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Abstract
Wire arc additive manufacturing (WAAM) of large component is susceptible to
residual stress (RS) and distortion, which are detrimental and need to be miti-
gated through high pressure rolling or other methods. In this study, an efficient
modelling approach is developed to simulate both WAAM and rolling, and this
approach can also be applied to other manufacturing processes to determine
steady-state variables. For a clamped wall component, the computationally effi-
cient reduced-size WAAM and rolling models (i.e. short models) can obtain
steady-state solutions equivalent to those obtained by conventional full-size
models. In the short models, the undesirable effect of reducing the length of
the modelled component is counteracted by imposing additional longitudinal
constraint as proper to specific processes. The steady-state solution obtained
by the short model in clamped condition is then mapped to a long model for
analysis of RS and distortion after removal of clamps. The WAAM model pre-
dictions of temperature, RS and distortion are in good agreement with exper-
imental measurements. For the steady-state region in the WAAM deposited
wall, compressive longitudinal plastic strain (PS) is approximately uniformly
formed, and the influential factors and implications of the PS are analysed. The
high pressure rolling on the wall after WAAM deposition introduces tensile PS
that compensates for the compressive PS induced by the WAAM deposition,
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thereby mitigating the tensile RS in the clamped wall and alleviating the bend-
ing distortion after the removal of clamps. This study demonstrates an efficient
approach for modelling large-scale manufacturing and provides insights into
the steady-state strains and stresses generated by WAAM and rolling.

Keywords: large-scale additive manufacturing, rolling, residual stress, distor-
tion, plastic strain, simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

Wire arc additive manufacturing (WAAM) is an emerging variant of additive manufacturing
(AM) technology, which can build medium- to large-scale fully-dense complex components
with functional structural integrity [1–3]. WAAM with high deposition rate, which can be
9.5 kg h−1 for martensitic stainless steel [4] and most practically, 1–4 kg h−1 for aluminium
and steel [1], provides rapid and economical route to large-scale AM. Using WAAM pro-
cesses, large components were built from steel [5], titanium alloy [6], nickel superalloy [7],
aluminium alloy [8], tantalum [9], tungsten [10], etc, and functionally graded structures were
also printed using refractory metals [11]. The modular design of WAAM process utilises stan-
dard welding equipment and wire consumables, and hence allows low build-up and operational
cost [1, 3, 12]. Moreover, a range of cold working can be integrated in WAAM systems. For
instance, high pressure rolling was recently combined with WAAM to introduce some ben-
eficial effects, such as mitigation of residual stress (RS) and distortion [5], microstructural
refinement or modification [5, 13], elimination of porosity [8], and improvement of mechani-
cal properties [14, 15]. Despite the experimental evidences of the benefits brought by rolling,
the underlying mechanisms responsible for such benefits are complex and need to be under-
stood. Unfortunately, experimental measurements are limited and difficult to provide adequate
information for establishing the understanding. Therefore, modelling is crucial for gaining
better insights.

WAAM-built components are susceptible to RS and distortion [5, 6], which are major chal-
lenges that hinder the wider applications of WAAM in industry. RS arises from the process-
induced plastic strain (PS), among other incompatible deformation, as generated during the
thermal cycles caused by WAAM deposition. Distortion usually occurs when the RS is par-
tially released after the removal of clamps on the WAAM-built component, while it can also
occur during the WAAM process due to the deformation induced by the temperature changes.
RS is usually detrimental and can lead to early fatigue failure, stress corrosion cracking and
brittle fracture [16–19], while excessive distortion reduces process stability and geometrical
precision. Therefore, determination and mitigation of RS and distortion is one of the main aims
in WAAM research.

Thermal–mechanical finite element analysis (FEA) models prove a robust numerical
tool to determine temperature, RS and distortion in WAAM [20–27]. However, the ther-
mal–mechanical models are strongly nonlinear, and require fine meshes and small time incre-
ments to obtain accurate solution, meaning that the computational time can be too long to be
practical for analysis of large WAAM-built components. As reported by Ding et al [20], a
3D transient thermal–mechanical model for a 20-layer 500 mm long WAAM-deposited wall
took 75 h to obtain a solution using high-performance computing (HPC) facility. Such long
computational time of conventional FEA model may not be acceptable for industrial WAAM
components which can be several metres long. Thus an efficient modelling approach is needed.
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Several efficient FEA modelling techniques have been developed in the allied fields of weld-
ing, powder-based AM and WAAM. A straightforward approach to reduce computational time
is the use of graded mesh or adaptive meshing to reduce the number of the elements (and
hence the degrees of freedom) in the thermal–mechanical model [20, 25]. The efficiency gained
through this approach is compromised by the effort/time spent in meshing and the spatial res-
olution required for the analysis. Another approach is the simplification of 3D problems into
2D problems. Camilleri et al [28] used a 2D transient thermal model to predict the temperature
distribution in a section transverse to the welding direction. However, a 2D thermal model does
not consider longitudinal heat flow, which is usually significant during WAAM deposition. An
Eulerian model is efficient to obtain steady-state temperature field. Zhang and Michaleris [29]
and Ding et al [20] created Eulerian steady-state thermal models in which the heat source
remained stationary and was attached to the Eulerian reference frame, while material flowed
through the finite element mesh. The Eulerian model can be two-order faster than the conven-
tional Lagrangian model, but its implementation for mechanical analysis is often sophisticated
due to complicated mathematical formulation required [29, 30]. For efficient mechanical anal-
ysis, Michaleris and DeBicarry [31, 32] developed a PS-based method to predict distortion in
large-scale welded thin-walled structures. The method is a variant of inherent strain method,
which is based on elastic analysis using the sum of nonelastic strains as inherent strain, as
originally proposed by Ueda et al [33, 34] for welding analysis. Recently, Chen et al [35]
implemented inherent strain method for multilayer deposition by direct metal laser sintering
AM. However, some limitations of the inherent strain method have been identified for powder-
based AM processes when small-scale thermal–elastic–plastic model is used to determine the
inherent strain [36, 37].

The FEA-based determination and evaluation of RS and distortion becomes more challeng-
ing when WAAM is combined with rolling. The rolling simulation for large components is also
computationally demanding. It was shown that conventional FEA simulation of single-pass
rolling on a 456 mm long weld took 95.3 h using HPC facility [38]. For efficient modelling
of high pressure rolling, Gornyakov et al [39] demonstrated that a 3D implicit analysis model
with reduced component length predicted steady-state RS and PS equivalent to the solution of a
conventional full-size model, but the computational time was significantly reduced. Gornyakov
et al [39] also examined a number of other efficient modelling techniques for rolling, includ-
ing explicit analysis, Eulerian steady-state model and 2D simulation, and they found that the
short model using implicit solution algorithm is the best option for rolling simulation when
both efficiency and accuracy are required. However, Gornyakov et al [39] did not investigate
the effects of longitudinal constraint on the predictions by the short model, nor the transfer
of short model solution to the full-size component for further analysis of material response
to clamps removal. Simulations of rolling for clamped WAAM components have been also
attempted by Abbaszadeh et al [40] and Tangestani et al [41].

Most of previous research focussed on the development of efficient modelling methods and
analyses for individual manufacturing processes, such as WAAM [20, 21] and rolling [39].
It still needs a general approach to enable efficient modelling and evaluation of the com-
bined process of WAAM and rolling. Previous studies have shown that steady state exists
for many manufacturing processes. For instance, steady-state temperature fields were exper-
imentally and numerically observed during blown-powder laser AM [42], steady-state ther-
mal–mechanical response to WAAM deposition was confirmed by transient WAAM models
[20, 21], steady-state plastic flow was predicted by deep cold rolling model [43], and rolling on
WAAM parts reached steady state within short distance to the start boundary [39, 40]. There-
fore, it is hypothesised that steady-state variables such as temperature, strains and stresses,
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Figure 1. Schematic diagram of the proposed efficient modelling approach for deter-
mining steady-state thermal–mechanical variables using short models of WAAM and
rolling, followed by mapping solution to long model for further analysis.

which are of major interest for process analysis, can be obtained using a technique in the same
modelling framework.

This study is aimed to develop an efficient modelling approach applicable to both WAAM
and rolling, thereby gaining insights into the mechanism of rolling-enabled mitigation of
WAAM-induced RS and distortion. The computational efficiency is enhanced through reducing
component length in the model. To compensate for the length reduction, proper longitudinal
constraint is imposed in the short model to obtain the steady-state strains and stresses. Then
the steady-state solution is mapped into a full-size long model to carry out mechanical anal-
ysis for the whole component after removal of clamps. In particular, the process-induced PS
distribution is investigated, which is the main cause of RS and affects the distortion.

2. Modelling and verification/validation methods

2.1. Efficient method to simulate steady state of WAAM and rolling

Previous research showed that the WAAM [20, 21] and rolling [39] processes operating on
clamped walls can attain a steady state within a certain distance along the travelling direction
of the arc and roller (i.e. longitudinal direction), within which the PS and RS distributions are
independent of longitudinal position. This means that a short transient model with reduced
component length could be used to obtain the steady-state variables and save computational
time. However, the steady-state solution obtained by the short model cannot be used for analy-
sis of the effects of clamps removal on final RS and distortion, for which a full-size long model
is still needed, since the self-constraint associated with the final state is dependent on the actual
length of the component after the removal of clamps.

Figure 1 shows the efficient modelling approach proposed here to determine the steady-state
physical variables generated by WAAM and rolling, as well as the final RS field and distortion
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in the component. Firstly, a short model is created to determine the steady-state solution. For
the WAAM and rolling processes considered in this study, a component length of 72 mm was
found to be sufficient to attain the steady state. Secondly, the steady-state solution of the short
model is mapped to a long mechanical model (the full length of the component is 500 mm for
the WAAM and rolling studied here). The solution slice obtained from the steady-state region
in the short model is repeatedly in space mapped to the long mechanical model using a solution
mapping technique (section 2.2). The initial shape of the component in the mapped long model
depends on the displacement solution of the short model. Thirdly, the final RS and distortion
after removal of clamps are obtained using the long mechanical model.

The mapping of the steady-state solution from the short model to the long model is feasible
thanks to the following two facts. First, the short model with proper boundary condition can
reproduce the physical variables in the steady-state region of the original component (evidence
will be presented in the results section). Second, after steady-state solution mapping, new stress
equilibrium will be established in the long model due to the differences in the component length
and boundary condition between the short model and the long model; nevertheless, this new
equilibrium hardly affects the physical variables in the steady-state region, and the confirmation
of this will be presented in the results section.

2.2. Solution mapping technique

Abaqus FEA software [44] was used for the WAAM and rolling simulations. A solution map-
ping technique was developed to transfer the solution from the short mechanical model to the
long mechanical model, while the standard functions of Abaqus software do not support the
transfer of equivalent solution between models with different lengths.

The Abaqus keyword of ∗INITIAL CONDITIONS was used to define the initial state of
the long mechanical model using external text files, which contain a list of elements with
predefined initial parameters. Element numbers were assigned in a controlled manner dur-
ing meshing, except in the substrate where the transition from fine mesh to coarse mesh is
complicated and the mesh topology may not be identical in the longitudinal direction. The six
components of stress tensor, six components of PS tensor and the equivalent PS were extracted
from the solution slice perpendicular to the longitudinal direction in the steady-state region
of the short mechanical model (donor). A Python script was developed to generate the ini-
tial conditions, in which the extracted solution slice was assigned sequentially in space to
the corresponding elements of each transverse section of the long mechanical model (recipi-
ent). For the substrate with complicated mesh topology, average values of stress and PS were
obtained from the short model and predefined to the long model. This simplification was
necessary for the substrate since the controlled node numbering was not conducted in this
region, and thus the distribution of mapped variables is assumed to be uniform in this region
of the recipient model. The Abaqus Keywords of ∗INITIAL CONDITIONS STRESS, PS and
HARDENING were added to the recipient model. As isotropic hardening was adopted in the
plasticity model for this study, only equivalent PS was transferred, while back stress could
be also mapped when kinematic hardening model is used. A calculation of stress rebalanc-
ing was carried out in the recipient model with the predefined initial conditions and clamps,
followed by the prediction of mechanical response to the removal of the clamps. It should be
mentioned that elastic strain solution does not need mapping since the stress and elastic strain
are conjugated.

For the long WAAM mechanical model, the displacement solution was not mapped because
negligible distortion was predicted by the short WAAM mechanical model under clamped
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Figure 2. Short transient thermal–mechanical model of 20-layer WAAM-deposited wall
with reduced length compared to the samples in previous experiments [20, 23]. The
schematic of double-ellipsoidal heat source is also shown. The coordinates (in mm) of
the thermocouples are TP1 (36, 5, 12), TP2 (36, 20, 12), TP3 (36, 0, 0) and TP4 (36, 0,
4). The Y coordinate of the symmetry plane and the Z coordinate of the substrate bottom
are both zero.

condition, while for the long rolling model the displacement mapping was performed because
considerable deformation occurred in the simulation using the short rolling model.

2.3. WAAM model and validation method

The proposed efficient modelling approach was applied to WAAM deposition of a mild steel
(S355) wall (figure 2). The validation of the WAAM model was based on previous experiments
by Ding et al [20, 23] and Colegrove et al [5], and the details of the experiments can be found in
the references. A short multilayer model was used for thermal–mechanical analysis of WAAM
deposition. The transient temperature field was predicted by a short thermal model and then
the thermal solution was transferred to a short mechanical model. Only half of the wall and
substrate was considered in the model due to symmetry.

The double-ellipsoidal moving heat source model [45] was employed in the thermal analy-
sis, which was implemented using Abaqus user defined subroutine DFLUX. The power density
in the front region of the heat source is expressed as

qf =
6
√

3 ffQ
π
√
πafbc

e

[
−3

(
(x−vt)2

a2
f

+ y2

b2 +
z2

c2

)]
. (1)

And in the rear region, we have

qr =
6
√

3 frQ
π
√
πarbc

e

[
−3
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(x−vt)2

a2
r

+ y2

b2 +
z2

c2

)]
. (2)
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Where ff and fr are the heat distributing factors for the front and rear regions, respectively,
which satisfy the condition that ff + fr = 2; Q is the power input (absorption efficiency is
considered); v is the travel speed of the heat source and t is travel time; af and ar represent the
lengths of the front and rear regions, respectively; and b and c are the lateral and vertical radii
of the heat source, respectively. The heat source parameters were adopted from references [20,
23] and are also shown in figure 2.

Simplified element ‘birth’ technique was used to simulate the deposition of a whole layer
each time. Ding et al [21] found that the activation of the whole layer each time, instead of
only activating the elements within the heat source radii, barely affects the solution accuracy.

Temperature-dependent material properties reported in reference [31] were used in the ther-
mal model. The thermal conductivity at temperatures higher than the melting point (1500 ◦C)
was artificially increased to reflect the convective heat transfer in the molten pool. Eight-node
linear heat transfer brick elements (Abaqus designation DC3D8) were used in the thermal
model. The mesh density gradually changed from being fine in the deposited wall (element
size was 2 mm × 0.833 mm × 0.667 mm) to being coarse in the substrate (element size was
8 mm × 7.5 mm × 1.765 mm). The coefficient of convection and the emissivity of radia-
tion for all free surfaces were 5.7 W m−2 K−1 and 0.2, respectively, while the heat loss due
to the water-cooled backing plate was simulated by imposing convection with a coefficient
of 300 W m−2 K−1 on the bottom of the substrate. To minimise the component end effect
within short distance and focus on the steady-state region, the heat transfer on the start and
stop boundaries was neglected in the short thermal model.

The mechanical model has the same dimensions and mesh topology as the thermal model.
The element type was 3D stress eight-node linear brick with reduced integration (Abaqus desig-
nation C3D8R). Temperature-dependent elasto-plastic properties were adopted from reference
[31], while solid state phase transformation was not taken into account, because for mild steel
it does not play a significant role in RS [46]. Two sets of material properties were used for the
substrate and deposited wall, respectively [31]. It should be mentioned that Colegrove et al [5]
found that the peak longitudinal RS near the interface between the substrate and deposit reached
600 MPa. This finding suggests that the actual value of yield strength of WAAM deposited wall
could be larger than the 450 MPa for mild steel at 20 ◦C reported in reference [31]. In the present
model, the values of mild-steel yield strength as suggested by reference [31] were increased
by 50 MPa for the wall deposit at the temperature range of 20 ◦C–500 ◦C to reflect the actual
yield strength inferred from the experiments for the WAAM-built component.

A surface-to-surface contact interaction was specified between the bottom of the substrate
and an analytic rigid shell simulating the backing plate. Six nodes in each corner of the top
surface of the substrate were constrained in the vertical direction in order to simulate the clamps
(figure 2).

The short model with reduced component length has lower resistance to longitudinal defor-
mation compared to the actual deposited wall. For this reason, additional longitudinal con-
straint was applied to the short model and the influences of different constraint conditions on
predicted PS and RS were investigated. Three types of longitudinal constraint were consid-
ered in the short model, i.e. free ends, constrained ends and full constraint. For the free-ends
condition, there is no additional longitudinal constraint imposed on the two end-surfaces of
the shortened wall component; for the constrained-ends condition, the longitudinal displace-
ments of the nodes on the two end-surfaces corresponding to the start and stop boundaries are
constrained; for the full-constraint condition, all the nodes in the meshed wall component are
constrained from longitudinal motion.

In the long mechanical model, all dimensions were set to be the same as those in the previous
experiments [20, 23], and elasto-plastic properties identical to the short model were used. The
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Figure 3. Mapped long mechanical model to simulate the removal of clamps (the
constrained nodes representing the clamps are indicated in red).

steady-state PS and RS that were predicted by the short model were mapped to the long model
using the solution mapping technique (section 2.2). In addition, the longitudinal constraint used
in the short model was removed in the long model. The backing-plate support to the built
component was simulated through surface-to-surface contact interaction between the substrate
bottom and an analytic rigid shell. The clamps were simulated through fixing the selected
nodes on the top surface of the substrate (figure 3). During the mechanical analysis using the
long model, stress balancing was first established and then the clamps were removed to obtain
the final state. To eliminate the potential rigid body motion of the WAAM component, the
symmetry boundary condition and the contact interaction remained after clamps removal; in
addition, one node was fully fixed on the central bottom in the symmetry plane.

2.4. Rolling model and verification method

The efficient modelling approach (sections 2.1 and 2.2) was also applied to high pressure
rolling on a wall component with identical geometry to the WAAM component, as shown in
figure 4. The rolling simulation considered two scenarios. In the first scenario, the rolling was
performed on the component with a stress-free initial condition, i.e. pure rolling analysis. In the
second scenario, the WAAM and rolling processes were combined, and the WAAM-induced
PS and RS were defined as the initial condition for the rolling simulation.

The setup of the short rolling model was detailed in a previous paper by the same authors
[39]. Only key information is repeated here for brevity. The temperature was assumed to be
room temperature and kept constant when the rolling was simulated as an individual process.
When rolling was combined with WAAM, the rolling was performed on the top surface of
the WAAM deposited wall after cooling, i.e. post-build rolling simulation (inter-layer rolling
simulation will be reported separately in another paper). The flat roller was modelled as a rigid
shell. The assumption of rigid roller is beneficial to computational efficiency without impairing
solution accuracy [39]. For pure rolling simulation, the substrate and wall were modelled as
a deformable body with material properties adopted from reference [31] for mild steel S355.
A vertical rolling load of 50 kN was imposed to the wall through controlling the penetration
displacement of the roller and a friction coefficient of 0.3 was assumed for the contact between
the roller surface and the top surface of the wall. All nodes on the bottom surface of the substrate
were fixed to represent the clamps during rolling. Similar to the short WAAM model, different
longitudinal constraint conditions (i.e. free ends, constrained ends and full constraint) were
considered in the short rolling model to investigate the sensitivity of the predicted results to
the assumed longitudinal constraint.

To verify the efficacy of the short model, a conventional full-size transient rolling model
(500 mm long) was also developed [39]. The PS and RS distributions predicted by the short
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Figure 4. Short rolling model for a wall component with identical geometry to the
WAAM component (figure 2). Adapted from [39]. CC BY 4.0.

model were compared with those predicted by the full-size model for the steady state of rolling,
such that the accuracy of the short model to predict steady-state PS and RS can be verified.

Finally, the steady-state solution of the short model was also transferred to a long mechan-
ical model using the solution mapping technique (section 2.2), similar to the WAAM model
(figure 3). The mapped long model was then employed for the analysis of RS and distortion in
the rolled wall after removal of clamps.

2.5. WAAM + rolling model

A sequential coupling approach was used to model the combination of WAAM and rolling.
The solution to the mechanical model of the WAAM deposition was used as the initial condi-
tion for the rolling model. The solution mapping technique (section 2.2) was used to define
the initial condition for the post-build rolling simulation. The WAAM + rolling model is
aimed to reveal the mechanism of the rolling-enabled mitigation of the RS and distortion in
the WAAM deposited wall component. The combination of WAAM and rolling was simulated
for the identical wall component modelled in sections 2.3 and 2.4.

3. Results and discussion

3.1. Computational efficiency

The computational efficiency of the developed modelling approach is evaluated through
comparison of computational time between the efficient model and conventional full-size
model. The WAAM and rolling simulations were implemented using four processors in a
grid computer system at Cranfield University. Table 1 presents the comparison between the
conventional full-size transient WAAM model developed by Ding et al [20] and the effi-
cient WAAM model developed in this study. Using the efficient model, the computational

9
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Table 1. Computational time comparison between the conventional full-size WAAM
model [20] and the efficient WAAM model developed in this study.

Computational time
of thermal model

for WAAM

Computational time of
mechanical model

for WAAM
Total computational

time

Conventional full-size 51 h, 24 min 24 h, 1 min 75 h, 25 min
WAAM model [20]

Efficient WAAM
model

12 h, 18 min 26 min-short model 12 h, 49 min
5 min-long model

Time saving 76.1% 97.8% 83.0%

Table 2. Computational time comparison between the conventional full-size rolling
model [39] and the efficient rolling model developed in this study.

Computational time
for rolling simulation

Computational time
of mapped long

mechanical model
Total computational

time

Conventional full-size 17 h, 47 min N/A 17 h, 47 min
rolling model [39]
Efficient rolling model 37 min [39] (short model) 7 min 44 min
Time saving 96.5% N/A 95.9%

time can be reduced by 76.1% and 97.8% for thermal and mechanical analyses, respec-
tively, and an 83% reduction in total computational time was achieved. For rolling simu-
lation, 95.9% less computational time was consumed by the efficient model in comparison
with the conventional full-size model (table 2). Therefore, it can be concluded that the devel-
oped modelling approach can significantly enhance the efficiency of both WAAM and rolling
simulations.

The saving of the computational time is mainly attributed to the reduction of the number of
elements in the model and the less process time involved in the simulation. The short model
consists of approximately 9000 elements, while the number of elements is approximately
63 000 for the conventional full-size model. As the short models considered only 14.4% length
of the actual component, it means that the travel time of the heat source or roller over the com-
ponent length in the short models is only 14.4% of the travel time for the full-size component.
Unlike the conventional full-size transient model, the mapped long mechanical model used
here took only several minutes to obtain the solution, because it did not simulate the WAAM
and rolling processes but instead mainly calculated the RS and distortion after removal of
clamps, which was much less computationally expensive. The reduction in computational time
using the efficient method does not sacrifice the solution accuracy, which will be elaborated in
following sections.

3.2. WAAM deposition

3.2.1. Thermal analysis using short model. The accuracy of the thermal solution obtained by
the short WAAM model is verified through comparing the predicted transient temperatures
with the experimental measurements using thermocouples [23]. The locations of the thermo-
couples (TP1–TP4) used in the experiments are shown in the cross-section of the WAAM
thermal model (figure 2). Figure 5 shows the comparison of the temperature histories at the
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Figure 5. Temperature histories predicted by the short WAAM thermal model at the
thermocouple locations: (a) TP1, (b) TP2, (c) TP3 and (d) TP4. The experimental
measurements by Ding [23] are also included for comparison.
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Figure 6. Predicted temperature histories at different longitudinal locations (i.e. differ-
ent X coordinates) which are coincident with (a) TP1, (b) TP2, (c) TP3 and (d) TP4 in
the YZ plane (see figure 2 for locations of TP1–TP4). Note that the peak temperatures
corresponding to steady state of the WAAM deposition are highlighted.

thermocouple locations for the first four layers. It should be noted that in the model the TP2
point is not located at any element node, so the interpolated temperature is used. Good agree-
ment between the prediction and measurement is evident, verifying the accuracy of the thermal
solution by the short model.

To identify the steady-state region for the temperature field during WAAM deposition,
the temperature histories at different longitudinal locations are compared in figure 6. These
inspected locations share the Y and Z coordinates with the thermocouple locations (TP1–TP4),
but have different X coordinates. We denote these locations using the thermocouple labels
(TP1–TP4). The longitudinal location closest to the WAAM start boundary experienced tem-
perature rise first, but its peak temperature is lowest. The highest peak temperature was attained
at the locations where the temperature started to rise after 2.5–3.5 s, corresponding to a distance
of 21–29 mm to the WAAM start boundary. For the TP1, TP3 and TP4 locations, the highest
peak temperatures are constant within a period of time, indicating the time-independence of the
peak temperature and the attainment of the steady state. In other words, the temperature histo-
ries in the steady-state region are independent of X coordinates in the longitudinal direction.
For the TP2 locations in the substrate far from the deposited wall (fewer data are available due
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Figure 7. Cross-sectional distributions of longitudinal PS in the steady-state region for
the WAAM: (a) full-size mechanical model [23]; (b) short mechanical model with free
ends; (c) short mechanical model with constrained ends; (d) short mechanical model
with full longitudinal constraint.

to the coarse mesh adopted at theses locations, see figure 2), the heating and cooling are much
slower, and a constant peak temperature cannot be conclusively distinguished. However, the
far-field temperatures with low peaks do not contribute to the generation of RS after cooling
[21]. The temperature results confirmed that the steady-state solution of near-field tempera-
tures, which are critical to the RS development during WAAM deposition [21], can be obtained
using the short thermal model.

3.2.2. Mechanical analysis using short model. The PS and RS distributions in the clamped
WAAM component are analysed using the short mechanical model. The net thermal deforma-
tion after WAAM deposition is negligible since the temperatures in the initial, inter-layer and
final states are all approximately same as room temperature (figure 5). Therefore, the process-
induced PS is the main cause of the RS and hence it is important to accurately predict the PS.
It should be also mentioned that the longitudinal PS and RS are focused here since they are
most significant.

Figure 7 shows the predicted longitudinal PS distributions in the steady-state region after the
deposition of the 20 layers. The results for different longitudinal constraint conditions adopted
in the short model are compared. The prediction by the full-size mechanical model [23] is
used as a reference to evaluate the accuracy of the steady-state solution of the short model.
The PS is compressive and approximately uniform (ranging from −0.2% to −0.3%) in the
deposited wall. The substrate region immediately underneath the wall experienced less plastic
deformation, ranging from −0.06% to −0.2%, while the substrate region far from the wall did
not experience any plastic deformation. The short model with full longitudinal constraint best
captured the PS profiles, while the short models with free ends and constrained ends overesti-
mated the compressive PS in the wall, and it appears that the less the longitudinal constraint,
the more significant the overestimate.

Figure 8 shows the 3D distributions of the PS predicted by the full-size model
[23] and the short model with full longitudinal constraint. According to the full-size
model, the predicted PS distribution is approximately uniform over the majority of the
interior region of the long wall (i.e. steady-state region), except some slight deviation
near the clamps (three clamps on each side of the substrate, see figure 3). However,
the compressive PS near the wall ends (free from longitudinal constraint in the full-
size model) are significantly higher than that in the steady-state region, and this fea-
ture is consistent with the effect of longitudinal constraint on PS, as revealed by the
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Figure 8. 3D distributions of the longitudinal PS for the WAAM: (a) full-size mechan-
ical model [23]; (b) short mechanical model with full longitudinal constraint.

Figure 9. Cross-sectional distributions of longitudinal RS in the steady-state region for
the WAAM: (a) full-size mechanical model [23]; (b) short mechanical model with free
ends; (c) short mechanical model with constrained ends; (d) short mechanical model
with full longitudinal constraint.

short model (figures 7(b) and (c)). In contrast, the short model with full longitudinal
constraint completely avoided the wall end effect and thus is reliable to obtain the steady-state
solution. It is also seen that there is a slight discrepancy of predicted PS level in the middle of
the wall between the full-size model and short model. This discrepancy can be attributed to the
difference in the application of clamps in the models, i.e. in the full-size model [23], the nodal
displacements were restrained at the three clamps locations similar to those shown in figure 3,
while in the short model, the actual clamp locations cannot be represented due to the reduced
component length and only two clamps were considered (figure 2).

Figure 9 shows the predicted longitudinal RS distributions in the steady-state region. The
full-size model [23] predicted tensile RS in both the wall and the substrate region immediately
below the wall (figure 9(a)), while counterbalancing compressive longitudinal RS formed in
the lower and side regions of the substrate. The RS distribution predicted by the short model
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Figure 10. Longitudinal RS distributions predicted by the long mechanical models for
the WAAM: (a) conventional full-size model under clamped condition [23]; (b) mapped
model under clamped condition; (c) mapped model after clamps removal (a deformation
scale factor of 5 is used to improve visibility of distortion). The RS distributions in the
middle-length section are also shown.

with free ends (figure 9(b)) is markedly different from that predicted by the full-size model
(figure 9(a)), mainly due to the large difference in PS distribution (figures 7(a) and (b)). The
RS predictions by the short models with constrained ends and full longitudinal constraint, as
shown in figures 9(c) and (d), respectively, are both similar to the prediction by the full-size
model (figure 9(a)), although the short model with constrained ends overestimated the PS in
the wall (figure 7(c)).

3.2.3. Mechanical analysis using mapped long model. The steady-state solution of the short
mechanical model with full longitudinal constraint was mapped to the long mechanical model.
The comparison between the conventional full-size model and mapped long model, as shown
in figures 10(a) and (b), confirms that the steady-state solution is equivalent between the two
models. The efficacy of the mapping (sections 2.1–2.3) is demonstrated through comparison
between figures 9(d) and 10(b), which show that the longitudinal RS distributions in the steady-
state region are similar between the short model (donor) and the long model (recipient). The
slight discrepancy in steady-state RS can be attributed to the limitation of the solution mapping
technique (section 2.2) and the differences in the longitudinal constraint condition and clamps
locations between the short and long models (figures 2 and 3). The mapped long model also
captured the nonuniform RS distributions near the two free ends of the full-size component,
while the short model lacks this capability.

After removal of clamps, the tensile RS in the wall reduces significantly and even converts to
compression on the top surface of the wall (figure 10(c)). Concave upward bending distortion
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Figure 11. Longitudinal RS distributions along the Z-direction (with distance from the
upper surface of the substrate, see figure 10(c) for the path of the line plots) in the mapped
long mechanical model before and after clamps removal for the WAAM component.
The experimental measurements by Ding [23] and Colegrove et al [5] are also included,
which were conducted using neutron diffraction method after clamps removal.

was generated due to the partial relaxation of the original tensile RS in the wall, and the material
response to the removal of clamps was essentially elastic as no additional PS was generated.
It should be mentioned that additional simulation of removal of clamps using the short model
was also conducted and it was found that the short model was not able to capture the bending
distortion, indicative of the necessity of the mapped long model.

Figure 11 presents the through-height line profiles of the longitudinal RS distribution in the
steady-state region. Under the clamped condition, the mapped long model predicted uniform
tensile RS of 500 MPa in the whole wall, which rapidly reduces to 300 MPa in the substrate,
since the substrate has lower yield strength, larger cross-sectional area and smaller compressive
PS (figure 7). The tensile RS in the wall dropped significantly after removal of clamps, and the
final RS exhibits an approximately linear distribution. The RS prediction and measurements
agree well, indicative of good accuracy of the mapped long mechanical model.

In order to further assess the solution accuracy, the predicted distortion after
clamps removal was compared to the experimental measurement [23] for a four-
layer WAAM deposited wall (figure 12). Good agreement between the prediction and
measurement is evident, and the small discrepancy could be attributed to the ide-
alisation of the clamps (nodal displacements are fixed at clamping locations in the
model, while the clamps may not be fully rigid in the experiment).

3.3. High pressure rolling

3.3.1. Mechanical analysis using short model. Pure rolling analysis is presented in this
section. The PS and RS distributions predicted by the short rolling model for the clamped
wall component have been reported in a previous paper by the same authors [39]. Here, the
analysis is focussed on the effects of different longitudinal constraint conditions on the results,
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Figure 12. Validation of out-of-plane distortion prediction by the mapped long mechan-
ical model after clamps removal. Note that the experimental measurement by Ding [23]
was based on a four-layer deposited wall, and the WAAM model was adapted accord-
ingly. The distortion measurement was conducted on the substrate bottom using a Romer
omega arm with R-scan 3D laser scanning system [23].

as well as the RS redistribution due to removal of clamps. It should be noted that the steady
state of rolling is identified in the region where the equivalent PS is uniformly distributed in the
longitudinal direction and it has been confirmed that the short model has captured the steady
state [39].

Figure 13 shows the longitudinal PS distributions in the steady-state region of the rolled
wall. The wall height was reduced after the rolling by the flat roller with the vertical load of 50
kN, and the height reduction was 1.668 mm. The wall region near the roller expanded laterally.
It is clearly seen that the longitudinal constraint has pronounced effect on the PS results. The
conventional full-size model predicted tensile PS near the rolled top surface. The short model
with constrained ends predicted most accurate PS distribution relative to the solution by the
full-size model, while the short model with free ends overestimated the PS and the short model
with full longitudinal constraint underestimated the PS. The PS has significant implication in
the RS generated after rolling, as revealed below.

Figure 14 shows the longitudinal RS distributions in the steady-state region of the rolled
wall. In consistence with the PS distributions, the solution of the short model with constrained
ends achieved best agreement with the solution of the full-size model. The RS is tensile under-
neath the rolled surface, and it is compressive underneath the tension zone and near the wall
side. Both the short models with free ends and full longitudinal constraint underestimated the
RS.

3.3.2. Mechanical analysis using mapped long model. Figure 15 shows the longitudinal RS
distributions predicted by the long mechanical models for the rolling. It is evident that equiv-
alent steady-state solution was obtained by the conventional full-size model and the mapped
long model (figures 15(a) and (b)). The RS distribution in the steady-state region is almost
unchanged after the solution mapping from the short model with constrained ends (figures 14(c)
and 15(b)). The removal of clamps results in expansion of tension zone underneath the rolled
surface and shrinkage of compression zone underneath the tension zone. However, the effect of
clamps removal on the overall RS distribution in the rolled wall is marginal (figure 15), unlike
the significant effect for the WAAM (figure 10). Moreover, no discernible bending distortion
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Figure 13. Comparison of predicted longitudinal PS distributions in the steady-state
region of high pressure rolling: (a) conventional full-size model [39]; (b) short model
with free ends; (c) short model with constrained ends [39]; (d) short model with full
longitudinal constraint.

of the rolled wall was generated after clamps removal (figure 15(b)). The reason for the unap-
parent distortion after rolling is twofold. First, the rolling RS in the clamped condition did not
generate significant bending moment; this can be verified by inspecting the reaction forces at
the clamp locations in the model. The total vertical force for the three clamps (figure 3) was
compressive, and it was 5002 N for the rolling model, approximately one-order lower than that
(53 118 N) for the WAAM model. Second, since the clamp forces were small in the rolling
model, after the removal of clamps there was little relaxation of RS and hence the rolled wall
did not experience apparent distortion, in contrast to the significant bending distortion in the
WAAM model (figure 10).

3.4. Combination of WAAM and rolling

The results of the WAAM+ rolling model are presented in this section. For the modelling of the
combined process, full longitudinal constraint was used for the WAAM deposition, while longi-
tudinal constraint on the two ends was used for the rolling. The change in the constraint barely
affects the modelling results for two reasons. First, the plastic deformation was permanent,
and the PS predicted by the WAAM model did not change after the partial relaxation of the
constraint in the rolling model. Second, the WAAM-generated RS is similar between the full
constraint model and the end constraint model (figures 9(c) and (d)), meaning that the initial
stress condition in the rolling model after WAAM deposition was insensitive to the change in
the longitudinal constraint.

Figure 16 shows the longitudinal PS distributions in the steady-state region. After WAAM
deposition, compressive PS is dominant in the wall (figure 16(a)). The rolling gave rise to
tensile PS, and hence the compressive PS caused by WAAM deposition was reduced after
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Figure 14. Comparison of predicted longitudinal RS distributions in the steady-state
region of high pressure rolling: (a) conventional full-size model; (b) short model with
free ends; (c) short model with constrained ends; (d) short model with full longitudinal
constraint. Adapted from [39]. CC BY 4.0.

rolling (figure 16(b)). Given the 50 kN rolling load used, significant tensile PS was generated
near the rolled surface (figure 16(b)), which is similar to the tensile PS in the pure rolling model
(figure 13(c)). This means that the PS induced by the rolling overwhelms the PS induced by
the WAAM deposition near the rolled surface. However, when the rolling load is reduced, it is
anticipated that the rolling-induced PS will also decrease and then it will have less impact on
the WAAM-induced PS. It is interesting to see that the removal of clamps does not affect the
PS distribution, indicative of the elastic nature of the material response (figures 16(c) and (d)).

Figure 17 shows the longitudinal RS distributions in the steady-state region. It is clearly
seen from figures 17(a) and (b) that the post-build rolling reduces the tensile RS in the WAAM-
deposited wall, while the RS in the substrate is less affected, due to the large distance from the
substrate to the rolled surface. The mitigation of WAAM deposition RS through rolling can
be attributed to the effect of rolling on PS, i.e. rolling introduces tensile PS and reduces the
compressive PS in the WAAM-deposited wall (figure 17). Interestingly, the RS in the wall
is similar between the combined WAAM-rolling model (figure 17(c) and (d)) and the pure
rolling model (figure 15). This means that the rolling dominates the final RS in the wall for the
given rolling load of 50 kN (figure 4). Abbaszadeh et al [40] also found that at large rolling
loads (>20 kN) the rolling models with and without the initial RS condition associated with
WAAM deposition predicted similar longitudinal RS distributions in the rolled wall. Finally,
the removal of clamps results in slight decrease of tensile RS in both the wall and substrate
(figure 17(d)).

Figure 18 shows the 3D distributions of the longitudinal RS in the wall component, which
are similar between the clamped and unclamped conditions. In addition, there is no consider-
able distortion found after removal of clamps. This is because the WAAM deposition RS in
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Figure 15. Longitudinal RS distributions predicted by the long mechanical model for the
high pressure rolling: (a) conventional full-size model under clamped condition [39];
(b) mapped model under clamped condition; (c) mapped model after clamps removal
(a deformation scale factor of 5 is used to improve visibility of distortion). The RS
distributions in the middle-length section are also shown.

the clamped condition has been largely mitigated by rolling and then no much RS was relaxed
during clamps removal to generate distortion.

3.5. Generalisation and limitation

This study has demonstrated that the developed modelling approach (sections 2.1 and 2.2)
is efficient to simulate both WAAM and rolling (sections 3.1–3.4), which enables analyses
and understanding of individual WAAM/rolling and combined WAAM + rolling processes
for large components encountered in practice, as presented and discussed in sections 3.1–3.4.
This efficient modelling approach could also be applied to other manufacturing processes (e.g.
welding and machining), as long as steady state exists.

There are three key considerations in this efficient modelling approach.
First, a proper length for the shortened component should be used in the short model. The

attainment of steady state has been verified for both WAAM (figures 6, 7 and 8) and rolling
[39]. The gain of higher efficiency through further reducing the model length is marginal. The
advantage of the short 3D model over 2D model lies in the fact that the physical mechanisms
involved in the manufacturing processes are essentially 3D and the short 3D model is able to
capture these mechanisms but the 2D model is not. For instance, accurate prediction of transient
temperature field during WAAM deposition relies on the modelling formulation of heat source
and heat transfer, of which both exhibit 3D characteristics. It has been also demonstrated that
a 2D rolling model has limited predictive capability and accuracy [39]. Nevertheless, a 2D
mechanical model (e.g. plane strain model) could be used for the WAAM deposition based on
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Figure 16. Predictions of longitudinal PS distributions in the steady-state region for
the combined WAAM and rolling process: (a) short model with clamps before rolling;
(b) short model with clamps after rolling; (c) mapped long model with clamps;
(d) mapped long model after clamps removal.

the transient temperature field predicted by the short 3D thermal model. Such an attempt can
potentially further reduce the computational time, although the short 3D mechanical model
is already efficient (table 1). Given a full longitudinal constraint used in the short WAAM
model, a plane strain condition assumed in a 2D mechanical model is valid in such a case, but
the modelling can be complicated due to transferring solution between 3D thermal model and
2D mechanical model [47]. On the other hand, plane strain condition is not acceptable when
WAAM is combined with rolling.

Second, proper longitudinal constraint should be imposed to the short mechanical model.
It is interesting to see that, given identical component length, to obtain accurate steady-state
solution, full longitudinal constraint is needed for the short WAAM model (figures 7 and 9),
while longitudinal constraint is only needed on the two end-surfaces of the wall component
for the short rolling model (figures 13 and 14). This difference can be attributed to the dis-
tinctive mechanisms for plastic flow during WAAM and rolling processes. For the studied
WAAM process, the PS is generated primarily due to internal constraint of isotropic thermal
deformation upon localised heating/cooling and it occurs mainly at high temperatures when
the yield strength is low; a full longitudinal constraint does not change the deformation mode
and is representative in the steady-state WAAM region for the studied long component. The
constrained-ends condition does not provide sufficient longitudinal constraint in the steady-
state region of the short WAAM model adopted here (figure 7(c)). However, if the actual length
of the component (figure 3) is shorter, the additional longitudinal constraint needed in the
short model could be lower. For the studied rolling process, the PS results from the vertical
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Figure 17. Predictions of longitudinal RS distributions in the steady-state region for
the combined WAAM and rolling process: (a) short model with clamps before rolling;
(b) short model with clamps after rolling; (c) mapped long model with clamps;
(d) mapped long model after clamps removal.

penetration of roller at room temperature and assuming full longitudinal constraint adds
unphysical resistance to the roller penetration and thus is not representative in the steady-
state rolling region. Therefore, it is crucial to impose proper longitudinal constraint in the
short model in order to obtain accurate steady-state solution, and the needed additional con-
straint being equivalent to that for the full length is dependent on specific processes and
components that are modelled.

Third, a long mechanical model representative for the actual component geometry, with
the steady-state solution mapped from the short model as initial condition, is needed for the
analysis of final state after removal of clamps. However, the computational time for the mapped
long model is much less than the conventional full-size WAAM or rolling model (tables 1
and 2), which is particularly beneficial to the computational efficiency. This benefit is realised
because the computationally expensive WAAM and rolling simulations are conducted using
the short model, while only the effects of clamps removal are analysed by the mapped long
model.

The main drawbacks of the developed efficient modelling approach include: (1) the mapping
of steady-state solution requires same geometric feature and mesh topology of the component
along the longitudinal direction; (2) the mechanical response in the regions corresponding to
the unsteady-state WAAM deposition or rolling at the two ends of the modelled component
cannot be accurately captured. These drawbacks do not impair the accuracy of the steady-state
solutions obtained by the WAAM and rolling models (sections 3.2 and 3.3).
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Figure 18. 3D distributions of longitudinal RS predicted by the mapped long mechani-
cal model for the combined process of WAAM and rolling: (a) before clamps removal;
(b) after clamps removal (a deformation scale factor of 5 is used to improve visibility of
distortion).

Another limitation of the efficient modelling approach is that the short mechanical model
is applicable to distortion prediction only when the component is clamped during the WAAM
deposition and rolling. A full-size mechanical model is still needed to capture the in-process
distortion when the component is not effectively clamped or intentionally allowed to move in
certain directions. In such a case, the inherent strain method [35–37] can be used as an efficient
solution to the in-process distortion simulation, which can also be used to handle complicated
component geometry. Nevertheless, the short model can still be used to estimate the inherent
strain for such an analysis.

4. Concluding remarks

An efficient modelling approach is developed to determine temperature, PS, RS and distortion
in large-scale manufacturing. In this approach, a short model is used to obtain steady-state
solution for a clamped component and then the solution is mapped to a long model for analysis
of final RS and distortion after removal of clamps. This approach has been applied to simulate
WAAM, rolling and their combination for a wall component, and it can potentially be used as a
general method for other manufacturing processes, as long as steady state exists. The following
conclusions are drawn:

(a) Computational time of WAAM and rolling simulations can be significantly reduced using
the developed efficient modelling approach. The high efficiency is gained through reduc-
ing the component length and process time considered in the simulation to obtain steady-
state solution. The enhanced efficiency is essential for simulation of large-scale WAAM
+ rolling process.

(b) The short models for WAAM and rolling can obtain steady-state solutions equivalent to
those obtained by conventional full-size models, as long as proper additional constraint is
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imposed. A full longitudinal constraint is needed in the short WAAM model for the stud-
ied wall component, while only the two ends of the shortened component need to be
constrained in the short rolling model.

(c) For the WAAM deposition, the predictions of temperature, RS and distortion are in good
agreement with experimental measurements. Within the steady-state region, approxi-
mately uniform compressive longitudinal PS is generated in the wall, which is responsible
for the tensile longitudinal RS under the clamped condition. For the rolling process, ten-
sile longitudinal PS is generated and concentrated near the top surface rolled by the flat
roller, where both tensile and compressive longitudinal RSs arise. Unlike WAAM, after
rolling the removal of clamps does not cause considerable distortion.

(d) For the combined WAAM + rolling process, the rolling can effectively mitigate the tensile
RS in the WAAM-deposited wall under clamped condition, because the rolling introduces
tensile PS that counteracts the compressive PS generated by the WAAM deposition. The
rolling-enabled mitigation of RS in the clamped wall implies that, the WAAM bending
distortion caused by the stress relief after clamps removal can be effectively alleviated by
the rolling.

(e) The short mechanical model assumes that the component is fully clamped during WAAM
deposition, and hence it cannot capture in-process distortion, which may occur if the com-
ponent is not effectively clamped. Nevertheless, the steady-state solution could be used for
other modelling methods (e.g. inherent strain method) to handle the complicated restraint
and geometry, and the solution mapping technique enables the estimate of distortion due
to removal of clamps in the long mechanical model.
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