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ABSTRACT

In this study, active interpass cooling using compressed CO> was innovatively
employed in the wire arc additively manufactured Ti6Al4V process with the aim of
mitigating part distortion. A comparative analysis between simulation and
experimental results was performed to explore the effects of active interpass cooling
on the thermal behaviours, geometric features and distortion levels of deposit. The
results show that active interpass cooling with CO; gas is an effective means of
reducing WAAM part distortion by increasing heat dissipation and reducing heat
accumulation within the deposition. It can contribute to a maximum reduction of 81%
in longitudinal distortion and 69% in transverse distortion for the wall structures
produced in this study. Compared to the cooling gas flow rate, cooling time
alternation is more effective in mitigating WAAM-part distortion due to more
effective heat dissipation per unit time. The findings reveal that using active interpass
cooling in WAAM can offer significant cost and build time savings, as well as provide

conditions for the improvement of WAAM part quality.
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1. Introduction

In recent years, wire arc additive manufacturing (WAAM) has attracted
significant attention in industrial manufacturing sectors due to its ability to create
large metal structures with high buy-to-fly ratios[1]. Uniquely, WAAM employs either
Gas Metal Arc Welding (GMAW), Gas Tungsten Arc welding (GTAW), or Plasma Arc
Welding (PAW) as a fusion source, commercial welding wire as a feedstock and an
articulated industrial robot as a motion mechanism to build components in a layer-by-
layer approach. Compared to powder feedstock and alternative heat sources, such as
electron beam and laser, the component parts of a WAAM system represent a
significant cost saving[2]. Hitherto, a variety of engineering materials, such as
titanium alloy, steel, aluminum alloy, and nickel-base alloy, have been successfully
used with the WAAM process. High deposition rates for large metal components have
been achieved, allowing significant material savings and promoting manufacturing
efficiency[3]. Among the engineering materials used with WAAM, Ti6Al4V alloy
attracts much attention due to its frequent use in aviation and aerospace applications,
where these fabricated structures normally suffer from extremely low manufacturing
efficiency and high cost when using conventional subtractive fabrication methods[4].

Thermal distortion often affects every part of wire arc additively manufactured
2



components, since the feed materials experience non-uniform thermal expansion and
contraction under alternate heating and cooling cycles during layered deposition[5, 6].
Mukherjee et al.[7] reported that the thermal distortion in additively manufactured
parts is a result of the combined effects of material properties, geometric features,
deposition pathways, process parameters and preheating or cooling conditions.
Denlinger et al. [8] found that thermal distortion is able to accumulate along the build
direction due to ineffective heat dissipation and the resultant introduced preheat for
the subsequent layer. It is well known that a WAAM-deposited component exhibits
different types of distortion, including longitudinal and transverse shrinkage, bending
distortion, angular distortion and rotational distortion[9], resulting in imprecise
geometry of the final part and also creating residual stress that may lead to leading to
failure during service [10]. Hence, it is necessary to control the thermal distortion to
an acceptable range to ensure adequate quality of WAAM parts.

To address this issue, it is critical to predict the thermal state or the internal stress
field changes in the deposition. A study was conducted by Cao et al.[11] to examine
the distortion characteristics and residual stress distribution in WAAM-fabricated
Ti6Al4V structures, and proposed that preheating of the substrate can significantly
mitigate residual stress and distortion. Montevecchi et al.[12] and Ding et al.[13]
introduced a number of simulation methods to predict distortion during deposition,
and satisfactory results were achieved by experimental validation.

To date, both thermal and mechanical methods can be used to reduce the

distortion in WAAM-fabricated parts. Thermal methods mainly consist of heat input



control and post-fabrication heat treatment. Typically, heat input control within an
acceptable range only reduces the part distortion to a limited extent, while post heat
treatment is time-consuming, costly and limited by the size of the produced
component[14]. Attempts have been made to develop efficient and low cost
equipment to reduce distortion, for example, using interpass cold rolling and
designing suitable manufacturing fixtures[14]. However, the interpass cold rolling
technique is only feasible for deposited parts with simple shapes such as straight walls,
due to geometrical limitations of the rolling process[15]. Designing a variety of
fixtures to minimize flexibility of work pieces obviously brings more labour and
higher costs for manufacturing[16]. Dynamically Controlled Low Stress No
Distortion (DC-LSND) welding, which use a cryogen, CO2 snow, as the cooling
source to locally cool the weld, has been proven to be an effective method for
reducing welding-induced stress and distortion. As WAAM and welding share the
similar welding physics, active interpass cooling using compressed CO> has been
introduced into WAAM process recently [17]. It was found that this innovative
approach provided benefits to the WAAM-produced Ti6AL4V alloy, contributing to
an appealing surface finish with refined microstructure, enhanced tensile strength and
improved microhardness[18].

In this study, an active interpass cooling process, where compressed CO> is used
to cool the area behind the heat source, is employed to reduce flexural distortions in
WAAM Ti6Al4V wall structures. By means of experiment and simulation, the thermal

histories, geometrical features and distortional characteristics are evaluated for



components produced with and without interpass cooling. Moreover, a comparative
analysis between results is presented, aiming to discuss the feasibility of adding

sequential active interpass cooling into the WAAM process to control part distortion.

2. Experimental Procedures

2.1 Experiment setup

As shown in Fig.1, the apparatus comprises a “cold” wire feeder, a 200A-rated
GTAW power source, a travel mechanism and a CO; gas cooling system. Commercial
Ti6Al4V welding wire with a diameter of 1.2mm was selected as feedstock material
and Ti6Al4V plate with dimensions of 200 mm x 65 mm x 6 mm was used as
substrate. The chemical compositions of as-received materials are listed in Table 1. A
150 mm long trailing gas shield was placed behind the GTAW torch to provide

localized protection against oxidation during the deposition process.

_TIG torch

(b)
Fig.1 The manufacturing system used in this study: (a) schematic diagram; (b)
photograph of deposition process

Table 1 Chemical composition of Ti6Al4V (wt.%).

Composition Al Vv C Fe H N (0) Ti

Wire (ASTM B863) 6.20 4.0 0.08 040 0.015 005 0.20 Bal.

Substrate (ASTM B265) 6.10 4.0 0.08 030 0.015 003 0.20 Bal.




In this study, active interpass cooling was achieved by delivering a stable CO»
stream through a commercially-available spray nozzle located behind the trailing gas
shield cover, as displayed in Fig.1. The cooling temperature achieved by the
compressed CO> was measured at approximately -78 °C. As the relatively turbulent
CO; flow may induce arc disruption during deposition, the CO> spray was started
immediately after the deposited layer was completed and the arc was extinguished.
Subsequently, the cooling spray was passed over the newly deposited layer with the
same speed as the deposition, and it was stopped when the spray arrived at the end of
the wall. Three nozzle types were alternatively tested, delivering CO» gas flow rates
of 320 g/min, 730 g/min and 1460 g/min respectively. During the build, the thermal
profiles were continuously monitored by a thermocouple which was attached to the
mid-length of the substrate and offset by 20mm from the deposition path, as shown in

Fig.2. The recorded data was processed using LabVIEW software.
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Fig.2 Schematic of temperature measurement location for the thermocouple

Six straight wall structures were produced with different process parameters
using the described additive manufacturing system. Various cooling gas flow rates and
cooling times were selected to explore the influence of different cooling strategies on

thermal distortion. Accordingly, specimens were divided into three groups by cooling
6



conditions, as listed in Table 2. Group I, with the test specimen coded as S1, refers to
the deposition without interpass cooling, and serves as a reference. The Group Il with
specimens from S2 to S4 and Group III with specimens S2, S5 and S6 were designed
to investigate the effects of cooling gas flow rate and cooling time, respectively. For
Group III, the cooling time were represented by the ratio of travel speeds and
compares as a relative time for the investigation due to limited ability to control in
deposition. Here, it needs to be indicated that due to the use of different travel speed,
the progressive reduction of the heat input from welding torch may act to minimize
the heat accumulation and reduce the distortion of build part in addition to the cooling
effects by gas CO,. However, this phenomenon was found to be greatly weakened
when forced convective cooling applied in multiple of layers. This is because active
interpass cooling has been used to establish a similar thermal boundary condition at
the multilayer position compensating for the poor heat dissipation at the multilayer,
which provides an effective way of eliminating the difference in heat dissipation
between upper and lower layers, and then maintaining stable heat dissipation
characteristics, with associated benefits to the distortion improvement. The detailed
parameter design for the cooling process is provided in Table 2, and the deposition
parameters are listed in Table 3. Welding grade argon (99.995% purity) was used as

shielding gas for both welding torch and trailing shield cover.



Table 2 Parameter design for cooling process

Group Deposition sample CO; flow rate (g/min) Travel speed (mm/min) cooling time

I S1 0 150 N/A

II S2 320 150 1
S3 730 150 1
S4 1460 150 1

11 S2 320 150 1
S5 320 230 0.65
S6 320 300 0.5

Table 3 Welding and deposition parameters

Processing parameters Details
Welding current 140A

Arc voltage 15.5V

Wire feed speed 1060 mm/min
Distance from electrode to workpiece 3 mm

Angle between electrode and filler wire 60°

Flow rate of argon in GTAW welding torch 15 L/min
Flow rate of trailing shield 15 L/min
Number of deposited layers 10

2.2 Distortion measurement

To measure the distortion of the as-deposited specimens, a 3D laser profile
scanner with a resolution of 0.02 mm was used and the recorded data was processed

with commercial MATLAB software.

2.3 Modeling process

2.3.1 Finite element model

As shown in Fig.3, only half of the symmetrical substrate is modeled in order to
reduce the simulation time. In the finite element model, the minimum mesh unit has a
dimension of 1.3 mm x 1.5 mm X 0.9 mm. ANSYS SOLIDS5 3D coupled-field

element with 8 nodes were adopted. SOLIDS has 3D magnetic, electric, thermal,
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piezoelectric and structural field capability with limited coupling between each field.
In this study, thermal and structural field coupling was utilized, and the thermal and
mechanical processes were solved at the same time. The finite element model
generated 5396 units and 7804 nodes during the simulation process. Elements of the
bead were deactivated before the calculation. During the analysis, bead elements
radiated by the arc in each time step were activated when heat source moving along

the bead during the process.

Fig.3 3D finite element mesh for one half of build part

2.3.2 Heat source
During the welding process, the heat input of the arc was simulated by applying
heat flux loads on the surface of the bead. The heat flux loads were distributed by the
following expression[ 14]:
q(x,y) = 3P - nexp(—=3(x* + y?)/R*)/(nR?) 6]
where g(x, y) is heat flux density; P is the power of welding arc; # is the welding arc

efficiency (7 =0.7); x>+ )* is the square of the distance from the calculation point to
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the center of the arc and R is the radius of the arc ( R =10 mm).

During the welding process, heat flux loads would be applied to the radiated area
of the arc at the beginning of each step. Then the thermal-structural calculation would
be carried out. After the calculation, the heat flux loads would be removed. And a new
welding step would be initiated. The position of the heat flux loads was moving step

by step in the same speed of the welding torch.

2.3.3 Cooling process

The air cooling was simulated by applying a convention coefficient on the
surface of the bead and the value of the coefficient is 400. The number of the steps to
simulate each air-cooled deposition process (Group I) was pre-defined, but
determined by the temperature of a reference node (indicated as TC in Figure 2). At
the end of each air-cooling step, temperature at the reference point would be checked
at the end of each step. Each cooling step lasted for 100 seconds. If the temperature
was higher than the reference temperature, another cooling substep would be added.
Once the temperature of the reference point reached room temperature, the natural
cooling process would be terminated and the welding process for the next layer would
be initiated.

In the simulation of deposition with CO» interpass cooling (Group II and Group
III), instead of applying a relatively larger value of co-efficiency. Nodes at the CO;
spray cooling position were applied with temperature constraints using the data
measured respectively after each cooling process. During the forced cooling, the

temperature of the cooled dropped down in a very short time. Therefore, by applying
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the cooled temperature constraints directly to the cooled nodes, temperature of the
nodes also dropped down to the same point immediately. As the gas nozzle moved
along the welding direction, the cooling position changed with time. Therefore, at the
beginning of each step, temperature constraints of the position that had just been
cooled down in the previous step would be removed and new temperature constraints
would be added to the new cooling region. By using this method, thermophysical
properties of CO2 gas was not directly used and fluid-structure coupling analysis was

being avoided.

2.3.4 Boundary conditions and material attributes

A reference temperature was set to indicate the initial temperature at the
beginning of the simulation. Reference temperature was also used to simulate room
temperature during the calculation. Displacement constraints that simulate the fixture
of the workpiece have great influence on the stress calculation and displacement
results. Four corners of the plate were set to rigid displacement in all three directions
to simulate the constraints of the fixture bolts during the deposition process, as shown
in Fig.4. After process completion, the constraints at these nodes were deleted to
simulate the removal of the bolts after the process. Also, in order to avoid drift of the
entire structure, one corner node of the plate was set to full constraint and three nodes
at the other three corners were set to rigid displacement in the vertical direction.
Displacements parallel to the transverse direction were constrained on the

symmetrical face.



Fig.4 The boundary conditions for the simulated model

Temperature field simulation of the welding process is a non-linear transient
analysis. Properties of the material, such as yield strength, elastic modulus, specific
heat and thermal conductivity are temperature-dependent. Therefore, property data is
associated with a temperature table, as shown in Table 4. Poisson's ratio is considered
to be constant since the change of Poisson's ratio with temperature is quite small.
Therefore, it was set to 0.3 during the whole simulation process.

The workpiece was with encompassed by varied thermal mediums. Heat transfer
from the top surface of the workpiece was mainly conducted by air, and heat transfer
from the bottom surface was considered to be forced convection to the worktable. As
a result, heat transfer coefficients were set differently in different areas. No heat
transfer coefficient was set on the symmetrical face.

The mechanism of the fluid flow is with no double very critical to the
temperature field, residual stress and distortion of the AM process. However,
fluid-structure coupling method which can be used to simulate is a rather complex

multiphysics problem and involves both CFD and FEM theories. This kind of
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simulation is quite time-consuming and has a much higher requirement for computing

hardware. In our study, we use FEM alone to provide thought of using a relatively

simplier and more effective way to simulate the cooling process.

Table 4 Material properties used in this study

Temperature | Conductivities | Specific | Elastic | Poisson's | Thermal Yield Tangent
T W/(m * K) heat moduli ratios expansion | stress/Pa | modulus/Pa
J/(kg * K) Pa
20 6.8 611 1.14ell 0.3 0.91e-5 804e6 1.14e10
100 7.9 678 l.lell 0.3 0.91e-5 620e6 1.1el0
200 8.79 691 1.04ell 0.3 0.92e-5 638e6 1.04e10
300 10.47 703 0.98el1 0.3 0.93e-5 552e6 0.98e10
400 12.56 741 0.92el1 0.3 0.95e-5 455¢e6 0.92e10
500 14.24 754 0.84el1 0.3 0.97¢-5 377e6 0.84el10
750 27 760 0.75el1 0.3 0.97e-5 350e6 0.75e10
1000 30 950 0.74ell 0.3 le-5 130e6 0.74¢10
1500 35 1092 0.57ell 0.3 1.15e-5 40e6 0.57e10
1700 14 1347 0.lell 0.3 1.58e-5 40e6 0.1e10

3. Results and discussion

3.1. Thermal behaviours during deposition

Fig.5 shows the thermal profiles measured by thermocouple during the

deposition process, with and without active interpass cooling. It is observed that when

the welding torch moved along the travel direction, the temperature increased rapidly

until a peak temperature was achieved. After completing the deposition of each layer,

the temperature gradually decreased with natural cooling, but a much sharper drop in

the temperature occurs with interpass cooling. As a result, the build time for the 10

deposited layers in this study was reduced by at least 80 percent when CO; cooling

was implemented, as comparably shown in Fig.5. It is evident that active interpass

cooling in WAAM can offer a significant build-time saving through a dramatic
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reduction of interlayer dwell time, and thereby provides a means for improvement of

manufacturing efficiency.
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Fig.5 The temperature profiles of deposition (a) with natural cooling and (b) with
active interpass cooling

Variations in thermal profile occur when the CO:> cooling gas flow rate or
cooling time are changed during fabrication. Fig.6 compares the thermal histories of
one selected layer in all five depositions using different cooling parameters. With
increased CO> gas flow rate from 320g/min (S2) to 1460g/min (S4), the peak
temperature could be reduced by over 50% due to a significant increase in heat
removal from the component after the previous layer was deposited. As well, this
trend can be observed in processes with increased travel speeds (S2, S5 & S6),
whereby lower heat input brings likewise lower heat accumulation along the build
direction. Hence, it is accepted that the combined effects of heat input, cooling gas
flow rate and cooling time potentially determines the development of peak
temperature, which could be related to the different cooling effects in the deposition.
Additionally, active interpass cooling can cause uneven distribution of heat in the

build part. Due to the increased thermal dissipation in the uppermost layer of deposit,



the interior part produces a large difference between the highest and the lowest values
that cooling rates may take. As the deposition suffered from uneven heat distribution,
it expands irregularly in all directions, resulting in inhomogeneous stress and

distortion to the build part.
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Fig.6 The thermal history of one selected layer with different active interpass cooling
processes for S2 to S6

3.2. Geometrical features

Fig.7 shows the geometrical features of as-deposited specimens in this study.
Compared to the specimen produced with natural cooling (S1), when using active
interpass cooling at the same travel speed (S2, S3 and S4) the average width of build
walls was reduced by around 7%, and average height increased by about 6%. Due to
the rapid cooling produced by compressed CO;, a decreasing amount of heat
distributed in the previous deposition is considered as the part of heat input for the
subsequent layer, contributing to lower temperatures in the molten pool and
surrounding area, and thus a narrower layer weld bead. So, although active interpass
cooling can be a tremendous advantage to promote manufacturing efficiency, the

results have shown that the build geometry changes slightly. Unless, this effect is
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correctly modelled in path planning step or compensatory steps are taken during the
build process, the geometrical accuracy of the final part will be compromised.
Therefore, when the proposed cooling method is implemented in WAAM, it should
also be considered in the path planning strategy to ensure the geometrical accuracy of
the product. It should be noted that specimens S5 and S6 were produced at different
deposition travel speeds, so the bead dimensions would be different to S1, even before

the additional influence of active interpass cooling.
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Fig.7 The wall dimensions of all fabricated specimens

3.3. Thermal distortion

Fig.8 shows the simulation results for the distortion of the additively
manufactured specimens. Fig.9 further displays the distortion of the substrate,
examined along the longitudinal direction (travel direction) and transverse direction
(perpendicular to the travel direction). When adding sequential interpass cooling to
the deposition process, the produced part sees an 81% and 69% in the maximum
reduction of the longitudinal and transverse distortion, respectively. The simulation

results are basically consistent with experimental observation, which indicates that
16



active interpass cooling is able to significantly mitigate the distortion issues in

WAAM parts.
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Fig.9 The thermal distortion of as-deposited specimens: (a) longitudinal distortion and
(b) transverse distortion of half of substrate.

Due to non-uniform thermal contraction in the melt area, shrinkage, which is
inhibited by underlying materials, takes place. The generation and development of
shrinkage induces a tensile stress in the newly added top layer and a compressive
stress 1s generated in underlying layers, which leads to a localized distortion in the
deposited areas. During deposition, theses localized distortions, particularly in the
first few layers, accumulate along the build direction. These lead to distortion and
dimensional variation in the final part, as shown in Fig.10(a). In extreme cases,

complete loss of the planned bead deposit dimensional control may occur. Besides,



the WAAM-produced component experiences non-uniform thermal expansion and
contraction under alternate re-heating and re-cooling cycles during deposition. As the
component geometry is built, there is a natural change in the mode of heat transfer;
primary with conduction of heat through the base substrate for the surrounding
atmosphere, followed by increasing amounts of radiation and convection as the
geometry builds, as shown in Fig.10(b). This means an obvious heat accumulation
generates, which significantly increase the thermal distortion of final produced part. It
is worth noting that part distortion reached a steady-state condition after several layers
of build, due to the thermal strain reaching a nearly constant value [7]. Obvious

distortion is generated along the travel direction attributable to the large thermal

strain.
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Fig.10 The distortion mechanism in WA AM-fabricated Ti6Al4V process: (a) The
distortion generation and development; (b) The heat transfer mode along the build
height

Two main parameters, cooling gas flow rates and cooling time, are primarily
responsible for the change in distortion of parts produced using the WAAM process
with active interpass cooling. Mukherjee et al. [19] reported that thermal distortion of

an additively manufactured part is dependent on a strain parameter, £*:

3
BATtH2

Ex= ——— (2)
EIF.[p
at  a

F = F = VL (3)

where £ is the volumetric coefficient of thermal expansion, E is the elastic modulus,
AT is the maximum rise in temperature, [ is the moment of inertia of the substrate, ¢
is the characteristic time, H is the heat input per unit length, F' is the Fourier number
which is the ratio of the heat dissipation rate to heat storage rate, p is the density of
the alloy wire, a refers to thermal diffusivity, t is characteristic time scale, w is
deposition length, V' is the traveling speed, and L is the length of molten pool. Eq (2)
and (3) demonstrate that both reducing heat accumulation and improving heat

dissipation in a deposited part can result in a high Fourier number and low peak
20



temperature, leading to a low thermal strain and distortion for the additively
manufactured part [7]. With the assistance of active interpass cooling, the heat stored
in the deposit can be quickly dissipated, contributing to less heat accumulation and
thus low thermal strain. This is useful for the reduction of distortions that are difficult
to mitigate with mechanical methods. When active interpass cooling used, the
inherently shortened dwell period also brings less distortion accumulation,
contributing to the desired geometrical performance of the final produced part.
Additionally, Ti6Al4V is a two phase (alpha + beta) titanium alloy that undergoes an
allotropic phase transformation. On the re-heating during short dwell time by active
interpass cooling, the presence of these two phases across the solid-state stability
range cannot easily introduce a number of different complexities, including a
difference in the thermal expansion properties of the two phases which can create an
annealing of the residual stress and distortion [20]. Hence, the interpass cooling to
used material system provides resistance to distortion. The similar result can also be
found in the laser additively manufactured Ti6 Al4V part [21].

In comparison to the results produced by solely adjusting the cooling gas flow
rate (Group II), the effect of adjusting both the deposition speed and the cooling time
(Group III) provides improved mitigation of distortion, which may be attributed to the
combined effects of reduced heat input at deposition and even further shortened dwell
time between deposits, creating greater average heat dissipation per unit time. From
this point of view, if active interpass cooling is used, distortion control is more
effective through setting the cooling time rather than purely varying cooling gas flow

21



rate. By this approach, both cooling efficiency improvement and cooling gas savings
can be achieved. However, the shape of the deposited material is necessarily different,
as shown in Fig.7, so the path planning algorithm must compensate for such changes.

Implementing an active interpass cooling using compressed COz process can
restrict the possible distortion through cooling local to layer bead and then resultant
decrease of heat accumulation which is a key factor in determining the distortion
within build part. Therefore, whatever specimen size is to be captured, it assists
WAAM to reduce total heat flux and impact of thermal cycling, as well as set new
boundary conditions. This has been proven effective in distortion improvement for
WAAM-produced component. Unfortunately, interpass cooling alone has not proved
to be capable of eliminating distortion completely due to unrestrained shrinkage and
deformation, and moreover, they require extra fixtures that might restrict the
flexibility of changes in terms of the part geometry. In the future work, we will
continue more work on the specific WAAM-fabricated part.

The primary focus of this paper has been to propose and evaluate an innovative
method for low distortion WAAM fabrication of metal components, promoting high
manufacturing efficiency. Active interpass cooling using compressed CO» is effective
in reducing distortion of WAAM components and improving dimensional accuracy.
Future work will investigate the residual stress distribution in components which are
produced by different cooling times and cooling gas flow rates during fabrication.

4. Conclusion

In this study, an innovative WAAM process with active interpass cooling using
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compressed CO, was developed for fabricating Ti6Al4V wall structures. The thermal
behavior, geometrical features, and distortion characteristics of as-fabricated
specimens were investigated and discussed. The following conclusions could be
drawn:

(1) By applying active interpass cooling between deposition of layers, the build
times have been reduced by at least 80%.

(2) By means of active interpass cooling, significant distortion reduction is
possible in produced parts due to rapid heat removal and consequently decreased heat
accumulation during deposition. It was observed that simultaneously altering
deposition and cooling times has a greater mitigation effect on thermal distortion
mitigation than only adjusting the cooling gas flow rate, which is possibly related to
the difference in the overall heat dissipation per unit time.

(3) Since active interpass cooling affects deposition process, the path planning
strategy should take this into consideration if it is carried out, and more optimized
strategies for distortion control should be considered from the cooling time point of

view.
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