 cm/min and for the welding currents of 80, 120, and 160 A, are shown in
Table 1. The individual cross-sectional areas of the
melted substrate and deposited ﬁller metal are then
measured. Figs. 5a–c present the mean values of the
bead widths, the depths of the penetration, and the
height of bead build-ups as the function of the bead
location, i.e. the angle that is equivalent to the size of
volume of the heat sink. The larger the angle the larger
the volume of the heat sink. Experimental data of the
bead width are approximated with a second-order
function, while the experimental data for the bead
width and depth of penetration are approximated with
linear functions. It is interesting to note that while the
bead width and depth of penetration decrease with an
v
v
increase in the volume of the heat sink from 45 to 360 ,
2.15 and 2.06 times, respectively, the underlying
geometry basically has no inﬂuence on the height of the
build-ups. Although the experimental data ﬂuctuate, a
strong inﬂuence of the bead location on the welding
results is evident.
It is expected that diﬀerent heat-transfer conditions
will cause diﬀerent temperature distribution within the
workpiece. To check how much the bead location (different angles) will alter the temperature, k-type thermocouples are employed. To avoid eventual over-melting
of the workpiece which can result in possible damage
to the embedded thermocouples, and consequently
incorrect readings, the next procedure is followed. For
each thermocouple, a hole is drilled vertically from the
bottom of the sample. The depth of the each hole is
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Table 1
Cross-sections of the bead for the diﬀerent geometrical factors

2 mm less than the height of the sample. From Fig. 5b,
it can be seen that the largest depth of penetration is
less than 2 mm, which means that thermocouples are
placed in the heat aﬀected zone (HAZ) where melting
does not occur and where temperatures are within the

range of thermocouple readings. To isolate thermocouples from a noise that originates from the arc, in
the bottom of the each hole thermally conductive and
electrically insulating high temperature cement is
placed. The thermocouples and thermally conductive

Z. Jandric et al. / International Journal of Machine Tools & Manufacture 44 (2004) 785–796

Fig. 5.
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(a–c) Inﬂuence of the geometry on the bead. (a), Bead width; (b), depth of penetration; (c) bead build-up.

cement are inserted together and left for the cement to
cure (Fig. 6).
Recordings from the thermocouples are shown in
Fig. 7. As it can be seen from the ﬁgure, diﬀerent temperature histories are recorded for diﬀerent angles.
Logically, the highest temperature is achieved where
the volume of the heat sink is the smallest—at an angle
v
of 45 . As the angle increases, more material conducts
the heat, and a smaller temperature is reached. It
should be noted that ten readings are recorded per
second; thus, 10 units at the horizontal axis represent

one second. It can be seen that the workpiece is ﬁrst
v
preheated to approximately 100 C by striking the arc,
setting the welding current on 40 A, and moving the
torch above the workpiece, then is let about 20 s to
achieve uniform temperature (so that initial conditions
are the same). Then, the arc is struck again, and the
material is deposited along the edges. As soon the arc
is positioned in the vicinity of the thermocouple, the
temperature is increased fast, and the curve is very
steep. After reaching the maximum temperature, the
v
workpiece cools down fast, to about 300 C. However,
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Fig. 6.

Embedded thermocouples.

the cooling speed is diﬀerent for diﬀerent angles (see
Fig. 7). The smaller the volume of the heat sink, the
higher temperature reached, and the faster the cooling
speed. This phenomenon will greatly aﬀect the microstructure of the bead.
Since the torch path is a closed curve (see Fig. 3),
there is also a small inﬂuence of the heat conducted
from the other side of the body. For this reason, the
temperature history curves have an irregular ‘wavy’
shape. The whole experiment last about 80 seconds;
then the arc is turned oﬀ. It can be noticed from Fig. 7
that soon after the experiment, the temperatures of the
body at the diﬀerent points converge to approximately
the same temperature. In Fig. 8 is shown relationship
between the highest achieved temperatures and the
v
angles. The overall diﬀerence in temperatures of ~250 C
within HAZ is not negligible since this diﬀerence can
only be higher within the melted metal, and its signiﬁcance will be evident when the microstructure is taken
into consideration in the following paragraphs.

Fig. 7.

3.2. Microstructural analysis
The material used in this experiment is plain carbon
steel, AISI 1018, with a chemical composition shown in
Table 2. Since the mechanical properties of materials
depend on their microstructure, the distribution and
the nature of the phases within the microstructure, the
process parameters have to be controlled so that a
desired microstructure is achieved. By changing the
process parameters, the temperature gradient (G) and
the solidiﬁcation rate (R) are altered. Therefore, in the
case of welding, the array of microstructures and thus
mechanical properties can be obtained. In the case of
low-carbon steels, the ﬁnal microstructure depends on
the austenite-to-ferrite transformation when steel is
cooled to an ambient temperature.
The microstructure of the original material is shown
in Fig. 9. It is initially at an ambient temperature and
has a microstructure that depends upon its past
thermo-mechanical history. It is comprised of a mixture

Recordings from the thermocouples.
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Fig. 8. Temperature drop with the angle of the workpiece.

of cementite and ferrite. There are free ferrite grains,
and regions of pearlite in which the two phases exist as
a lamellar mixture. In Fig. 9, the lamellar pearlite is
represented with dark regions and ferrite with light
regions. On top of this original material is deposited
the welding bead; thus, a portion of the original
material is melted together with ﬁller metal, and a portion of it is exposed to a suﬃcient temperature that will
cause a recrystallization but not melting. So, each bead
consists of the melted zone (marked as I in Fig. 10a–c)
and the heat aﬀected zone (HAZ) (marked as II in
Fig. 10a–c). The melted zone of the bead (the upper
part) consists of the build-up and depth of penetration.
From Fig. 10a–c, it is obvious that the overall length of
the beads is diﬀerent. The longest bead is the one at
v
45 , which is the smallest observed volume of the heat
v
sink, while the shortest is at 360 . Logically, the longest
bead has the longest melted as well as heat aﬀected
zone. This result is a direct consequence of the highest
temperature that this section of the part is exposed to.
Since the heat transfer conditions are much more diﬀerv
v
v
v
ent at 45 and 270 than at 270 and 360 , the beads at
v
v
270 and 360 are more alike.
Also from these images, the size and the structure of
the grains in each zone can be observed. The fusion
zone is composed of coarse columnar dendrites governed by the G/R ratio, known as constitutional supercooling. Namely, it has been known that the greater
the degree of constitutional supercooling, the greater
the tendency for a given material to switch from the
cellular to the dendritic mode of solidiﬁaction. Again,
v
the bead at 45 is unique in that it has the coarsest
grains in the melted zone. Its grains are very coarse
columnar grains. Thus, it can be concluded that in the
v
case of the weld bead at 45 , the columnar growth in

Fig. 9.

Original material.

the direction of the maximum temperature gradient
dominates over the grain’s preferred direction of
growth, the easy growth direction and that the cooling
rate in this region was the highest. Besides the epitaxial
growth of the original grain boundaries, there exists a
large number of ﬁne columnar subgrain boundaries
v
that are also rich in the precipitates. At 270 , columnar
grains are still dominant but their length is visibly
smaller, and they are wider. Since at this angle more
material exists around the bead, the grain growth does
not only occur against vertical heat ﬂow. In this case,
another type of columnar grain known as the axial
grain exists in the fusion zone. Most of these columnar
grains initiate in the original weld bead and continue

Table 2
Nominal chemical composition of the iron-carbon used in this investigation
Component C
wt. %
AISI 1018

Fe

0.14–0.2 98.81–99.26

Mn

P

S

0.6–0.9 Max 0.04 Max 0.05

Fig. 10. Enlarged beads at diﬀerent angles.
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v

Fig. 12. 270 .

v

Fig. 11. 45 .

along the length of the weld, blocking the columnar
grains growing in from the fusion lines. In this case,
this competitive growth between columnar growth,
grain axial growth, and grain growth in its own preferred direction dictates the fusion-zone microstructure.
v
At 360 , heat is conducted in all directions, and as a
result, very ﬁne columnar grains are formed. Therefore,

in this case, the grain growth in a preferred direction
and the axial grain growth dominate over the columnar
grain in the direction of the maximum temperature
gradient. In addition, the change in the solidiﬁcation
morphology could have also been due to the diﬀerences
in thermal and ﬂuid conditions in the ﬁller-deposited
molten pool. It should be noted that all three deposited
beads exhibit equiaxed grains at the top part of the
bead. The inﬂuence of the volume of the heat sink is
clear. Not only is it true that with the smaller heat sink
the temperature rises and more material is melted
resulting in a larger heat-aﬀected zone, but it is also
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v

Fig. 13. 360 .

true that the material properties are diﬀerent as well.
This diﬀerence means that the physical properties will
not be uniform if the process parameters are constant
regardless of the geometry.
As it is already mentioned, all three beads consist of
the build-up zone, the penetration zone, and the heataﬀected zone. The build-up zone and the penetration
zone originate from the molten material. Clearly, from
knowing the type of the material, it is known that
hypoeutectoid compositions will be achieved. Further,
which phase constituents will be developed during solidiﬁcation depend on the cooling rate.
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Although the grain size shown in the ﬁgures is much
diﬀerent, the phase constituents at diﬀerent angles are
similar. Figs. 11–13 show the typical microstructures in
the weld metal of low-carbon, low alloy steels: the
grain boundary ferrite, side-plate ferrite, acicular ferrite, pearlite, and martensite. Some ﬁne cementite precipitate at the grain boundaries along a certain crystal
plane can be seen in Fig. 11b–13b. The microstructure
on the polished-and-etched samples resembles feathers
where the spine lies along the prior boundary, and the
quills project at oblique angles away from the boundary. The segregation of carbon atoms at the grain
boundaries leads to the precipitation of carbides that
may distinctly aﬀect the mechanical properties of the
beads. Namely, it is well known that the formation of
either grain boundary ferrite or ferrite side plates is
detrimental to weld metal toughness, since these microstructures provide easy crack propagation paths [19].
In our case, however, the dominant phase is acicular
ferrite, which is the one responsible for the high toughness of the weld metal. Acicular ferrite is formed intragranularly, resulting in randomly oriented, short ferrite
needles with a basket-weave feature. This interlocking
nature, together with its ﬁne grain size, provides the
maximum resistance to crack propagation. In our
experiment, it should also be noted that the presence of
acicular ferrite increases with an increase in the volume
of heat sink; and vice versa, at smaller volumes of heat
sink, the proportion of grain boundary ferrite and
ferrite side plates increases at the expense of acicular
ferrite. These increases are because of the higher cooling rate corresponding to the lower heat input at
higher angles, and a slower cooling rate owing to the
higher heat input at smaller angles.
The heat-aﬀected zone exhibits a ﬁne martensite and
a-ferrite microstructure. Again, this microstructure is a
direct consequence of the cooling rate since the amount
of martensite that is formed increases as the temperature decreases. As it can be seen in Figs. 11b–13b, the
martensite grains take on a platelike or needlelike
appearance. The white phase in the micrograph could
be austenite that did not transform during the rapid
cooling or a-ferrite.
3.3. Microhardness analysis
Micro-hardness is an important mechanical property
of the materials, which is a measure of a material’s
resistance to localized plastic deformation, e.g. a small
dent or a scratch. A microhardness measurement provides a relatively simple means for determining mechanical properties of small samples. Here, a Vickers
micro-hardness testing with a square-based pyramid is
used. The hardness, HV, which is equivalent to the
indentation pressure, is a function of the applied force,
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P, in Newtons and the area of the plastic impression in
mm2 (H V ¼ ð2P sinðh=2ÞÞ=d 2 ).
It is known that the obtained micro-hardness
measurement results depend on many factors, and for
this application the most prominent are the used process parameters and the location within the deposited
sample. Micro-hardness from the samples obtained
from the second experiment is measured. As aforementioned in these experiments, the material is deposited in
layers under the diﬀerent welding parameters. Micro-

hardness is measured on one, two, and three deposited
layers. The micro-hardness is found to be changeable
in the equiaxed, columnar grain regions, and the HAZ
of the substrate. In general in all measurements, the
deposited layer (or layers) featured by the equiaxed
grains on the top of the bead exhibits a higher hardness
than the rest of the welding bead that exhibits a columnar grain region and the HAZ of the substrate. All
measuring results are obtained from at least three hardness measurements, which are then averaged. Distances

Fig. 14. Microhardness of deposited layers.
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between two measurements are 120 lm, and measurements start from the top of the bead towards the
substrate.
The results show that the material at the top of the
welding bead is hardest and becomes softer and softer
as measurements are taken toward the substrate. In
addition, the hardest material is obtained from the
equiaxed top area of samples with one layer. The highest obtained value for this sample is 280 kg/mm2. Samples with two and three layers exhibit a softer material
in the lower layers, whose value is in the range of 150–
180 kg/mm2. This softening is expected since adding
new layers reheats already deposited material which,
consequently, softens slightly. Thus, adding every new
layer makes previous layers slightly softer. This inﬂuence of the reheating is smaller and smaller with the
addition of more layers. These results could be seen
from Fig. 14a–c, where the hardness for the samples
obtained with a current of 120 A, and a wire-feeding
speed of 40 cm/min are shown. In this ﬁgure, the horizontal axis represents a number of the sample where
the ﬁrst measurement is taken close to the top of the
welding bead, and the others are taken in equal steps
toward the end of the HAZ. First, it should be noted
that the average hardness values decrease going from
the top of the bead toward the HAZ. Second, measurements of the hardness of the deposits that consist of
more then one layer exhibit lower values, which is a
consequence of the already mentioned reheating of the
welding beads.
After microstructural and micro-hardness analyses,
the quantitative analyses of the microstructures of the
same specimens were performed. As it is well known,
the microstructure composition is mostly aﬀected by
the chemical composition and by the cooling rate.
Therefore, the combination of pearlite, ferrite, bainite,
and martensite exist in a microstructure as the result of
the cooling transformations. Moreover, their morphologies diﬀer with the diﬀerent temperature achieved
(higher temperatures closer to the top surface that is
directly exposed to the arc) and with the diﬀerent cooling rates. However, the quantitative analysis is performed by using the optical microscope, and as a
result, on several occasions, it was diﬃcult to distinct
microstructure composition, especially between the ferrite side plates and bainitic ferrite. Analysis showed
that observed samples consist of ferrite and bainite
~66%, perlite ~32%, and martensite ~2%, which is in
very good agreement with the data found in the literature [20,21], where similar results are expected for the
cooling time of ~200 s (cooling time from Ac3 to 773
K). For this cooling rate, from the literature [20,21] it
is expected that the material should have micro-hardness of 150–160 kg/mm2. It should be noticed that the
results from the experiments in general exhibit higher
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micro-hardness values, which may be due to the
slightly higher percentage of martensite.

4. Conclusions
A microstructure of the 3D parts, built by RP based
on deposition by GTA welding is examined. Material
used for building 3D parts is AISI 1018. A new experimental setup is developed which consists of a six-axis
robot, a CNC machine, a wire-feeding mechanism, a
torch, and a welding power supply. Two sets of experiments are carried out. In the ﬁrst experiment, since the
ﬁnal microstructure of the steel depends upon its
composition and the thermo-mechanical history, the
temperature at the locations with diﬀerent heat-transfer
conditions are monitored by thermocouples. The relationships between the geometry of the deposited beads
and the welding parameters are developed. The microstructure analysis of fusion and the heat-aﬀected zone
is performed. Diﬀerent heat-transfer conditions cause
diﬀerent cooling rates and, consequently, diﬀerent
microstructures. Thus, all the deposited beads exhibit
equiaxed dendrites at the top layer, but diﬀerent grain
sizes within the bead with diﬀerent conditions. The best
microstructure is achieved with samples that have the
v
most uniform heat-transfer conditions at 360 angle.
Samples from the second experiment are examined on
Vickers micro-hardness tests. The results from all samples showed that layers possess a maximum microhardness at the top deposited layer, while there is a
slight decreasing trend towards the middle and the bottom layers. Both experiments proved that 3D parts
built in this manner have a uniform microstructure,
and there is no porosity or cracks. It is shown that the
volume of heat sink plays a very important roll in the
creation of the microstructure and mechanical properties of the deposited beads. The obtained results show
that RP based on GTA welding can be successfully
used for building 3D parts. In order to further improve
the quality of deposited layers, it is necessary to adjust
the heat input according to the volume of the heat
sink, so that the same maximum temperature is
achieved across the layers. This goal will be challenging
in a subsequent research.
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