Type of contribution:
Editorial
Research Paper
Case Study
P> Review Paper
Scientific Data
Report of Tech. Application

Article info

Submitted:
2025-09-12

Revised:
2026-01-20

Accepted:
2026-02-04

This work is licensed under

a Creative Commons
Attribution-NonCommercial 4.0
International License

Publisher
Universitas
Muhammadiyah
Magelang

Mechanical Engineering

for Society and Industry
Vol. 6, No. 2 (2026) pp 298-316
https://doi.org/10.31603/mesi.14790

]

e-issn. 2798-5245

Review on effect of Interpass temperature for wire arc
additive manufacturing process

Nor Ana Rosli**, Mohd Rizal Alkahari’>?, Mohd Hadzley Abu Bakar?, Lailatul Harina
Paijan’, Mohd Syafiq Abd Aziz2, Mohamad Nordin Mohamad Norani*

1 Faculty of Industrial and Manufacturing Technology and Engineering, Universiti Teknikal Malaysia Melaka
(UTeM), Hang Tuah Jaya, 76100 Durian Tunggal, Melaka, Malaysia

2 Faculty of Mechanical Technology and Engineering, Universiti Teknikal Malaysia Melaka (UTeM), Hang
Tuah Jaya, 76100 Durian Tunggal, Melaka, Malaysia

3 Centre for Advanced Research on Energy (CARe), Universiti Teknikal Malaysia Melaka (UTeM), Hang Tuah
Jaya, 76100 Durian Tunggal, Melaka, Malaysia

4 Faculty of Engineering, Built Environment, and Information Technology, MAHSA University, Malaysia

= ana@utem.edu.my

N+ 1t

Interpass
temperature

Transition

. Z0ne l

Thermocouple

Substrate temperature
increase

Highlights:
* This review systematically examines the role of interpass temperature (15-600 °C) in
controlling heat accumulation and geometrical distortion in WAAM processes.

e Interpass temperature is identified as a critical but under-standardized parameter governing
macrostructure, microstructure, and mechanical performance across different materials.

e Comparative analysis reveals material-dependent interpass temperature effects, highlighting
inconsistencies and limitations in existing experimental and modeling approaches.

* Key research gaps are identified, emphasizing the need for integrated thermal—process
control frameworks to enable accurate and repeatable WAAM fabrication.

Abstract

Wire Arc Additive Manufacturing (WAAM) enables the efficient fabrication of large metal
components through high deposition rates. The process offers notable advantages, including the
ability to produce complex geometries and reduce overall manufacturing costs. However, forming
accuracy remains a major limitation. The layer-by-layer deposition approach in WAAM often leads
to geometrical distortion, which negatively impacts dimensional accuracy and surface quality.
Therefore, this review focuses on the influence of interpass temperature in range from 15 °C to
600 °C for controlling the heat accumulation and improving dimensional accuracy. The effects of
interpass temperature on macrostructure, microstructure, and mechanical properties are critically
discussed in various materials. The findings reveal that, despite its significant impact on build
quality, standardized interpass temperature guidelines and material-specific optimization
strategies remain limited, highlighting the need for systematic investigations and integrated
thermal—process control frameworks in future WAAM research.

Keywords: Additive manufacturing; Wire arc additive manufacturing; Interlayer temperature;
Heat accumulation
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Figure 1.
Increasing trend publication
of WAAM process
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1.Introduction

Additive manufacturing (AM) is a cutting-edge technology that allows for customised shape
and on-demand production with minimal human intervention. The AM technology is an automated
process, creates components directly from computer-aided design (CAD) data, without the
necessity for conventional tools, jigs, or fixtures [1]. According to ASTM standards, AM is defined
as the process of joining materials to produce parts directly from 3D data by adding layers of
material, in contrast to the conventional subtractive manufacturing method [2], [3], [4]. AM offers
numerous benefits, including enhanced design freedom, decreased production durations, and
minimised waste [5], [6], [7]. Due to these benefits, AM technology has gained applications in
various sector, including biomedical, aerospace, marine, and construction [8], [9]. The seven
primary categories of AM methods, as defined by ASTM, are stereolithography (SLA), material
jetting (MJ), material extrusion (ME), binder jetting (BJ), powder bed fusion (PBF), sheet lamination
(SL), and direct energy deposition (DED) [10], [11]. AM technology has evolved from prototype to
wider applications in modelling, tooling, and manufacturing. Three materials commonly used in
additive manufacturing are polymers, ceramics, and metals. All seven categories encompass the
use of these materials. Additionally, some additive processes are more suitable for specific
materials than others.

Wire Arc Additive Manufacturing (WAAM), a specific form of the DED method, utilizes arc
welding as its heat source to deposit materials in a layered fashion [12]. In the WAAM process,
wire is used as the feedstock, where a consumable wire is continuously fed and deposited using an
electric arc and builds layer by layer. The WAAM process is integrated with conventional arc
welding such as GMAW [13], GTAW, and PAW. GMAW-based WAAM process enables high
deposition rates while GTAW and PAW offer independent control of heat input and wire feed
speed [14].

WAAM has received more attention in industry and academia for manufacturing metal parts
due to its advantages in deposition rate, design freedom, and buy to fly ratio. According to Scopus
databases, there are 2855 articles for the keywords "wire arc additive manufacturing" after limit
subject area to engineering. The graph shows a remarkable increase across the year, as shown in
Figure 1.

However, development of WAAM especially on interpass temperature is remain
underexplored. Issue on heat accumulation present during deposition is critical challenge that
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2. Wire Arc Additive Manufacturing

The WAAM process’s significant promise in fabricating metal parts lies in the use of an electric
arc as the heat source that allows large-scale component deposition [15], [16]. WAAM method also
is classified as multi-pass arc welding-based AM technology in manufacturing metallic components.
WAAM process also significantly outperform in terms of cost than powder-based method. This may
be seen in the amount of energy used, the cost of production, including the cost of raw materials,
and the dimensions of the component are not just limited to the size of the printing cell [17].
Despite the obvious benefits of the WAAM process, there are still a lot of significant obstacles to
overcome in terms of variability and uncertainty of the mechanical characteristics. Figure 2 depicts
the top fifteen research institutions worldwide that have published the most articles on the WAAM
technique, and the University of Wollongong is the top on the list.
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Figure 2.

Top 15 research
institutes with number
of documents related
to the WAAM process
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WAAM has distinct merits in fabricating metallic components compared to other metallic AM
processes. Despite its benefits, the WAAM process still faces challenges due to complex thermal
issues and heat accumulation, which are substantially impacting the fabricated components'
properties and the microstructure evolution. The WAAM technique with a layer-by-layer structure
imposes consecutive heating and cooling cycles on the previously solidified beads during the
manufacturing process. Consequently, considerable heat applied to the workpiece will result in
severe thermal damage such as residual stresses, significant distortions, and structural collapse.
The issues with heat accumulation and complex thermal history restricted the application of the
WAAM process due to the difficulty to control the dimensional accuracy, microstructure evolution,
deposition flaws and mechanical properties of fabricated parts [18], [19], [20]. Therefore,
regulating the cooling rate during the welding process to achieve the appropriate microstructure
is critical since excessive cooling will result in the formation of additional ferrites. According to
Vahedi et al. [21] the microstructure is strongly influenced by the temperature cycle that the
material undergoes during the fabrication process. However, the increasing number of layers is
becoming more complicated to cool through conduction. Heat dissipation at the top layer reduces
heat accumulation and heat transfer to the lower layers. The key concern is the heat accumulation
that affects the cooling rate and thermal cycle of the newly deposited and previously deposited
layers, resulting in microstructural changes [22]. The interpass temperature control is a practical
approach to realising and maintaining the thermal boundary condition during subsequent layer
deposition. The significance of interpass temperature control in the WAAM process has been
reported in numerous studies. However, the process control based on interlayer should be
carefully selected because it relates to the surface unevenness and temperature supply. The higher
the interlayer temperature, the longer it takes to cool down because the temperature component
is kept at a high level throughout the manufacturing process. Furthermore, conventional weld
seams suggested that monotonic strength of tensile and yield tends to be reduced when the
interlayer temperature is low, and the cooling rate is high. Therefore, it is expected that increasing
the interlayer temperature will result in a stronger bond between the different layers and a low
distortion or residual stress. Choosing the right interpass temperature is a time consuming and
challenging task. Thus, this study conducts a review on the effect of the interpass temperature in
the WAAM process.
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3. Controlled Interpass Temperature

The temperature difference of the weld area in between successive welding passes is referred
to as the interpass temperature. Maintaining an appropriate interpass temperature is vital to
cooling rate to ensure the desired metallurgical structure and mechanical properties of the welded
joint. Figure 3 shows the illustration of the interpass temperature control. The ASTM F3187-16
standard guide indicates that the interpass temperature is essential for the DED process and
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Figure 3.

Schematic of interpass
temperature control in
layer by layer
deposition
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materials [23]. The interpass temperature in the multipass weld is defined by the welding standard
AWS A3.0 as the temperature of the weld area between weld passes [24]. Optimisation of heat
input, interpass temperature, cooling rate, suitable consumable selection, defect-free joints, and
rapid productivity is required to meet the demand for high productivity [25], [26], [27]. Thus, the
component quality should fulfil the operation requirement before deployment in the AM
technology.

In the WAAM process, the geometrical and mechanical properties of deposited components
are directly affected by the welding condition and the deposited material. In addition, the welding
process always results in the heat treatment of the surrounding material deposition, which affects
the current and adjacent layers [28]. Since heat transmission impacts the cooling rate and thermal
cycle of the earlier and currently deposited layers. As result, the component's insufficient heating-
cooling process leads to inferior quality and performance of the fabricated parts. According to
Bintao Wu et al. [29] heat accumulation reduces the geometrical accuracy of components
manufactured using the WAAM process. WAAM manufacturing is necessary to achieve the
solidification microstructure, including grain size and shape. Thus, it is essential to understand the
underlying process and to optimise the microstructural control. In the recent years, there has been
a significant interest in the WAAM process’s interpass temperature. Table 1 summarizes studies on
the effects of interpass temperature using materials such as duplex stainless steel, mild steel, Al
alloys, Ti6Al4V, Inconel 625, and others. Interpass temperatures ranged from ambient to 800 °C,
typically in 100-400 °C increments. These studies highlight correlations between interpass
temperature and macrostructure, microstructure, and mechanical properties.

Interpass
temperature

Substrate temperature
increase

Thermocouple

4.Effect of Interpass Temperature on the Surface
Morphologies

During deposition, the surface morphologies also experience increased temperatures and the
effect of interpass temperature. Several researchers discussed the impact of interpass
temperature, which is one of the ways to control the microstructure caused by the thermal cycle
encountered during the WAAM process. For example, Guo Y et al. [20] studied the forming
features, the thermal cycle, the evolution of the microstructure and the mechanical properties of
samples fabricated with the WAAM process. As a result, owing to the heat input, the bead width
expanded rapidly as the interpass temperature increase. A similar finding from other researchers
demonstrated narrow width at the first layer deposition and experienced a sharp rise in the first
few layers as the interpass temperature increased [18], [22], [30], [31], [32]. Wu et al. [29] found
that the height of the deposited wall decreased by 11.7%, while its width increased by 12.2% when
the interpass temperature raised from 100 °C to 300 °C [31]. Ren et al. [30] discovered the width
of the deposited wall reduced by 14.6%, 26.9% and 29.3%, and the layer height increased by 11.9%,
23.8%, and 26.2% when the interpass temperature was decreased from 200 °C to 160 °C, 120 °C,
and 80 °C, respectively. Guo D et al. [33] and Shalini Singh et al. [34] also found that the width of
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Table 1.
Primary studies

Nor Ana Rosli et al.

samples gradually increases when interpass temperature increases, and in contrast to the average
height displayed as shown in Figure 4. This finding indicated that the cooling rate decreased as the
interpass temperature increased. Moreover, as the cooling rate decreased, the deposited parts'
height decreased, and the width increased. Besides, greater heat input might influence when
interpass temperature increases and becomes more melting on previous layers, resulting in flatter
and wider deposition [34]. Overall, the study outcome indicated that the interpass temperature
significantly impacted the component geometry even when other process variables such as the
layer height were kept constant.

Year  Process Material Interpass Key area Aim of the study Refs.
2017 GTAW 5A06 - Theoretical Develop a theoretical model to [35]
Aluminium model determine the appropriate
Alloy interpass temperature
2017 GTAW FesAl 280 °C, Effect of Determine the influence of [32]
320 °C, interpass deposition current and interpass
360 °C, temperature temperature on build-up wall
and 400 °C properties.
2018 GTAW Ti6Al4V 200 °C The study maintains the process [29]
interpass temperature below 200
°C and examines heat
accumulation's influence on
targeted deposition.
2018 GTAW Ti6Al4V 100 °C, Improvement- Understanding the influence of [31]
200°Cand force interpass interpass cooling on the material
300 °C cooling deposition and implementing
force interpass cooling to
improve material properties
2018 GMAW ER70S-6 - Simulation- Utilise FE simulation to monitor [36]
schedule the cooling of each layer
deposition immediately upon deposition and
interlayer idle determine the required idle time
time to achieve the desired interpass
temperature.
2018 GMAW Mild steel - Compare Investigate the effect of the [37]
effect deposition process on the
interpass and deposition shape numerically.
numerical
result
2019 CMT- Al-6.3 Mg 200 °C, Effect of Study the effect of various [30]
Adv Alloy 160 °C, interpass interpass temperatures and
120 °C, temperature control the dwell time between
and 80 °C layer deposition
2019 GMAW Duplex 150 °C and Determine the correlation [38]
stainless 250 °C between the rate of heat input
steel and the temperature of the
interlayer considering thermal
cycles and microstructures.
2019 GMAW ER110S 800 °C to Investigate the complex thermal [22]
500 °C history of the WAAM process and
the critical role of cooling rate
control.
2020 GMAW Duplex 50 °C, 100 Explore how interlayer [39]
stainless °Cand 150 temperature and processing
steel °C period interact with product
structure.
2020 GMAW Mild steel 150 °C Effect of Determine the efficiency of [40]
interpass with interpass temperature regulation
CO; forced and forced interpass cooling.
interpass
cooling
2020 CMT ER5356 Al - Four different Investigate the interlayer, and [41]
alloy cooling online vortex cooling affect the
process deposited wall morphology,

microstructure, and mechanical
characteristics.
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Table 1. (Continous) | Year  Process Material Interpass Key area Aim of the study Refs.
Primary studies 2020 GMAW Mild steel 150 °Cand Effect of The study Investigate the [42]
300 °C interpass influence of interlayer
temperature temperature on the strength of

the material and residual stress
within manufactured material.
2020 GMAW Ti6Al4V 15°C Determine the cooling rate of [43]
deposited materials with
Interpass temperature control.
2020 Pulse Al-5356 125°C Examine the effect of [28]
CcMT temperature and heat
accumulation on component
qualities that contribute to
geometry creation and
mechanical properties.

2020 Pulse ER5183 50 °C and Investigate the effects of heat [44]
GMAW/ 100 °C input, interlayer temperature,
CMT and interlayer dwell time on

porosity formation and
distribution under different
deposition conditions.
2020 Pulsed ER5356 50 °C and Study the impact of varying the [45]
GMAW 100 °C interpass temperature on the
porosity content and mechanical
properties of WAAM parts.

2020 GMAW ER70S-6 250°C Different idle Air-jet impingement on [46]
time and deposited material was used to
Implemented boost convective heat transfer
air jet rate.
impingement
2020 CcMT ER4043 - Simulation — Utilise a finite element model to [47]
Interlayer achieve continuous deposition
temperature while maintaining dimensional
prediction accuracy.
2020 CMT Cu-8Al-2Ni- 100 °C - Effect Investigate the effect of varying [48]
2Fe-2Mn 400 °C interpass with  the interpass temperature on the
alloy ultrasonic product characteristics with and
vibration without ultrasonic vibration.
2021 PAW Ti6Al4V 500 °C Effect of Examine the microstructure and [6]
interpass mechanical properties of a novel
twin wire plasma arc-based AM
process.
2020 GMAW ER70S-6 250 °C Different idle Air-jet impingement on [46]
time and deposited material was used to
Implemented boost convective heat transfer
air jet rate.
impingement
2021 GMAW ER420 25°Cand Effect of Study the effect of resultant [21]
200 °C interpass thermal history with different
temperature interpass temperatures applied
and investigate the in-situ heat
treatment.
2021 GTAW AZ80OM Mg 150 °C Examine the WAAM process [20]
alloy heating cycle, microstructural

evolution, and mechanical
characteristics.
2021 GMAW ER420 25°Cto Study effect of interlayer [49]
200 °C temperature and the correlation
between interlayer temperature,
microstructure, and corrosion

properties.
2022 CMT unalloyed 200 °C Effect of interpass temperature, [50]
steel G4Sil energy input and cooling rate on
(1.5130) microsections, tensile test and
Charpy v specimen.
2021 Pulsed Stainless 160 °C + Improvement- Applied the process of cryogenic [51]
GMAW steel Cyogenic Cryogenic cooling and study the impact on
cooling cooling developing microstructure and

related mechanical properties
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Table 1. (Continous) | Year  Process Material Interpass Key area Aim of the study Refs.
Primary studies 2021 GTAW FesNi 200 °C Implement in- Study the interpass and [52]
situ neutron implement in-situ neutron
diffraction diffraction
2023 CMT WAAM wire 100 °Cto Effect of heat Correlation of welding [53]
300 °C control parameters and AM geometry

based on resulting
microstructure

2023 CMT Nitinol wire 200 °Cand Optimize Study impact optimal interlayer [34]
with 400 °C interlayer temperature on porosity level,
Ni50.9Ti49.1 temperature morphology, and mechanical
characteristics
2024 GMAW SDSS 2507 30 °C, 150 Effect of Determine effect on austenite [54]
°C and 250 interpass ferrite ratio of WAAM structure
°C temperature
2024 CMT Inconel 625 100 °C, Influence of interpass [33]
200 °C, temperature on microstructure
400 °C, and mechanical properties
and 600 °C
2025 Inconel 625 150 °C Optimization strategy to improve  [55]
and 350 °C surface quality
2025 CMT ER120S-G 100 °C and Correlation of thermal cycle [56]
300 °C process on microstructural
changes.
2025 CMT AWS ERTi-5 120 °Cand Controlling Monitoring effect of interpass [57]
400 °C interpass temperature on mechanical
temperature properties and geometrical
uniformity.
2025 CcMT Inconel 625 150 °C, Effect of To evaluate the change in [33]
250 °C, interlayer geometric and mechanical
and 350°C  dwell time and properties
interlayer
temperature
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The narrow bead width in the first few layers was due to the rapid cooling of the molten pool
to the calm substrate [22], [32]. The low amount of heat accumulated at the initial stage of the
process calmed the substrate and acted as a heat sink allowing the heat flux to dissipate downward
during the solidification process and generated a high-temperature gradient [48], [58]. The shape
metal deposition process began when the substrate was preheated started. The deposit stabilised
with additional post-heating until the steady-state molten pool achieved a stable temperature. Wu
et al. investigated the impact of heat accumulation, interlayer surface oxidation, bead geometries,
and metal transfer behaviour, particularly at the beginning of the build-up of the layers [18]. As the
layer height rose owing to heat accumulation, the interpass temperature also increased. The
subsequent layers will become contaminated if the interpass temperature was not adequately
controlled. Therefore, in order to prevent further contamination, it is important to ensure an
adequately low level of surface oxidation on the recently deposited layer.

Geng et al. used a theoretical model combined with Rosenthal's analytical solution to
determine an optimum interpass temperature for each layer deposition [35]. The temperature of
the interpass was gradually increased from room temperature to 25 °C, 50 °C, 80 °C, and 120 °C,
improving the surface appearance progressively. As the interpass temperature increased, the
premature solidifying process became slow resulting in an improved wettability of the molten
metal. However, the initial preheating between 50 °C and 80 °C was insufficient to observe the
undulated layer appearance. When the interpass temperature was increased to 120°C, the surface
layer became smoother. Thus, exceeding this temperature is not recommended due to uneven
layer cross-sectional dimensions.

Shen et al. [52] kept the interpass temperature constant at 200 °C throughout their
fabrication process and discovered an enormous hot cracking defect in the bulk sample. Hence,
neutrons were used to produce thermal phase evolution characteristics to prevent hot cracking
during manufacturing. Wu et al. [31] added forced interpass cooling using compressed CO: into
the deposition process to manage the deposition accuracy with interpass temperature application.
The finding showed that forced interpass cooling expedited the construction process and
maintained the deposition accuracy. Ogino et al. [37] suggested an alternative approach relying on
numerical methods to readily forecast and regulate the WAAM process. According to the findings,
the interpass temperature affected the deposition shape. Therefore, adjusting the temperature
will result in a higher and faster deposition rate. This outcome demonstrated a consistency
between the numerical and the experimental results.

In summary, regulating the different cooling rates throughout the deposition process is
crucial in controlling the geometrical accuracy. Decreased interpass temperature shows the
uniformity of the deposited wall bead and layer height. However, a decrease in the interpass
temperature results in an asymmetrical deposition at the substrate due to an insufficient large
weld pool to melt two different materials. Thus, it is necessary to increase the interpass
temperature at a particular initial layer and to maintain this temperature to ensure equal heat
dissipation with heat input. Additionally, using a cooling system is recommended to reduce the
build time while retaining deposition accuracy.

5.Effect on Microstructure Behaviour and Mechanical
Properties

The heat cycle of the material during production has a significant impact on the sample
microstructure. The high-temperature gradient and multiple heating and cooling lead to additional
microstructural variation. The variance is influenced by the number of thermal cycles of deposited
layer endures during the manufacturing process. The proper microstructure is achieved by critically
managing the cooling rate during welding. Idle time is the most used approach for reducing heat
accumulation. However, extending the cooling time of the interlayer does not influence the
accumulation occurrence and instead decreases the efficiency of part formation [65]. Attaining a
homogeneous microstructure in additively manufactured parts is essential to achieving isotropic
properties. Literature findings have shown that regulating the interlayer temperature affect grain
development and geometry during deposition producing a homogeneous microstructure of WAAM
parts.

The interpass temperature performed by previous researchers varied from the lowest at 25
°C [49], [59], 50 °C [35], [39], [44], 80 °C [30], [35], 100 °C [39], [48], and 120-125 °C [28], [30], [35],
150-160 °C [20], [35], [38], [39], [42], [51], 200-250 °C to the highest at 300-500 °C [6], [32], [42],
[48]. Despite the different interpass and heat cycles, the microstructure can be divided into three
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Figure 5.

The microstructures of
parts fabricated under
different process
conditions adapted
from studies by Wu et
al. [63]
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distinct regions: the top, middle, and bottom regions close to the substrate. The cross-section of
the as-build samples using the optical microscopy revealed the microstructural characteristic.
Additionally, the grain structure is also critical because it affects the mechanical properties of an
alloy.

5.1. Titanium alloy, Ti-6Al-4v

The interpass temperature significantly influences the intricate microstructure and resulting
mechanical properties of Ti-6Al-4V components fabricated via Wire Arc Additive Manufacturing.
Controlling the cooling rate through interpass temperature is crucial for managing the formation
of different phases (a, o', B) and grain characteristics, which directly impacts the material's
strength and ductility.

The microstructure and mechanical properties of Ti-6Al-4V wire material using various heat
source-based WAAM processes are summarised in Table 2. The temperature measured during the
interpass is also included for comparison. Several researchers investigated the effect of interpass
on Ti-6Al-4V material microstructure prepared using PAW, GMAW, and GTAW-based AM process
[6], [18], [29], [43], [57]. The results showed that the microstructure of Ti-6Al-4V was different in
two regions of the a and B phases and was characterised by the size described as fine or coarse
and the arrangement as lamellar or equiaxed. According to Wu et al. [31] near-equiaxed beta 3
grains was formed in the substrate region, lamellar a interwoven with a course Windmanstatten
structure was formed in the intermediate area and acicular a' incorporated with a basketweave
structure was formed at the top as shown in Figure 5. Therefore, it was well established that
deposited Ti-6Al-4V consisted primarily of a', a, and B phases, and only the a' phase was formed
at high cooling rates on the top region. When the interpass temperature was increased to 300 °C,
a similar microstructure was observed, with the grain being noticeably more prominent. Thus, this
finding demonstrated the microstructure is uniform due to grain growth at a slow cooling rate.

When CO:zis added, the amount of lamellar a is replaced, allowing the interwoven structure
of the acicular a' grain to be more clearly visible [31]. In their study, Wu et al. [29] recommended
that the interpass temperature be kept below 200 °C to retain an acceptable condition of
fabricated Ti-6Al-4V. The microstructure revealed a large colony a formed at the top layers that
enriched the previous B grain and grain boundary a phase. The microstructure also showed that
the grain structure was enhanced from bottom to middle.

Convex area -TOP

acicular o’ interwoven with a
basketweave structure

Parallel area -MIDDLE

lamellar a interwoven with a
coarse Widmanstatten structure

Bottom area -Substrate

o PAl A e o s near-equiaxed beta
100 °C 200°C 300°C CO: cooling grains, B

Scale 100pm

Yi et al. [43] demonstrated that samples manufactured without water cooling produced
coarse grain structures. In contrast, models manufactured with water cooling by controlling the
interpass temperature at 15°C created a more delicate grain structure. As a result, the a phase was
formed along the prior B grain boundary in all areas while the WAAM Ti—6Al-4V alloys formed
complexly shaped Widmanstéatten structure (o + o’ phase) inside these areas. Additionally, with
rapid cooling and fine-grain formation, the cold specimen had higher Vickers hardness and tensile
strength than the original specimen. Wang et al. [6] reported a similar microstructure trend with a
lamellar colony in the middle region and a dendritic grain with equiaxed grain in the top area at
500 °Cinterpass temperature.

Rapid cooling and phase transformations that vary from equilibrium are two characteristics
of the process. Moreover, the tensile properties are comparable to the base metal value ranging
between 958 MPa and 1049 MPa. However, when the interpass temperature exceeds 200 °C, the
mechanical properties are considerably compromised. The production of more acicular a reduces
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in the interstitial content and a lamellar boundary spacing lowers the mechanical strength. The
higher the interpass temperature will increase oxide content, which could lead to decreased
mechanical properties such as embrittlement to structural alloys [44].

Further, the study was focused on increasing lamellar and acicular structure of grains and the
effect of grain structure on mechanical properties. Generally, as the number of layers increases,
the number of grains decreases as the size increases. There are no appreciable changes in the
microstructure as interpass temperature changes. The structure is still the same but varied in the
size, either refined or coarse, depending on the interpass temperature difference. However, with
the inclusion of the cooling system, the interpass temperature is lowered, resulting in a more
delicate grain structure and increased strength.

Process Interpass Microstructure uTsS Notes Refs.
Temperature
PAW 500 °C Fully lamellar colony in the - Severe coarsening [6]
middle; and equiaxed and lower
dendritic at top. strength
GMAW 15 °C (Cooling Origin — Coarse The strength High hardness, [43]
water) Widmanstatten structure (¢ + and hardness of  improved ductility
o' phase) the original
Cold - Fine Widmanstatten specimen are
structure (o + o’ phase) lower than the
strength and
hardness of the
cold specimen
GTAW 100 °C, 200 Bottom - Beta grain, B 897150 MPa, Microstructure [31]
°C, 300 °C, Middle — Lamellar a 852+52 MPa, evolution and
and gas interwoven with coarse 847+35 MPa, hardness not
cooling Widmanstatten and 913117 greatly affected
Top - Acicular a' interwoven MPa. by interpass
with basketweave structures temperature,
however it affects
geometric
accuracy of
deposited layer
GTAW 200 °C Lathlike matrix structure at 958 MPa - 1049 Recommended [29]
bottom, lamellar a and MPa <200°C to avoid
basketwave structures in excessive
middle; and colony a coarsening
structure at top
CMT 120 °Cand The higher the interpass 950 MPa — 975 Higher [57]
400 °C temperature, the large the MPa temperature,
grain size. higher strength

Microstructures compose o’

but lower ductility

martensite and similar
between the layers.

5.2. Stainless Steel

Knezovic et al. [39] and A Hosseini et al. [38] deposited duplex stainless steel (DSS) using a
GMAW-based WAAM process to investigate the effect of the interpass temperature on the
structure and properties of the produced material. According to Knezonic et al. [39], controlling
interpass while depositing DSS with the WAAM process reduced the excessive ferrite amount,
which was a typical problem in DSS. Knezonic et al. [39] found when increasing the interlayer
temperature to 150 °C it help to reduce the ferrite content. Furthermore, the amount of ferrite
was more significant at lower interlayer temperature due to the transition to ferrite that occurred
while the layer cooled and insufficient heat input to cause the transformation to austenite. Besides,
resulting in higher hardness and strength at 150 °C of interpass temperature [54]. Thus, the higher
interlayer temperature was preferred because it allowed for faster parts production while
maintaining a fine ferrite. A Hosseini et al. [38] compared the results produced with a low interlayer
temperature and a low heat input sample with a high interlayer temperature and a high heat input
sample. Similar to Knezonic et al. [39], a more significant ferrite fraction was observed at low
interlayer temperatures and less heat input. In summary, as the layer deposited increased, primary
austenite grew and secondary austenite formed between primary austenite grains [38].
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Although the stainless-steel types vary, Salahi et al. [49] and Nameni et al. [39] discovered
that the retained austenite phase increases as the interpass temperature increases from 25 °C to
250 °C. Table 3 presents a summary of the influence of interpass temperature on stainless steel
components. This observation indicated that to achieve the ideal microstructure, a high interlayer
temperature must be properly controlled. It is also preferable to add an acceptable amount of
ferrite to improve the speed of the part production faster. According to Prathivraj et al. [54] the
austenite-ferrite ratio is greatly enhanced at 150 °C because of low cooling rate and promotes the
formation of austenite. Stainless steel does not harden by heat treatment, and no austenite
transformation to martensite occurs during cooling. Thus, the absence of martensite eliminates
the need for preheating and controlling the minimum interpass temperature and there is no risk
of cold cracking. Therefore, to retain the corrosion resistance of the stainless steel, the maximum
interpass temperature should be maintained and not exceed 150 °C.

Process Material Interpass temperature Microstructure Refs.
Pulsed- Stainless steel 160 °C+Cyogenic Large columnar grains aligned to the build [51]
GMAW 316L cooling direction
GMAW Duplex 50 °C, 100 °C and 150 °C More ferrite is produced with lower [39]
stainless steel interlayer temperature.
(DSS) Low ferrite amount at high interlayer and

significantly reduces porosity.
Ferrite amount and porosity, it is strongly
suggested to use higher interlayer

temperatures
GMAW Duplex 150 °C and 250 °C Ferritic matrix with mostly grain boundary [38]
stainless steel and Widmanstatten austenite
(DSS)
GMAW ER420, SS 25 °Cto 200 °C 200 °C- Anisotropic crystallographic [49]
behaviour

25 °C — Isotropic texture
25 °C to 200 °C — Phase retained austenite
GMAW ER420, SS 25 °C and 200 °C 25 °C — Interdendritic delta ferrite phase [21]
embedded in a martensitic matric with a
negligible amount of retained austenite
200 °C — A higher fraction of retained
austenite was stabilised in the martensite

lathes
GMAW Duplex 30 °C, 150 °C, and 250 Austenite-ferrite ratio at 150 °C interpass [54]
Stainless Steel °C temperature resulting higher hardness and
(DSS) strength

5.3. Aluminium Alloy and Steel

Numerous researchers have developed an aluminium alloy using the WAAM technique [28],
[30], [41], [44], [45]. Due to its wide range of applications, aluminium (Al) is one of the most
experimented with metals in the WAAM process. Al alloys are gaining increased attention due to
their relatively low density and widespread use in aviation, aerospace, and automotive [60].
However, welding an Al alloy has proven difficult to create an aluminium oxide layer due to its
porosity and solidification behaviour [61], [62]. Therefore, reducing porosity is a crucial concern in
manufacturing Al using the WAAM process [63].

Furthermore, not all Al alloys are heat treatable, which constrained the evaluation of the
influence of heat treatment on the Al WAAM process component. Table 4 summarises the studies
by some researchers who explored the effect of interpass temperature variation on the porosity
content and mechanical properties of the WAAM process. Moreover, comprehensive review of
numerous significant findings to reveal that increasing the interpass temperature will result in a
decrease in the porosity of samples fabricated using the pulse GMAW method [44], [45]. When
compared with a sample made using the CMT-based WAAM process, the result showed that the
influence of interpass temperature on porosity number had reversed [44]. Ren et al. [30] also
discovered a similar result when conducting an experiment with the CMT-WAAM process where
the diameter of the pores decreased to <100 um with interpass temperatures increase. Adjusting
the dwell time produced a similar trend when using pulse-MIG and CMT. Furthermore, when the
Al-5356 solid wire was deposited using CMT-pulse mode with a longer dwell time, more fine
porosity was discovered [28]. Therefore, reducing the interpass temperature significantly refines
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the grain, minimising undesirable elements deposition and microstructure homogeneity. Studies
showed that porosity occurs primarily due to the hydrogen content [64], [65]. Pulse GMAW has a
higher pore content than CMT because it picks up more hydrogen than CMT. Due to increased
interpass temperature, pulse GMAW is able to maintain a lower percentage of absorbed hydrogen
in solid solution than CMT. During the solidification phase, the remaining hydrogen is used in pore
formation. Wang et al. [66] stated that CMT is more susceptible to porosity generation when
compared to GMAW due to its lower transition temperature and a shorter gas escape time.
Lowering the interpass temperature could significantly improve the mechanical properties. When
comparing the results of the sample produced at 200 °C and 80 °C interpass temperature, the
horizontal elongation increased by 12%, while the vertical tensile strength, YS and the elongation
improved by 25%, 36%, and 113%, respectively [30]. In contrast to the sample produced with
GMAW, the strength reduced when interpass temperature was lowered due to the increased in
pore number. However, the horizontal direction sample showed better tensile strength than the
vertical sample [45].

Process Material Interpass Microstructure Refs.
CMT-ADV Al-6.3Mg 200 °C, 160 e 160 °C — 200 °C: Layer and interlayer easily [30]
alloy °C, 120 °C, recognised. Grains sizes are acceptable, 30 -50 um.
and 80 °C Equiaxed crystal

e 80 °C — 120 °C: Dendrite eliminated, and fine
equiaxed crystal is no significant difference
between layer and interlayer.

e The number of pores decreased; they were all <50

pum
Pulse CMT Al-5356 Time: e Near fusion line — Fine grains microstructure and  [28]
30/60/120 high microhardness formed.
T<60, Temp e The region below interlayer — Coarse grain
125 °C microstructure with an increased formation of

segregations
¢ Interlayer zone — Further increased occurrence of
segregation is identified.

Pulse ER5183 50°Cand 100 e The number of pores increases when deposited [44]
GMAW, °C using Pulse GMAW than CMT.
CMT Interlayer e Low interlayer temperature for pulse GMAW
dwell time 30 shows porosity content increase compared to the
and 120s high interlayer. However, the reverse result for
CMT
Pulsed- Al-5356 50°Cand 100 e 50 °C-0.02035 % porosity [45]
GMAW °C 100 °C - 0.01823% porosity
50°C— e Pore volume
0.02035 % - 0.01 to 0.05 mm? contributed 85% of total pore
porosity in both interpass.
100 °C - - 0.05 to -0.15 mm?3 counted 14% more in higher
0.01823% interpass than low interpass.
porosity e The low interpass showed more grain than the

higher interpass sample.

5.4. Other Metals

The impact of Interpass temperature using the WAAM technique has been studied on other
metals as well, such as mild steel, H3Si1 [40], Fe3Ni-FeNi compositionally graded material (FGM)
[52], AZ8OM Magnesium (Mg) alloy [20], Fe3Al-based iron aluminide [32], ISO 14341-A-G 50 7 M21
4Mo [42] and ER110S — Mild steel [22]. Table 5 summarises the effect of interpass temperature on
the microstructure and mechanical properties of several materials manufactured using the WAAM
process. Most of these studies were focused on identifying the significant importance of WAAM
interpass temperature control. The microstructure and mechanical properties of as-built
components were studied and correlated with the thermal cycle in the WAAM process. Generally,
the results showed a slightly elongated crystal grains were observes at the bottom, a more refined
grain was visible in the middle, and a more prominent grain was seen in the heat sink direction.
When the interpass temperature was set at a constant, the columnar grain grew and remained
stable along the build direction. Therefore, the interpass temperature of 150 °C is recommended
for fabricating the WAAM process, and as the interlayer temperature increases, the yield strength
decreases. According to Shen et al. [52], increasing the interpass temperature has little effect on
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the WAAM process, but expanding the deposition current could cause the columnar grain to
continue growing.

. . YS UTS EL
Process Material Interpass Microstructure (MPa) (MPa) (%) Refs.
GMAW  Mid steel Comparing  Bottom: Slightly elongated The tensile test for all three [40]
filler wire, three crystal specimens shows no difference
H3Si1 1.2 methods, Middle: Fine grain in the microstructure.
mm. Interpass Top: larger grain visible and  Forced air cooling along the
selected = grow in the direction of a deposition path improved
150 °C heat sink productivity by up to 30%
compared with the deposition
without cooling.
GTAW  Functionally 200 °C Large columnar grains - [52] - [51]
graded grow along the build-up
material direction
(FGM)
GTAW  AZ80OM Mg 150 °C Bottom — Epitaxial growth V- [20] V- [23]
alloy Middle-Dendrite 119+13.4 7+0.2
segregation but less than a H- H-
top 146+14.7 15+0.5
Top — Reveal the number
equiaxed and dendritic
GTAW  Fe3Al-based 400 °C Increasing deposition 847.7+25 [32] 3.3+ [53]
iron current — columnar grains 0.1
aluminide 360 °C larger and interpass not 844.8 + 945.2 33+
markedly influence 25.7 +26.4 0.2
320°C - size columnar grains in 705.9 + 827.1 3.1+
the bottom section are 31.7 +30.5 0.6
280 °C much smaller then in the 642.8 £ 764.5 28t
middle. 34.3 +22.8 0.3
GMAW SO 14341-A- 150°Cand - The microstructure is The yield strength decreases [42]
G507 M21 300 °C essentially slightly when the interlayer
4Mo homogeneously temperature is increased.
distributed for both
interlayer temperatures.
- Microstructure consists
mainly of globular ferrite
and pearlite for both
interlayer temperatures.
GMAW  ER110S - 800 to 500 At higher temp leading the - - - [22]
Mild steel °C formation of the coarse

grain HAZ or
recrystallisation forming
fine grain HAZ

6. Current Methods for Quality Improvement in the WAAM
Process

In addition to controlling the interpass temperature, several researchers attempted to
improve the process to control the microstructural evolution, as shown in Figure 6. Cunningham et
al. [51] proposed fabricating with Pulse GMAW and applying a cryogenic cooling system. The
results showed that the interpass temperature contained larger columnar grains aligned to the
build direction. The sample produced contained grains that were reduced in size and texture with
a feather morphology. In addition, the tensile strength also increased during the cooling process.
Hackenhaar et al. [46] proposed air jet impingement with interlayer idle time from 30 seconds to
120 seconds. The result indicated that when air jet impingement was used, the substrate
temperature did not further reduce, and the idle time rose from 30 seconds to 120 seconds.
However, despite the 10 seconds of idle time and the application of air-jet impingement, an
increase in substrate temperature was significantly reduced [46]. Another cooling method was
developed by Wang et al. using the WAAM technique in combination with a novel online vortex
cooling system. This online cooling source was able to reduce common flaws such as low forming
precision, coarse grains, and pores produced by heat accumulation in the WAAM process [41].
Some researchers proposed using simulation and modelling to improve the WAAM heat
accumulation. Montevecchi et al. [36] presented a novel approach for the WAAM process by
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scheduling the interlayer idle intervals during deposition. The result obtained was verified by
comparing the measured temperature to the FE simulation result. The FE simulation accurately
determined the WAAM workpiece thermal behaviour, and the adoption of idle intervals had
prevented severe structural collapses. Also, it maintained a consistent interpass temperature and
a constant molten pool size.

Ogino et al. [37] investigated the deposition procedure numerically on the deposition shape
and carried out experimentsto verify the results. The CMT based WAAM was conducted to deposit
mild steel welding wire with low heat input. The results differed between simulation and
experiment, and a similar tendency was found depending on the condition. Consequently, the
deposition form was determined by the interpass temperature and was appropriately set to
achieve a more significant and thinner deposition. Other simulations were recommended to
fabricate a WAAM technique specification using the developed model and to validate the effect by
manufacturing the wall part [35].
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7.Conclusion and Recommendation

In this review, the effect of interpass temperature on the surface morphologies,
microstructure, and mechanical properties has been systematically review. The finding include:

e Interpass temperature significantly influences surface morphologies, where higher interpass
temperature generally produce wider and flatter weld bead. The optimum interpass
temperature in the range of 120 — 200 °C is recommended to enhance smooth surface and
geometric stability.

e The interpass temperatures below 200 °C for Ti-6Al-4V are critical to refine microstructure and
increase strength, as higher temperatures leads to grain coarsening and reduce mechanical
performance.

¢ In WAAM stainless steel, the balance ratio of ferrite and austenite content is greatly enhanced
at 150 °C thereby increase hardness and strength.
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Although a higher interpass temperature may reduce the tendency to produce coarse grain,
it is not specified for high-strength steel. The results for samples obtained using pulse GMAW and
CMT-based WAAM processes showed the presence of hydrogen in aluminium material deposit to
be reversed. Hence, the mechanical properties can significantly be enhanced by lowering the
interpass temperature. However, pulse GMAW-based WAAM produces a different result because
it picks up more hydrogen when interpass temperature is low and produces higher pore content.

Therefore, the challenge is to maintain the interpass temperature to above minimum
between passes in order to reduce or eliminate the risk of cold weld cracking. Based on the review
of all related papers, the maximum interpass temperature of 150 °C is recommended. Thus,
interpass temperature can have both minimum and maximum values depending on the deposited
material. The recommendation includes using a cooling system such as CO2 and water to help
speed up the cooling deposition and deposition shape to achieve an excellent and thinner
deposition. Water cooling produces delicate grain structures by controlling the interpass
temperature of Ti-6Al-4v. Moreover, heat accumulation can be minimised by ensuring equal heat
input and dissipation. Effective interpass temperature control is not merely an academic pursuit
but holds significant implications for industrial applications. By ensuring optimal material
properties and dimensional accuracy, it can lead to reduced post-processing, decreased material
waste, and improved energy efficiency, thereby contributing to more sustainable and cost-
effective manufacturing practices in sectors such as aerospace, automotive, and construction.
Thus, to produce components with high quality and accuracy, it is essential to investigate the
effects of interpass temperature in the WAAM manufacturing process.
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