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ABSTRACT 

Wire and Arc Additive Manufacturing (WAAM) is a promising technology for 

manufacturing large-scale parts with low costs and short lead time. One of the 

main challenges in applying WAAM in industry is the effective control of residual 

stress and distortion. It has been found that high-pressure inter-layer rolling can 

effectively mitigate the residual stress and distortion of WAAM components. 

However, the mechanism behind the mitigation efficacy is of a complex nature 

and has not been well understood. Finite element analysis (FEA) has proven to 

be a reliable and accurate method for simulating the thermo-mechanical process. 

The FEA simulation of large-scale inter-layer rolling is challenging due to the high 

computational cost and complicated coupling between WAAM and rolling.  

This research is based on efficient models for simulating WAAM deposition and 

rolling processes, and their combination for large-scale structures. The efficient 

modelling method is developed using a reduced-size model to determine the 

steady-state solution, and then mapping the solution to a full-size structure for 

further analysis. This method is successfully applied to study the evolution of 

residual stress and plastic strain during the post-build and inter-layer rolling of 

WAAM deposited walls. The numerical predictions are verified with experimental 

results.  

Cyclic formation of tensile residual stress occurs during the WAAM deposition, 

whereas inter-layer rolling counteracts the development of the residual stress. 

The effectiveness of roller designs is studied for reducing residual stress of the 

WAAM process. Compared with a flat roller, a slotted roller can induce greater 

longitudinal plastic strains and more effectively reduce the tensile residual stress 

in the WAAM wall. Removal of the clamps only results in a slight redistribution of 

residual stress in the post-build and inter-layer rolled WAAM components, since 

the rolling mitigates most of the tensile residual stresses caused by WAAM. To 

enhance the manufacturing efficiency, stacked-layers rolling can replace inter-

layer rolling for RS and distortion mitigation in tall WAAM parts. Influences of main 

process parameters, such as rolling load and roller-to-component friction, on 

mitigation of RS and distortion are also studied. Finally, based on the 
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understanding gained through the simulations, recommendation of an optimal 

rolling strategy is made for future industrial application.  

Keywords: wire and arc additive manufacturing, efficient FE model, residual 

stress, plastic strain, distortion, post-build rolling, in-process rolling, large-scale 

part, process optimisation
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1 INTRODUCTION 

1.1. Research background 

Wire and Arc Additive Manufacturing (WAAM) is an emerging technology, which 

has gained popularity in the last decade thanks to its high deposition rate, low 

costs associated with equipment and consumable, good structural integrity of 

produced components and low material wastage. WAAM allows the near-net-

shape manufacture of medium to large-scale components with variable wall 

thickness and various metallic materials.  

One of the main technical challenges limiting the wider adoption of this 

manufacturing process in the industry is residual stress (RS), which is mainly 

caused by thermally induced uneven plastic deformation between different 

regions of deposit. RS is the main cause of cracks and distortion in the deposited 

component, which often leads to damage or waste of substandard product. 

Various techniques have been proposed to manage the residual stresses and 

distortion in WAAM components during the manufacturing stage, such as 

symmetrical and back-to-back building, and to optimise deposition parameters. 

The application of these techniques usually allows to minimise distortion. 

However, the remaining RS may still negatively affect the fatigue performance 

and the corrosion resistance of the component and may reduce the service life. 

Post-build heat treatment can largely eliminate RS, but it could be costly and 

detrimental to the mechanical properties of the produced part.  

Researchers in WELPC at Cranfield University found that high-pressure inter-

layer rolling can mitigate the RS and distortion and improve the microstructure of 

the WAAM built parts. In these previous experimental studies, the roller was 

positioned on the top surface of the deposited layer and a vertical rolling load was 

applied. However, the experimental results did not reveal the underlying 

mechanism that controls the RS and deformation during inter-layer rolling, 

because it is difficult to obtain enough information from the experiment to 

establish the understanding.  
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Finite element simulations of WAAM deposition have been remarkably helpful for 

gaining insights into the WAAM-induced RS and distortion. Unfortunately, the 

literature still lacks modelling study of high pressure rolling for mitigation of the 

RS and distortion induced by the WAAM deposition. Rolling simulations are 

needed for analyses and evaluation of the RS and plastic strain during combined 

WAAM deposition and high pressure rolling. The modelling will help establish a 

fundamental understanding of the key phenomenon, such as evolution of RS and 

plastic strain, that occur during the alternating deposition and rolling in the layer-

by-layer manufacturing process. In previous studies, numerical simulations have 

been attempted to investigate the post-build rolling of WAAM components. 

However, due to substantial computational cost, numerical models were normally 

limited to simulate only one layer rolling in relatively short WAAM parts. There is 

no report on the inter-layer rolling model for large-scale WAAM components. 

Therefore, an efficient modelling method for high-pressure rolling simulation of 

large-scale WAAM components is needed.  

Despite all the advantages, the application of inter-layer rolling can significantly 

increase manufacturing time. Therefore, optimising the rolling strategy is 

important to enhance the manufacturing efficiency. It is straightforward to apply 

post-build rolling or stacked-layers rolling, instead of inter-layer rolling, for 

reduction of rolling operations and hence manufacturing time. However, such 

rolling strategy should be verified with respect to the intended efficacy of 

mitigation of RS and distortion. In addition, the rolling effectiveness could be 

improved through novel design of rollers, which also needs a systematic study. 

1.2. Research gap 

A literature survey (Chapter 3) of relevant research areas is conducted, and the 

following research gaps are summarised:  

1. Previous models on rolling process are not efficient to be applied for 

analysing inter-layer rolling of large-scale WAAM parts.  

2. A fundamental understanding of plastic strain evolution and stress 

development during WAAM deposition and inter-layer rolling is absent.  
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3. Previous experiments have demonstrated that post-build rolling and 

stacked-layers rolling can be used to control WAAM distortions; however, 

for these rolling processes, the mechanism responsible for the mitigation 

of WAAM-induced RS and distortion is yet to be thoroughly understood.  

4. There is a lack of rational-based optimisation strategy for the integrated 

rolling to provide sufficient control of RS and distortion using the fewest 

rolling operations during WAAM deposition.  

1.3. Aim and objectives 

The present PhD research aims to develop better understanding of the 

mechanisms enabling the high-pressure rolling to mitigate RS and distortion in 

large-scale WAAM parts, and furthermore to optimise the rolling process for 

enhancing mitigation effectiveness and manufacturing efficiency.  

The objectives are listed below: 

1. To develop an efficient FE model to investigate the strain and stress evolution 

during the complex thermal and mechanical response to the WAAM 

deposition and rolling. 

2. To understand the mechanism about how the deposition process and rolling 

process interact and change the strain and stress distributions. 

3. To study the influences of roller design and rolling parameters on the 

effectiveness of the rolling process for mitigating WAAM-induced RS and 

distortion.  

4. To develop an optimisation strategy for the in-process rolling during WAAM 

deposition, based on the comprehensive understanding and efficient 

prediction of the thermomechanical response to the hybrid process of WAAM 

and rolling.  

1.4. Thesis structure 

The thesis contains eight chapters, which are listed below: 

Chapter 1. This chapter presents the research background, research gaps, aims 

and objectives and structure of the thesis. 
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Chapter 2. This chapter presents the research methodology used for current PhD 

research. 

Chapter 3. This chapter presents an overall literature review of theoretical 

background, methods and the state-of-the-art.  

Chapter 4. This chapter presents the development of efficient high-pressure 

rolling models for WAAM components. 

Chapter 5. This chapter presents the development and validation of efficient 

modelling method for simulation of WAAM and rolling using short efficient models 

with the subsequent transfer of steady-state solution to the large model to 

determine RS and distortion in large-scale WAAM parts before and after removal 

of clamps.  

Chapter 6. This chapter presents a study of post-build rolling of WAAM 

components. The change of RS and plastic strain distribution before and after 

rolling is explained. Influences of roller design, rolling load and friction coefficient 

on the efficacy of the rolling process to mitigate RS and distortion are studied. 

The necessity of incorporation of WAAM model solution in the rolling simulation 

is also examined.  

Chapter 7. This chapter presents a study on hybrid process of WAAM deposition 

and rolling. Coupled WAAM + rolling models are developed and validated. The 

evolution of RS and plastic strain during alternating WAAM deposition and rolling 

is studied. Optimisation of the rolling process is also conducted for reduction of 

manufacturing time. The mechanism of RS mitigation by inter-layer rolling and 

stacked-layers rolling are investigated and the mitigation effectiveness is 

assessed. The effect of the rolling on the distortion of the WAAM component after 

removal of clamps is also studied. 

Chapter 8. This chapter presents the summary of research, contribution to 

knowledge and recommendations for future work. 
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2 Research methodology 

2.1 Literature review 

A literature review was conducted to introduce the theoretical background, latest 

research and methods in the investigated field, and to identify research gaps. The 

following procedure was implemented for literature review: 

1. Identification of keywords. Following keywords were selected for 

searching of books and papers: additive manufacturing, wire and arc 

additive manufacturing, residual stress, distortion, mitigation, post-build 

rolling, inter-layer rolling, numerical model, heat source, thermal-

mechanical model, and rolling model. 

2. The search of papers. Papers were searched in the Scopus database and 

obtained from reference lists of downloaded papers. Google search 

engine was used to find technical reports and papers.  

3. Analysis of papers. Abstract and conclusions sections of downloaded 

articles were read first and figures were briefly reviewed. The papers that 

are assessed as relevant to the investigated topic were read thoroughly. 

The obtained data were analysed and summarised for identification of 

research gaps. References of collected papers were managed with the 

Zotero application. 

2.2 Modelling methods  

2.2.1 Development of an efficient rolling model for WAAM 

At the initial stage of the research, the efficient rolling model for WAAM parts was 

developed to provide an efficient tool for studying post-build rolling and inter-layer 

rolling. During the development of the efficient rolling model, the applicability of 

the efficient modelling techniques reported in the literature was assessed. 

Efficient rolling models were created, and their computational cost and accuracy 

were compared. The most suitable method was down selected to be used for the 

subsequent studies of this project.  
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2.2.2 Development and validation of efficient thermal-mechanical 

model and steady-state solution mapping technique  

The pre-rolling RS and PS distributions generated by the WAAM process are 

required to accurately simulate high-pressure rolling. To provide initial conditions 

for the rolling analysis, development of an efficient thermal-mechanical WAAM 

model was conducted. The reported efficient modelling techniques for simulation 

of thermal field and residual stress generation were tested for efficient simulation 

of WAAM. The reduced length transient thermal-mechanical model was found to 

be the most appropriate for accurate and efficient simulations. However, the 

model was not able to predict residual stress in unclamped large-scale WAAM 

part due to the dependence of constraint on length.  

A RS reconstruction technique for scaling steady-state solution from short models 

to large-scale models was developed. Then, the efficient modelling technique 

was employed for analyses of WAAM and rolling. Numerical predictions were 

compared with experimental results to validate the developed efficient modelling 

technique.  

2.2.3 Investigation of the post-build rolling for WAAM  

Post-build rolling models were created with the use of the efficient modelling 

method. The RS and PS distributions generated by the short thermal-mechanical 

WAAM model were used as the initial conditions for the post-rolling models for 

the clamped component. The effects of various roller designs, rolling loads and 

friction coefficients were investigated. The influence of post-build rolling on the 

RS and distortion in the long WAAM component after removal of clamps was also 

studied. 

2.2.4 Investigation and optimisation of the in-process rolling for 

WAAM 

WAAM deposition and inter-layer rolling models were created based on the 

developed “base” efficient models. The temperature field predicted by the short 

thermal model was incorporated in the mechanical model for the coupled WAAM 

deposition and rolling simulations. The obtained results were analysed to reveal 
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the evolution of plastic strain and RS during the hybrid process of WAAM and 

rolling, and to understand the RS and distortion mitigation mechanisms. To 

validate the models, the numerical predictions were compared with previous 

experimental measurements. Moreover, additional simulations were conducted 

to investigate the performance of staked-layers rolling as a replacement for inter-

layer rolling to reduce manufacturing time. With the help of the efficient modelling 

method, the influences of different rolling strategies on the RS and distortion in 

the large WAAM parts were studied. 

2.3 Research route 

The research route implemented in this PhD project is schematically presented 

in Figure 2-1. Literature survey demonstrated that large-scale FE models, as 

required to investigate the WAAM deposition and inter-layer rolling, are not 

available for the scientific community mainly due to enormous computational cost. 

The assessment of available modelling techniques demonstrated that reduced 

length models are most efficient and accurate compared to conventional large-

scale models of WAAM deposition and rolling. Instead of developing the large-

scale coupled WAAM deposition and rolling model, the new development of 

efficient models was divided to the following sub-categories:  

 Development of reduced length efficient rolling model 

 Development of reduced length thermal-mechanical WAAM model 

 Development of the modelling technique for transferring the steady-state 

solution from efficient reduced-length models to the full-length model for 

further analysis 

To prove the accuracy of each developed model, and modelling approach was 

validated against experimental results. In conjunction, the developed models 

were used to obtain key physical variables for revealing mechanisms of the high-

pressure rolling to mitigate WAAM tensile RS and vertical distortion. Process 

optimisation study was also conducted to improve mitigation efficacy and reduce 

the in-process rolling manufacturing time. The obtained results were collected, 

analysed and presented in this thesis.  
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3 Literature review 

This thesis is written in paper format, and each paper contains a comprehensive 

introduction section. However, due to the limitation of paper size, the Introduction 

sections of the chapters do not include a review of fundamental knowledge and 

all the relevant research conducted in the investigated field. This chapter on 

literature review aims to provide an overview of theoretical background, 

methodology and latest research related to mitigation of RS and distortion in 

conventional welds and WAAM. The focus made here is on FEA simulation of 

thermal field, RS generation and post-build rolling (no inter-layer simulation was 

reported in the literature).  

3.1 Additive Manufacturing 

3.1.1 Overview of the technology  

Several traditional technologies are used for the manufacture of complex 

components in modern mechanical engineering. Components that are 

manufactured by forging processes have remarkable mechanical properties, but 

their production is limited by the size and complexity of the components. Parts 

that are made with the investment casting may have more complex structures, 

larger sizes and require less or no machining (near-net-shape) [1]. However, the 

cost and time of making using this technology are significant [1]. Also, the 

resultant mechanical properties, comparable to wrought materials, can only be 

achieved using complex heat treatments [1]. Production of components from 

wrought blocks of material is connected with significant machining (milling) and 

subsequent disposal of a large amount of unused material. 

The aforementioned drawbacks of the traditional manufacturing technology are 

particularly relevant to the manufacture of small batches of complex profile 

components of expensive metals and/or difficult-to-process metals [2]. Additive 

Manufacturing technologies (AM) were developed to overcome these difficulties 

and to accelerate production. AM technologies usually rely on fusing successive 

layers using various welding processes and powder or wire feedstock materials 

[3–5].  
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The AM technologies provide fabrication of 3D near-net-shape complex metallic 

[6] and intermetallic components [4,7] with mechanical properties comparable to 

wrought material [8–11]. Thanks to AM technology, a phase of extensive 

machining can be prevented, which in turn has a positive impact on the economic 

aspect of production and reduces the environmental impact [5,9,12]. 

Powder bed fusion (PBF) and direct energy deposition (DED) are the main forms 

of the metal AM [13]. PBF method relies on selective sintering/melting of material 

within powder bed using laser or electron beam in a controlled atmosphere or 

vacuum chamber [14]. PBF method is suitable for mass production of small, high 

resolution and complex parts [15]. Their build rates are slow and the dimensions 

of produced parts are limited by the size of the powder bed [15]. Post-processing 

may be required for surface and mechanical properties improvement of sintered 

parts [16]. During DED AM, thermal deposition occurs by melting the powder or 

the wire fed to the focal point of laser/ electron beam or plasma of arc [15,17]. 

DED systems use higher energy density for melting of material than PBF, leading 

to increased build rates, but results in higher surface roughness, which may 

require post-machining [18]. DED systems are often attached to 4- or 5- axis 

robotic devices and can be used to repair or deposition large and complex 

components without support structures [19]. Build rates of PBF systems are 

significantly lower compared to wire-based DED systems [20]. Re-use of the 

powder leads to the incorporation of oxygen in its composition and, consequently, 

in the deposition [21]. The powders are also fairly complex in manufacture and 

storage [22]. Spraying the powder also leads to environmental pollution and 

potential danger for an operator. As well, wire feedstock is approximately ten 

times cheaper than powder [23]. 

3.1.2 Wire plus Arc Additive Manufacturing 

Wire plus Arc Additive Manufacturing (WAAM) [24,25] is a DED AM process in 

which the energy of the electric arc is used for melting the wire (TIG/PAW and 

MIG/MAG). TIG/PAW or MIG/MAG torches are mounted on a robot manipulator 

or gantry system and the robot repeats the form of a CAD model while fusion 

occurs in a layer-by-layer manner [14,24]. Metallic substrates used to support the 
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deposition can be incorporated into a final component or removed by machining 

[14].  

The Cold Metal Transfer (CMT) process (a variant of the MIG/MAG process) is a 

popular choice for the manufacture of aluminium [14] and steel [24] WAAM 

components, while TIG/PAW is more suitably used for the deposition of titanium 

alloys [26,27]. WAAM is also used for the deposition of components from 

tungsten [28], tantalum [29], nickel superalloys [30]; in addition, functionally 

graded materials [31] were created using WAAM. The WAAM deposition allows 

the manufacture of complex multi-thickness components like wing spar, external 

landing gear assembly and wing rib [14].  

The main advantages of WAAM over other AM technologies are high deposition 

rate (up to 9.5 kg/h for martensitic steel [32], but most practically, 1-4 kg/h [14] 

for steel and aluminium) and low cost of equipment and consumables [14]. The 

size of WAAM components is not limited by dimensions of the building table and 

chamber, which is essential for powder-based AM processes [12,14,25]. WAAM 

processes have considerably lower material wastage rates than powder-based 

systems, which scatter and discard up to 70-90% of consumables [4,14]. The low 

average Buy-To-Fly ratio (BTF) (ratio between the weight of purchased material 

and weight of material incorporated in produced component) of WAAM makes 

the technology a promising candidate for replacing current manufacturing 

methods such as forgings and billets [14]. BTF of current manufacturing methods 

can be as high as 20-25 [33], while typically for WAAM the BTF is 1.2 – 12 [14]. 

However, WAAM-built component’s dimensional precision and surface finish may 

be worse than those produced by PBF AM processes [12,14]. WAAM-built parts 

also suffer from RS and distortion [24]. This limits the application of WAAM 

technologies in the industry.  

3.2 Residual stress and distortion 

Residual stress is self-equilibrating stress that remains in a component in the 

absence of external thermal or mechanical loads [34]. As a result of a thermal 

cycle during material deposition, WAAM parts can suffer from significant RS and 
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distortion [24]. RS is the major contributor to the formation of distortion in 

components produced with AM. Excessive distortion leads to wastage of 

substandard products [35–40]. RS can also be responsible for crack formation or 

part detachment during building [41,42]. The presence of RS reduces fatigue 

resistance and impair mechanical properties of an AM component [38,41], 

causing anisotropic behaviour of the produced deposit [41]. In analogy with 

conventional welding, tensile RS can significantly reduce the stress corrosion 

performance of a component [43]. RS can also cause brittle fracture of the 

component [44] and can increase susceptibility to hydrogen embrittlement [45]. 

Understanding RS formation mechanisms is essential to minimise RS in WAAM 

components and to control distortion.  

In the last several decades, the formation of RS in conventional welds was 

extensively investigated. Unfortunately, not many studies were conducted 

explaining RS in WAAM. The main principles of RS formation are similar for 

conventional welding and WAAM. However, RS distribution in WAAM walls is 

different compared to conventional joints due to different heat flow and restraint 

in butt or corner joints. Nevertheless, the main principles of RS formation will be 

investigated based on large amount of literature available for conventional 

welding and will be followed by the investigation of RS in WAAM. 

The main reason for RS formation is a "misfit" in original shape between different 

parts or regions of component [45]. Steep thermal gradients develop, due to 

localised heating and cooling, in the weld zone and its close vicinity, which causes 

the formation of RS in the weld and adjacent parent material [45]. RS generation 

in the weld can be described by using the 3-rod model [46–48]; refer to Figure 

3-1. The middle rod is heated until 600 °C and then cooled to the initial 

temperature. Due to heating, the middle rod experiences elastic compression 

along curve A – B and outer rods elastically expand. Compressive stresses in the 

middle rode raise until point B. In the point B, the stress exceeds the yield point 

and the rod plastically deforms along the B – C line, due to reduction of yield 

strength at elevated temperature. At point C cooling begins and the rod shrinks. 

Along curve D – E the rod does experience plastic tensile deformation, because 
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yield stress at that temperature is exceeded and the middle rod is constrained by 

the outer rods. The outer rods exhibit compressive stresses during this stage. 

When the system reaches point E and the final temperature equals initial 

temperature, in the middle rod tensile RS arises, and in outer rods compressive 

RS remains. If heating is stopped after point B, but before point C (for example, 

in point B'), the same RS will form in the middle rod as in case of heating to 600 

°C. Similarly to this, RS forms in conventional welds and WAAM.

Figure 3-1 RS generation in constrained middle rod due to thermal load [48]. 

In addition, another mechanism of RS formation is present in AM as well. 

Contraction of the hot deposited layer on top of a cold constrained layer creates 

shear forces between the layers due to inherent thermal mismatch, resulting in 

RS generation.  

3.2.1 Main contributors to RS formation 

Process and material properties have a significant impact on RS generation. The 

heat input has a significant influence on RS formation and distribution [49,50]. 

Colegrove et al. [49] compared RS generated by six processes (SAW, DC 

GMAW, P-GMAW, CMT, autogenous Laser and Hybrid Laser). Distributions of 

RSs produced by various processes are shown in Figure 3-2. Despite a high 
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range of heat inputs, from relatively low value for autogenous laser and hybrid 

laser to high value for SAW, the magnitude of produced RS was similar. As can 

be seen from Figure 3-2, peaks of RS have identical magnitude, but the 

distribution width varies with heat input. Larger heat input promotes a wider peak 

RS region. Larger heat input generates larger fusion zone and heat affected zone, 

this causes creation of wider "misfit" region and as a result wider region affected 

by RS [49].  

Figure 3-2 RS distribution produced by various processes [49]. 

In many cases, the magnitude of tensile RS in welds equals the yield stress of 

either deposit or parent material. However, this is true only for materials whose 

thermal contraction strain during cooling after welding is more significant than 

their yield strain [51]. The following Equation (3-1) [51] can describe this 

condition: 

�(�� − ��) ≥ ��/� (3-1) 

where � is the coefficient of thermal expansion, �� is the softening temperature 

(the temperature at which the yield strength of the material reduces by 10 % 

compared to yield strength at ambient temperature), �� is preheat or ambient 

temperature, ��  is the yield strength at preheat or ambient temperature, �  is 

Young's modulus. 
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The thermal strain of C-Mn steels is 5 times greater than their yield strain, so 

usually, tensile RS after welding does have the same magnitude as the yield 

strength of the C-Mn steel. However, the thermal contraction strain of Ti-6Al-4V 

is low, compared to yield strain, so the resulting tensile RS has a lower magnitude 

than the yield strength [51].  

The phase change of materials during cooling is a significant contributor to the 

occurrence of RS as well. The largest effect takes place in materials where phase 

change occurs at low temperatures during cooling [52]. 9Cr1Mo and 2.25Cr11Mo 

steels demonstrate phase change effects between 600 and 300 °C, the range of 

temperatures at which phase change occurs sensitively to cooling rate. During 

cooling through that range, the crystal lattice expands and as a result, tensile 

residual stresses relax to lower values, but after completion of phase changes, 

the values of residual stress grow again rapidly on cooling to room temperature, 

reaching yield stress in 2.25Cr11Mo specimen and lower than yield stress in 

9Cr1Mo specimen [52]. 

3.2.2 Formation of RS in AM built components 

The formation of RS in linear wall AM components is similar to conventional 

welds, but the main difference is an absence of constraining effects by the parent 

material, for example, inside a bevel/groove in butt and fillet joints. Results of 

numerical studies were used to explain RS formation in AM built components, 

because experimental studies provided only measurements of the final state of 

RS after deposition. 

During sequential deposition of layers on the substrate, the heat generated by 

laser or arc expands the deposited material and creates compressive plastic 

strain in front of the moving puddle. When the deposited layer cools down, it 

shrinks and forms tensile RS in deposition (longitudinal) direction. Deposition of 

new layers also causes re-heating and compressive plastic flow in layers below, 

and the following shrinkage during cooling results in tensile RS. After deposition 

of multiple layers, the component is attached to the substrate and clamped, 

similar values of tensile longitudinal stress forms in each deposited layer. This 

leads to almost uniform distribution of resultant longitudinal tensile residual stress 
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in the WAAM wall. As a result, counterbalancing compressive longitudinal RS 

forms in the substrate [35]. Like in conventional welds, RS in WAAM reaches the 

largest values in the longitudinal direction (deposition direction) and the lowest in 

transversal and normal directions where the constraining effect is minimal [35,42].  

Value of RS in the deposit reaches value of yield strength of the material [38,53]. 

In general, RS in arc deposited components is more significant than that 

deposited with laser due to larger fusion zones during deposition by arc [35].  

RSs in WAAM built wall components were studied using FEA by Ding et al. [54] 

and experimentally by Colegrove et al. [24], Ding et al. [54] and Hönnige et al. 

[55]. It was found that in clamped component longitudinal RS has the largest 

magnitude. The deposition process produces tensile RS in the wall and 

counterbalancing compressive RS in the bottom of substrate. In the deposited 

wall, tensile RS distribution is uniform in longitudinal direction, regardless of the 

number of layers deposited [54], while the substrate is clamped [24,54,55], Figure 

3-3. After removal of the clamps, RS causes the WAAM component to distort. 

Due to the large longitudinal tensile RS in the wall, the upper part of the wall 

contracts and the bottom expands. So, the distorted component takes a concave 

shape. As a result, RS redistributes, and the net bending moment across the 

section becomes zero. Tensile RS in the wall reduces [54] or even becomes 

compressive in the upper part [24], but RS turns to be tensile at the bottom of the 

substrate. Tensile RS remains at maximum in the interface between the substrate 

and the wall [24,54,55], refer to Figure 3-3, Figure 3-4 and Error! Reference 

source not found.Figure 3-5 Control plot. 
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Figure 3-3 Longitudinal RS in as-built clamped and unclamped, and rolled at 14 

kN, 28 kN and 42 kN aluminium WAAM component, as measured by experiments 

[55]. 

Figure 3-4 Longitudinal RS measured experimentally and predicted by numerical 

model in 20 layers WAAM steel wall after clamps removal [54]. 

3.2.3 Mitigation of RS and distortion  

RS in welds arises from a "misfit" between different regions of the weld upon 

uneven heating and cooling [45]. The accommodation or release of RS can cause 
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distortion. WAAM resembles multi-pass welding, and many mechanisms 

revealed for welds, thanks to decades of research, are also valid to WAAM. 

Common methods to control distortion in conventional fabrication welding are 

known for many years, including reducing weld size, application of stiffeners, or 

weld sequencing [56]. The application of these methods indeed reduces 

distortion, but RS in the weld remains unchanged or even increases. Heat 

treatment is an effective method to eliminate RS even in thick joints [57], and it 

works through evenly heating the component, thereby reducing yield strength and 

relaxing RS gradually. However, unfortunately, this method is expensive and 

difficult to apply for large components.  

Stress engineering methods were developed to modify/mitigate RS and as a 

result, to eliminate distortion. Two main techniques are used for the alleviation of 

RS: thermal and mechanical tensioning techniques. Tensioning techniques are 

transient or steady-state, applied before or during welding. Steady-state thermal 

tensioning is preheating or/and cooling before and during welding. Preheating the 

component reduces steep thermal gradients and minimises plastic strain causing 

RS [58]. Transient thermal tensioning applies hot or cold spots, following the heat 

source in front or behind. Thermal steady-state and transient techniques [59–68] 

were extensively investigated. However, thermal tensioning techniques have 

limitations. The application of heat to large components can be difficult, and the 

local heat sink method can contaminate the weld. In addition, thermal tensioning 

techniques have multiple parameters, which are difficult to control during practical 

application. Practical implementation of this technique requires a lot of trials to 

find optimal parameters. 

Mechanical tensioning to reduce RS and distortion were developed to overcome 

the limitations of thermal methods. Steady-state mechanical tensioning is an 

effective method to reduce RS and distortion in relatively thin and linear parts 

[69], but application of this technique to thick and large welds or complex shaped 

geometries could be problematic. 

Localised roller tensioning is a versatile and cheap method for modification of RS 

in the welds [70]. The first reported research was conducted in Russia by Kurkin 
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et al. [71,72]. Researchers found that rolling is an effective way to reduce RS and 

distortion in welds. Kurkin et al. [72] compared in-situ rolling and post-weld rolling 

and demonstrated that the latter reduces distortion much more efficiently. 

Contrarily, in-situ rolling was found effective to eliminate RS in thin plates in the 

research by Yang and Dong [61]. Altenkirch et al. [70] conducted experiments 

and Wen et al. performed numerical simulations [73] and they all found that the 

efficacy of RS reduction is proportional to the rolling load. Sule et al. [74] 

evaluated the efficacy of post-weld rolling to reduce RS in thick multi-layer welded 

AISI Type 304L austenitic stainless steel joint. Post-weld rolling significantly 

reduces the tensile RS caused by the weld thermal cycle, and the RS converts to 

be compressive in the roller contact area. As a result, the material deforms and 

RS relieves in whole thickness of the weld. Coules et al. [75] investigated the 

effect of post-weld rolling with various roller designs on RS in 6 mm thick single 

pass weld. High pressure rolling (150 kN) was conducted after cooling of weld to 

ambient temperature. Two types of rollers were used in the research: rollers that 

applied load to the weld seam and rollers applied the load in the vicinity of the 

weld (sides of the weld seam). Due to high rolling loads, both rollers induce 

extensive plastic deformation, but the roller design do not influence the 

distribution of RS.  

The stress engineering techniques for mitigation of RS and distortion in the 

conventional welding field can be considered for the WAAM components' 

application because the same arc deposition processes are utilised, causing 

similar heat inputs. However, in conventional welds, the heat flow/conduction and 

mechanical restraint is larger due to joint members' influence. This leads to a 

different distribution of RS.  
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Figure 3-5 Longitudinal RS in the steel WAAM wall; as-built (control plot), inter-

pass and in-situ rolled with profiled and slotted rollers at 25 kN and 50 kN loads. 

Measurement was conducted in unclamped condition, starting from bottom of 

substrate by neutron diffraction method [24]. 

In the last decade, localised rolling is widely implemented to alleviate RS and 

distortion in WAAM experiments. Colegrove et al. [24] used profiled (roller with a 

concave surface) and slotted rollers with loads ranging from 25 kN to 75 kN to 

reduce RS and distortion in mild steel WAAM components. The slotted roller was 

developed to create lateral restraint during rolling and to promote more significant 

deformation in the longitudinal direction. Several rolling strategies were 

investigated: rolling after every layer deposition, rolling after deposition of every 

four layers and rolling of the last layer only (post-build rolling). In-situ rolling, as 

carried out during deposition of each layer, was investigated as well. Normally, 

the samples were firmly clamped during the WAAM deposition and rolling. The 

RS and distortion were measured after removal of clamps. All rolling strategies, 

apart from in-situ rolling, demonstrated a large reduction of tensile longitudinal 

RS at the border between substrate and wall, Figure 3-5Error! Reference 

source not found.. The largest RS reduction from 650 MPa to 250 MPa was 

observed in samples using slotted rollers, refer to Figure 3-5Error! Reference 
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source not found.. Equipment for WAAM deposition and rolling are shown in 

Figure 3-6Error! Reference source not found.. 

Figure 3-6 Schematic representation of equipment for WAAM deposition and 

rolling [24]. 

The results of profiled rollers demonstrated the trend that the final distortion was 

reduced with increase of rolling load. Slotted rollers were found even more 

effective to reduce distortion, Figure 3-7. Interestingly, the sample that was post-

build rolled with profiled roller had a similar distortion to the inter-layer rolled 

sample (Figure 3-7, 50 kN roller force, profiled roller LL and profiled roller). 
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Figure 3-7 Maximum out-of-plane distortion after rolling with profiled and slotted 

rollers versus rolling load (IS – in situ rolled, LL – rolled last layer only, 4L – rolled 

every 4 layers) [24]. 

Colegrove et al. [76] and Martina et al. [77] investigated inter-layer rolling with flat 

and profiled rollers of Ti-6Al-4V WAAM components. For both rollers, distortion 

decreases with an increase of rolling load, but similar to steel components [24] 

the distortion was not eliminated completely. 

Vertical rolling applied to WAAM is found less effective to reduce RS and 

distortion, compared to conventional welds. In conventional welds, due to 

restraining effects caused by the parent material, rolling load caused large 

deformation in the deposition direction. In WAAM components, due to the 

absence of side restraint, rolling load caused significant deformation in 

transversal direction. To overcome this side effect of vertical rolling, Hönnige et 

al. [78] developed a side rolling technique. After deposition, the clamped WAAM 

wall turned horizontally and was rolled from one side. During side rolling, the 

plastic deformation in transversal direction was limited by adjacent deposited 

layers, causing large strain in longitudinal direction. In Ti-6Al-4V WAAM side 

rolling mitigates RS and completely eliminates distortion. In a further study, 

Hönnige et al. [79] compared the efficiency of side rolling with vertical inter-layer 
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rolling. Measurements with neutron diffraction demonstrated significantly larger 

reduction of RS in side rolled samples compared to vertical rolled ones. Side 

rolled samples were found virtually unchanged in wall dimensions and showed 

decreased waviness. However, they found that side rolling is not practical for real 

applications. This technique can be applied only to flat or round-shaped WAAM 

walls. 

3.3 Numerical models of WAAM deposition and rolling 

Finite Element Analysis (FEA) is popular for simulation of complex material 

interactions, which occur during manufacturing processes. FEA is proven a 

robust method for thermal-mechanical simulation of WAAM process [80–88]. 

Plasticity theories are implemented in FEA, including strain rate dependence, 

elasto-plastic constitutive behaviour and thermal effects to allow simulation of 

material deformation during rolling, predicting distribution of RS and strains 

evolving under the roller [89,90]. Thermal-mechanical modelling of WAAM 

deposition and post-build rolling would reduce the experimental effort, the time 

required for process development, and the equipment cost involved in 

experiments.  

3.3.1 Simulation of welding process 

As it was discussed earlier, the thermal deposition cycle is the main reason for 

the development of RS in AM. Therefore, realistic simulation of the welding 

process is a necessary condition for accurate prediction of RS distribution. Two 

main mathematical approaches exist for solution of the welding process 

simulation: Analytical and Numerical approaches. In general, analytical and 

numerical approaches are different ways to solve the same governing differential 

equation of heat conduction, which are presented in Equation (3-2) [91]: 
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where �  is thermal conductivity, �� is specific heat, ρ is density, �  is the 

temperature and �̇ is the heat source term.  
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The solution is called analytical when at least one solution can be expressed in 

"closed form" in terms of known constants, functions, etc. Analytical solution of 

heat conduction PDE, Equation (3-2), is usually obtained with use of Green's 

function [92]. The result of analytical calculation is the exact solution of the 

differential equation, which exists only for simple geometries, idealised heat 

sources and temperature-independent material properties due to simplification 

made in the analysis [92]. The method offers very low computational time 

required for obtaining a solution [93].  

The numerical method allows the solution of a PDE, which describes welding 

phenomena approximately. The simulated object shall be discretised into 

elements, with a defined shape, number of nodes and shape function. When 

implementing Equation (3-2), a series of algebraic equations are developed for 

solving the transient heat diffusion problem [92]. Finite Element Analysis (FEA) 

has higher flexibility than the analytical method, but the output of analysis are 

approximated solutions, which depend on the type of element used and mesh 

density. Selection of correct element type requires extensive experience. FEA 

provides more accurate results when the mesh is refined sufficiently, especially 

in area of heat source application. However, mesh refinement increases the 

computational time significantly [92]. Nonlinearities like temperature dependent 

thermo-physical properties of materials and "complex" geometries can be solved 

with FEA. Transient state thermo-mechanical simulations can be conducted as 

well. This makes FEA highly suitable for the simulation of welding processes 

[92,94].  

For analytical solution, Rosenthal [94,95] adopted the heat conduction equation 

for welding simulation. Equation (3-3) [96] gives an analytical solution for the 

temperature distribution produced by steady-state moving point heat source 

during welding of infinitely thin plates. The temperature field, generated by the 

point heat source can be obtained by:  
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where T is temperature, T� is initial temperature, � is thermal conductivity, � is 

distance to the center of the arc, � is net heat input per unit time (power), � is 

travel speed, � is distance in x direction in a moving coordinate of speed � and 

� is thermal diffusivity.  

Rosenthal's point heat source assumption is imperfect due to the singularity of 

temperature at the heat source centre and steady-state assumption. As a result, 

there is a significant discrepancy between computed and experimental results, 

particularly in the fusion and heat affected zones [97].  

Heat distribution for the first time was proposed by Pavelic et al. [98], who 

proposed a Gaussian distribution of heat flux on the surface. The Gaussian heat 

distribution model provided more accurate prediction of the thermal field in the 

heat affected zone and fusion zone [99,100]. Gaussian distribution is defined by 

the following Equation (3-4) [98]  

�(�) = �(0)����
� (3-4) 

where �(�) is the surface flux at radius r (W/m2), �(0) is the maximum flux at the 

center of the heat source (W/m2), � is the concentration coefficient (m-2) and � is 

the radial distance from the centre of the heat source (m). Gaussian heat 

distribution source of Pavelic et al. [98] is represented in Figure 3-8. 

Figure 3-8 Gaussian heat distribution model of Pavelic et al. [98] (adapted from 

Ref. [97]).  
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Gaussian distribution heat source model demonstrates higher accuracy than 

Rosenthal's solution-based model, but it is still unsuitable for simulation of deep 

penetration fusion welding processes. Computed results have significant error 

compared to those experimentally obtained. Such inaccuracy can be explained 

by the fact that Gaussian distribution thermal model applies flux to the surface 

only and does not simulate heat distribution volumetrically throughout the weld 

puddle [97]. 

The first three-dimensional volumetric heat source model with a Gaussian 

distribution of heat flux in a volume of the molten zone was developed by Goldak 

et al. [97]. The model allowed the simulation of deep and shallow penetration 

welds. The shape of the heat source is double-ellipsoidal. This assumption allows 

taking into account the three-dimensional shape of a real molten pool. The 

double-ellipsoidal heat source model allows to simulate very steep temperature 

gradients at the front of the arc and lower gradient at the rear edge of the arc. 

The front half of the ellipsoid is the heat source for simulation of the leading edge 

of the arc and the rear half is the heat source for simulation of the trailing edge of 

the arc.  

The double-ellipsoidal heat source developed by Goldak et al. [97] is described 

with Equation (3-5) and Equation (3-6), which define the power density for front 

and rear ellipsoids of the model separately. 
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�� + �� = 2

where �� and �� is heat in the front and rear ellipsoidal portions, � is energy input 

(absorption efficiency is considered), �, �, �  are independent geometrical 

parameters of the heat source shape. ��  and ��  represent the length of the front 
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and rear portions of the ellipsoid, � is width and � is the depth of the heat source, 

see Figure 3-9. 

Figure 3-9 Double-ellipsoidal heat source model. Definition of geometrical 

parameters (adapted from Ref. [97]).  

Goldak et al. [97] compared the simulation results of double-ellipsoidal heat 

source with Gaussian distribution model [100]. It was found that double-ellipsoidal 

heat source model more accurately predicts the temperature distribution field. 

Goldak's heat source model is used extensively in WAAM models to simulate 

deposition with Cold Metal Transfer (CMT) [54], Gas Metal Arc Welding (GMAW) 

[81,83]; in other AM models with Gas Tungsten Arc Welding (GTAW) [88], GMAW 

[80] and laser deposition [101]. Temperature fields predicted by these models 

accurately conforms with experimentally obtained results. Accurate selection of 

heat source model parameters is crucial. Goldak et al. [97] suggest to take 

dimensions from cross-sections of the weld and solidified weld pool. Transient 

temperature distribution predicted by thermal model of WAAM with Goldak's heat 

source [88] is shown in Figure 3-10. 
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Figure 3-10 Transient temperature distribution and addition of material by element 

"birth" technique during WAAM deposition [88]. 

3.3.2 Simulation of material addition 

Simulation of material deposition during multi-layer AM can be conducted in 

several ways. Mughal et al. [102] developed a two dimensional model of a solid 

free form fabrication process, which specified negligible material properties to 

elements that were not yet "deposited" to the substrate. This is called the "quiet"

material addition method. This method introduces errors in solution and makes 

intricate selection of such spurious properties. Ding et al. [54], Anca et al. [88] 

and Xiong et al. [81] utilised element "birth" in their three-dimensional AM 

deposition models, and this method is similar to the "inactive" element addition 

approach of Lindgren et al. [103]. In Ding et al.'s model, elements are activated 

sequentially in front of the traveling heat source, but an even more accurate 

approach was proposed in Anca's model. A mesh generator activated elements, 

when their temperature was reaching liquidus (Figure 3-10). However, Ding et al. 

[82] found that simultaneous activation of the whole layer instead of sequential 

activation, insignificantly impaired the accuracy of the solution. The same 

modelling approach was used by Denlinger et al. [101]. Lindgren et al. [103] 

compared the accuracy of "quiet" and "inactive" element addition techniques. 

Both techniques have similar accuracy, but the inactive technique requires less 

computational resources for the model to be solved. 
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3.3.3 Simulation of RS generation 

The mechanical model's response is caused by expansion and contraction of the 

material during the thermal deposition cycle and restricting effect of boundary 

conditions. As was found by Ding et al. [54] and Colegrove et al. [24], accurate 

selection of boundary conditions (simulation of work clamps/constraints) is 

essential for obtaining accurate RS distribution. The formulation of mechanical 

models can be different and depends on the material simulated. Cao et al. [104] 

and Ding et al. [54] created mechanical models for mild steel with only elastic-

plastic behaviour without consideration of phase transformation. Predicted 

longitudinal RS distributions in the WAAM component before and after clamps 

removal are shown in Figure 3-11 and Figure 3-12.  

In Chiumenti et al.'s model [84] for the deposition of Nickel superalloy 718, in 

addition to elastic-plastic behaviour, the solid-state phase transformation and 

strain hardening effect, annealing effect, viscous and mushy state behaviour at 

temperatures close to melting temperature are included in the mechanical 

analysis.  

Figure 3-11 Predicted longitudinal RS in the clamped WAAM component [54]. 
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Figure 3-12 Predicted longitudinal RS in the WAAM component after removal of 

clamps [54]. 

3.3.4 Simulation of the rolling process 

Simulation of the rolling process is intricate and requires careful selection of 

rolling model's parameters. A limited number of publications were found in the 

literature related to the post-build rolling simulations of WAAM components 

[105,106]. Multiple researches investigated numerically burnishing [107–110], 

deep rolling [111–114], hot and cold manufacturing rolling processes [115,116] 

and rolling of weld seams [117,118]. Similar to post build-rolling of WAAM, all 

these processes rely on the introduction of plastic deformation in the rolled 

components. Consequently, all reported models of rolling tackled some 

challenges in common. 

3.3.4.1 Finite elements for rolling simulation 

Rolling is a highly nonlinear contact problem that usually includes large 

deformations and requires a fine mesh for model convergence [111,112,117] and 

obtaining accurate simulation results [119]. The current tendency in 3D rolling 

modelling is to use hexahedral elements (Figure 3-13) instead of tetrahedral to 

improve the accuracy of obtained results [105,112,115–118,120–123]. As 

suggested by Benzley et al. [124] and Abaqus FEA Analysis User's Guide [119], 

hexahedral elements perform better than tetrahedral because of obtaining better 
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convergence rate and computational efficiency [125]. Still, tetrahedral elements 

are less sensitive to initial shape, but distorted hexahedral elements have lower 

accuracy [119].  

Figure 3-13 Hexahedral elements and rigid roller in rolling model for thick plate 

[118]. 

3.3.4.2 Roller simulation 

In most of the reported models, the rollers are simulated as rigid/non deformable 

[111–113,115,116,118,120,122,123], Figure 3-13. Such modelling assumption 

can be made, because during experimental work rollers/tools made from 

materials that are much harder (tungsten carbide [111] or H13 steel [123]), than 

the material to be rolled. Analytically a rigid surface is a geometric surface, 

described by straight or curved lines and discretisation of the surface is not 

required. In the numerical implementation, a rigid surface provides lower contact 

noise and better approximation to physical interaction where FEA contact 

algorithms are applied [119,126]. The expected deformation of the elastic roller 

was found negligible and did not affect the accuracy of the solution [112] 

significantly. Abbaszadeh et al. [105] modelled rollers as elastically deformable 

to increase the accuracy of predicted results; nevertheless, differences in RS and 

force predictions were just detectable but insignificant at large deformations [105]. 
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3.3.4.3 Contact interaction simulation 

Basically, the Coulomb friction model is widely used for simulation of contact 

interaction [105,114,116–118,120,122,123]. The extended Coulomb friction 

model was developed to simulate slip-stick effect, which occurs during deep 

rolling at high loads [113]. Nevertheless, it was found that that the predicted RS 

distribution is not sensitive to the friction coefficient between roller and component 

[105,117,118], and the differences become noticeable only at high rolling loads 

(150 kN) [117]. A friction coefficient of 0.1 for simulation of lubricated contact 

between roller and component was suggested by Stolarski and Tobe [127]. This 

value was adopted by many researchers for simulation of lubricated contact 

[114,116,123]. A friction coefficient of 0.5 for unlubricated contact between steel 

and aluminium was suggested by Hutchings and Shipway [128], by Marks [129] 

and used in many rolling models [117,118]. 

3.3.4.4 Material plasticity models for rolling simulation 

Correct selection of material plasticity models, used to characterise material 

behaviour, is important for accurate simulation of the rolling process. RS 

distributions, predicted by elastic-plastic models, are sensitive to the chosen 

plasticity model [122,130,131]. In general, for simulation of rolling/ burnishing 

processes two types of plasticity models are used: isotropic and kinematic 

hardening models. Isotropic hardening models imply that increases in equivalent 

yield stress in both tension and compression during cyclic loading, while 

kinematic hardening models imply that yielding in one direction reduces yield 

stress in the other directions [119]. Isotropic hardening models are used for 

general cases, where gross straining of material is involved [119]. The hardening 

effect was assumed isotropic in the models by Hassani-Gangaraj et al. [112], 

Cozzolino et al. [117], Balland et al. [120] and Pan et al. [123]. Kinematic 

hardening models are used to simulate cyclic loading of metals, which takes place 

during high-pressure rolling [117,122]. Kinematic hardening material formulation 

was used in the models by Bijak- Żochovski et al. [132] and Beghini et al. [111]. 

In the models developed by Perenda et al. [114] and Trauth et al. [113], the 

material behaviour is characterised by combining nonlinear kinematic and 
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isotropic hardening to simulate the Bauschinger effect. Coules et al. [118] 

modelled material using the nonlinear kinematic Chaboche hardening law 

[133,134]. Lan et al. [116] compared combined nonlinear isotropic/kinematic 

hardening and isotropic hardening models during plastic analysis of cold rolling 

of bearing race. Combined nonlinear isotropic/ kinematic hardening models more 

accurately predicted surface tangential RS, but the underestimated axial RS. 

Elasticity is usually modelled applying Hooke’s law [105,115,117,120,122].  

3.3.4.5 Clamping 

During experimental and numerical modelling studies of RS generation in WAAM 

components it was found that the accuracy of predicted RS significantly depends 

on the accurate simulation of the clamping system used experimentally [24,86]. 

In analogy, it is natural to assume that the accuracy of predicted rolling model RS 

distribution will also depend on the clamping system simulated. As circular 

deformable component of the deep rolling models is short, a reasonable 

assumption is that the bottom of the component is constrained in all direction 

[112,113]. For an accurate rolling simulation of long parts like weld seams and 

WAAM walls more complex arrangements are required. Cozzolino et al. [117] 

developed a relatively long (465 mm) weld seam rolling model, in which the 

friction contact interaction was simulated between the bottom of the substrate and 

the worktable. To accurately simulate vacuum clamps used during the 

experiments, 1 atm pressure was applied to the bottom of the substrate in 

worktable direction. Still, due to the shortness (100 mm) of the deformable 

component in the WAAM rolling model of Abbaszadeh et al. [105], the bottom of 

the substrate was constrained for movement in all directions. However, their 

model was not verified against experimental studies and hence the influence of 

clamp simplification on the accuracy of results was left unknown.  

3.3.4.6 Solution method 

Implicit analysis was designed for efficient simulation of smooth nonlinear 

problems and used successfully for solving contact problems during rolling 

simulations [105,117]. Transient longitudinal PS distribution and longitudinal RS 

distribution at various rolling loads, as predicted by weld bead rolling model with 
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implicit solver, are shown in Figure 3-14 and Figure 3-15. However, implicit 

solvers can encounter convergence issues, where analysis involves highly 

nonlinear plasticity or contact problems with large deformation of elements [135]. 

Figure 3-14 Predicted longitudinal plastic strain distribution during localised 

rolling of a weld bead [117]. 

Figure 3-15 Predicted longitudinal RS in a weld bead rolled at a) 25kN, b) 50 kN, c) 

100 kN and d) 150 kN rolling loads [117]. 

Explicit analysis method was designed to solve dynamic problems like impact or 

blast. It was found highly suitable for solving complex contact interactions 

between deformable bodies or where large material deformation is involved. The 

method demonstrates increased robustness/convergence and greater suitability 
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for parallel calculations using multiple processors [135]. Nevertheless, Harewood 

et al. [135] found that for simple loading conditions with rigid bodies involved in 

contact simulation, the implicit analysis solver requires less computational time 

than the explicit analysis solver. Oliver et al. [136] suggested that the implicit 

method is more accurate and efficient, although less robust than the explicit 

method. Explicit method was utilised for the simulation of deep rolling of railway 

axles [112] and turbine blades [113], as well as for hot [126] and cold rolling [116]. 

Eulerian analysis is another method for efficient simulation of large deformations. 

In traditional Lagrangian analysis, the material becomes closely associated with 

elements; hence, the material moves with elements deformation. In case of large 

deformation, distorted Lagrangian elements lose accuracy. Contrarily to that, in 

Eulerian analysis the material flows through the boundaries of non-deformable 

elements, which remain stationary. Element quality, which is inherent to 

deformable elements, is not associated with Eulerian analysis. Due to this the 

Eulerian analysis is efficient for solving large deformation problems [119]. During 

rolling simulation, using Eulerian analysis, the mesh is attached to the rotating 

roller and the material is deformed by the roller's action and is drawn through a 

non-deformable mesh. The top of the component is pre-shaped for contact with 

the roller and approximately corresponds to the region geometry for the steady 

state, which will be achieved at the end of the analysis [137]. Maniatty at al. [138] 

presented an Eulerian analysis method to solve large strain rate problems for 

simulations of rolling and extrusion processes. Mixed Eulerian-Lagrangian 

method was used for hot rolling process simulation by Synka et al. [139] and 

further development of this method was conducted by Vetyukov et al. [140].  

3.3.5 State of the art: post-build rolling simulation for WAAM 

components 

Two studies reported simulation of post-build rolling for WAAM components. 

Abbaszadeh et al. [105] investigated the influence of rolling load and radius of an 

inverted roller (convex roller) on RS and plastic strain (PS) distributions in WAAM 

deposited components with S355JR steel, Ti-6Al-4V titanium and AA2319 

aluminium alloys. Tangestani et al. [106] studied the effects of profiled roller 
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(concave roller) and slotted roller design and rollers' penetration (associated with 

rolling load) on RS distribution in S355JR steel WAAM components. Reduced-

size models were employed in both studies; refer to Figure 3-16. Roller 

penetration to the WAAM walls was simulated through displacement-controlled 

loading. Abbaszadeh et al. [105] used elastically deformable rollers, while 

Tangestani et al. [106] assumed rigid rollers. The models are discretised with 8 

node linear hexahedral elements. The fine mesh was used in the region under 

the roller, where deformation was expected to be concentrated, and coarser 

mesh in the substrate. "Initial stress" approach was used to represent RS 

generated by WAAM deposition. However, Abbaszadeh et al. [105] used 

experimentally measured RS, whereas Tangestani et al. [106] used a validated 

thermo-mechanical WAAM model to generate RS.  

Figure 3-16 Schematic representation of the post-build rolling model for WAAM 

components [105]. 

The studies demonstrated large influence of rolling load / rolling depth on RS and 

PS distributions in the WAAM wall. Higher rolling load or deeper roller's 

penetration caused increase in the depth of compressive RS region [105,106], 

Figure 3-17. Interestingly, rolling with all types of rollers and at all rolling loads 

induced tensile RS under the rolled surface [105,106]. The increase of the rolling 

load also increases the magnitude and depth of induced PS [105]. Variation of 
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rollers' profile radius has minor influence on RS distribution [105,106], but PS 

changed only 2 mm below the rolled surface [105]. 

Figure 3-17 Variation of longitudinal RS distribution with increase of roller's 

penetration [106]. 

Tangestani et al. [106] found that slotted rollers are most effective for RS 

mitigation compared to profiled rollers. Slotted roller induces a larger magnitude 

of longitudinal compressive RS to a greater depth and does not cause any lateral 

deformation, in contrast to what predicted after rolling with profiled rollers.  

However, these previous models did not simulate accurately rolling process, as 

the PS distribution caused by WAAM deposition was not included in the models' 

initial conditions. Initial PS in the WAAM wall could affect strain hardening during 

rolling and, as a result, final RS distribution could change. The effect of the rolling 

parameters and roller design on final RS and PS distributions was presented in 

these previous models, but the mechanism of the predicted influence was not 

investigated. To gain a better understanding of RS mitigation mechanism in 

WAAM, the impact of rolling parameters needs to be comprehensively studied 

and explained.  
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3.4 Summary 

The literature review summarised RS formation's main contributors and 

mechanisms in welds and AM produced components, as well as the RS and 

distortion mitigation methods. Main numerical methods for simulation of thermal 

deposition, RS generation and rolling process were summarised and discussed. 

This knowledge is used as a background for the development of new numerical 

models and analysis of the obtained data. However, the survey of published 

experimental and numerical studies on high-pressure rolling for WAAM parts 

demonstrated some gaps in research and knowledge, as highlighted in Section 

1.2. 
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4 Computationally efficient models of high pressure 

rolling for wire arc additively manufactured 

components 

This chapter is based on the following publication: 

Gornyakov V., Sun Y., Ding J., Williams S. Computationally Efficient Models of 

High Pressure Rolling for Wire Arc Additively Manufactured Components. Applied 

Sciences. 4 January 2021; 11(1): 402. Available at: DOI:10.3390/app11010402 

The conventional full-scale single run rolling model of the WAAM component 

developed in Cranfield University is highly computationally inefficient. This 

restrained the further development of inter-layer rolling models for investigation 

and optimisation of the hybrid WAMM + rolling process widely studied in previous 

experimental research This Chapter presents four efficient single run rolling 

models. Their efficiency and accuracy were compared to the conventional full-

scale rolling model. The influences of deformable elastic roller and boundary 

conditions on model efficiency and accuracy were investigated. 

Abstract: High pressure inter-layer rolling is an effective method to reduce 

residual stress and distortion in metallic components built by wire arc additive 

manufacturing (WAAM). However, the mechanisms of the reduction in residual 

stress and distortion during inter-layer rolling are not well understood. 

Conventional finite element models for rolling are highly inefficient, hindering the 

simulation of inter-layer rolling for a large WAAM components. This study aims to 

identify the most suitable modelling technique for finite element analysis of large 

WAAM component rolling. Four efficient rolling models were developed, and their 

efficiency and accuracy were compared with reference to a conventional large-

scale rolling model (i.e., control model) for a WAAM built wall. A short-length 

transient model with fewer nodes than the control model was developed to reduce 

computational time. Accurate predictions of stress and strain and a reduction in 

computational time by 96.5% were achieved using the short-length model when 

an implicit method for numerical solution was employed, while similar efficiency 

but less accurate prediction was obtained when an explicit solution method was 
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adopted. A Eulerian steady-state model was also developed, which was slightly 

less efficient (95.91% reduction in computational time) but was much less 

accurate due to unrealistic representation of rolling process. The applicability of 

a 2D rolling model was also examined and it was found that the 2D model is 

highly efficient (99.52% time reduction) but less predictive due to the 2D 

simplification. This study also shows that the rigid roller adopted in the models is 

beneficial for improving efficiency without sacrificing accuracy. 

Keywords: wire + arc additive manufacturing; computationally efficient rolling 

model; implicit analysis; explicit analysis; Eulerian analysis; 2D plane stress 

model 

4.1 Introduction 

Wire arc additive manufacturing (WAAM) is an emerging technology that is 

particularly suited to building large components through adding multiple layers of 

materials with the aid of an arc heat source, robotic manipulator and computer 

control. WAAM allows production of large components with medium resolution 

and surface quality [1], using a wide range of materials, such as steel [2,3], 

titanium alloy [4], nickel superalloy [5], aluminium [6], tantalum [7,8] and tungsten 

[9,10]. It was used for building a variety of components, from relatively simple 

walls [3] and cylindrical structures [11] to complex components with variable wall 

thicknesses, e.g., demo parts of turbine blades, wing spar and landing gear 

structures [11]. WAAM utilises off-the-shelf industrial robots, conventional 

welding power sources and cheap welding wire consumables that are readily 

available in the market, thereby reducing initial investments, build up and 

operational costs [12–15]. WAAM is also more environmentally friendly compared 

to powder based additive manufacturing processes [16]. In comparison with 

traditional manufacturing techniques, WAAM can substantially reduce material 

usage, manufacturing costs and lead time, and hence it has attracted great 

interest for applications in aerospace, transport and energy industries. 

During WAAM deposition the concentrated heating by the electric arc causes 

local material expansion. The material with low yield strength at elevated 

temperature deforms in compression during heating due to the constraint 
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imposed by the surrounding material. After the arc passes, the deformed material 

cools down and tends to shrink [17]. The heating-cooling cycle results in thermal 

stresses and plastic strains (PSs) in the deposited layers and the substrate 

(usually restrained by clamps, fixtures, etc.). After deposition, residual stress (RS) 

arises in the built part, which can lead to distortion after removal of the external 

restraint [3,18,19]. RS is usually detrimental to performance, since it can 

adversely affect fatigue life, increase probability of brittle fracture and reduce 

corrosion resistance [20–23]. 

High pressure rolling was found effective in reducing RS and distortion in WAAM 

built components [3,4,24], since it induces tensile PS in the built part and 

substrate, which compensates for the compressive PS caused by the thermal 

deposition cycle. The rolling can be implemented in different ways. For instance, 

inter-pass rolling after WAAM deposition of each layer was demonstrated as 

effective in reducing RS and distortion [3,4]; rolling every four deposited layers 

and rolling solely on the last layer of a WAAM built component were found 

effective as well [3]. Effective rolling should commence when the WAAM 

component is cooled to ambient temperature (below 50 °C), because in situ 

rolling (i.e., roller follows welding torch) has a negligible effect on distortion [3]. 

Experiments showed that an increase in rolling load is beneficial for the mitigation 

of RS and distortion [3,4]. Regarding the effect of roller geometry, the use of a 

slotted roller instead of a flat or profiled roller (i.e., roller with a groove) can 

significantly improve the efficacy of rolling, since the lateral restraint of the slotted 

roller promotes larger longitudinal deformation in the rolled material [3]. High 

pressure rolling has been successfully applied to WAAM deposited walls [3,4] 

and intersections [25,26], using materials such as mild steel [3] and titanium alloy 

[4,24,25]. The rolling also can improve fatigue life and mechanical properties 

[27,28], refine microstructure [3,24–26,29] and reduce porosity [6,30]. However, 

detailed mechanisms of the reduction in RS and distortion during high pressure 

rolling of WAAM are not well understood. 

The finite element method (FEM) is widely used in simulations of rolling [31,32], 

which can reduce experimental effort, time and cost. However, current FEM 
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simulations of rolling in WAAM are highly inefficient, especially for large 

components. For instance, high performance computing (HPC) facility was 

required to simulate rolling in a 456 mm long part, and the computational time 

was up to 95 h [33]. When multi-layer rolling is used in WAAM [3,4,24], the 

computational demands are further exacerbated, and the simulation of rolling in 

a typical 20-layer WAAM part could take weeks. This makes multi-layer rolling 

simulation impractical. Therefore, efficient modelling techniques are needed to 

reduce computational time while still ensuring accuracy. 

In current literature only two publications were found to address rolling simulation 

of WAAM built components [34,35]. For similar problems, the modelling research 

relevant to WAAM rolling includes the simulations of burnishing [36–39], deep 

rolling processes [40–43], hot and cold manufacture rolling processes [44,45], 

and rolling for reducing RS in quenched block [46] and weld seams [33,47]. All of 

these aforementioned rolling processes are technically similar to high pressure 

rolling in WAAM, i.e., additional plastic deformation is introduced in the 

component to impose a desired effect. Thus, the development of efficient rolling 

models for WAAM will be mainly based on a literature survey of the allied fields. 

The available efficient modelling techniques are summarised as follows. 

4.1.1 Non-uniform mesh density 

The time required to solve an FEM model largely depends on the number of 

nodes involved in analysis. Rolling is a highly nonlinear contact problem, which 

usually involves large deformation and requires fine mesh for numerical 

convergence [33,40,41] and accurate prediction [48]. Non-uniform mesh density, 

actively used in most of the FEM simulations of rolling, keeps the dense mesh in 

the contact region and the coarse mesh in other regions far from the roller, 

thereby reducing the total number of nodes with minimum impact on accuracy. 

The creation of non-uniform mesh density does not require special techniques or 

algorithms and can be done using standard Finite Element Analysis (FEA) 

software tools. Such a strategy to generate efficient models has been widely 

adopted in 2D [40,49,50] and 3D [33,34,38,41–43,45–47] simulations of rolling 

and burnishing. 
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4.1.2 Reduced length of modelled component 

Reducing the length of the modelled component is also effective for improving 

efficiency, since it can reduce the number of nodes in the FEM model. However, 

it is questioned whether a short model can represent the behaviour of a large full-

scale model. An early study by Bijak-Żochovski et al. [49] examined rolling 

contact with friction, and it was found that short models are sufficient to “stabilise 

analysed quantities” [49] and “further wheel travel does not effectively change the 

pictures of stresses and strain in tested area” [49]; in other words, the reduced 

length is sufficient for the model to reach a steady-state of rolling. 

Cozzolino et al. [33] used an FEM model with significantly shorter length (465 

mm) compared to the actual workpiece (750 mm) that was rolled during 

experiments, so as to reduce computational time, and the short model predicted 

similar results to the full-scale model. For rolling in a WAAM component, 

Abbaszadeh et al. [34] developed a model with a length of deformable component 

100 mm, which was rolled along the minimal length under steady-state, and they 

found that a further increase of the rolling distance in analysis did not make any 

marked difference in the result. Short models have also been used in other rolling 

scenarios. For instance, Trauth et al. [42] and Perenda et al. [43] used short 

segments for simulations of deep rolling of a circular component. Pan et al. [46] 

developed a 62 mm long model for rolling simulation of quenched aluminium 

blocks. Hassani-Gangaraj et al. [41] and Balland et al. [51] employed short 

models for deep rolling and burnishing. 

The main criterion to determine the shortest length for the rolled component is 

that the shortened component should be able to reach a steady-state of rolling. 

The manual of the FEM analysis software, Abaqus, suggests that the equivalent 

plastic strain, rolling force and torque should be used as the norms for steady-

state detection. Steady-state rolling is reached when the reaction force and 

moment are stabilised, while the equivalent plastic strain in the rolled material 

becomes constant or fluctuates around a certain value [52]. 
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4.1.3 Rigid roller 

Normally, roller material (e.g., tungsten carbide [40] and H13 steel [46]) is much 

harder than rolled material. The elastic deformation of the roller is insignificant 

and barely affects the solution accuracy [41]. Therefore, rollers in most of the 

rolling models are assumed to be rigid and are defined as analytic surfaces, 

preventing discretisation of the roller and hence reducing the total number of 

nodes. In addition, compared to the discretised elastic or rigid surface that is 

represented by element faces, a smooth analytic surface allows lower contact 

noise and better approximation in contact formulation to improve computational 

efficiency [48,53]. A rigid roller or tool was adopted in the deep rolling and 

burnishing models by Perenda et al. [43] and Manouchehrifar et al. [39] and the 

weld rolling model by Cozzolino et al. [33], among many other models [40–42,44–

47,51]. However, Hassani-Gangaraj et al. [41] found that their deep rolling model 

underestimated compressive RS in a depth of 0.2 mm below the rolled surface, 

and they attributed the error to the use of a rigid roller in their model. To eliminate 

potential errors, Abbaszadeh et al. [34] considered elastic deformation of the 

roller in their rolling model. 

4.1.4 2D Rolling model 

Rolling simulation for a simple component (e.g., single wall) can be simplified as 

a 2D problem, particularly when the material response to rolling is similar in the 

out-of-plane direction. Compared to 3D models, a 2D model can dramatically 

reduce the number of nodes and degrees of freedom and hence significantly 

improve the computational efficiency. 2D models in structural analysis are usually 

based on plane stress and plane strain theories. Rodríguez et al. [50] 

demonstrated that the predictions of a 2D burnishing model are close to those of 

a 3D model, and the modelling results are correlated well with experimental 

results. Röttger [36] created a 2D plane strain model of burnishing, which 

underestimated the penetration depth of the spherical rolling tool as a result of 

the overestimated contact surface area due to plane strain assumption. Similar 

research was conducted by Yen et al. [37], who used a 3D model to accurately 

predict tool penetration. 
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4.1.5 Explicit analysis for contact problems in rolling 

Numerical methods used by FEM software to solve contact problems can 

influence the computational time and simulation accuracy. As suggested by the 

Abaqus manual, explicit dynamics solution techniques can be more 

computationally efficient and reliable than implicit methods for 3D rolling models 

with complex geometries, nonlinear material properties and discontinuous effects 

such as contact and friction [52]. However, Harewood et al. [54] found that for 

simple loading conditions with rigid bodies involved in contact simulation, implicit 

analysis solver requires less computational time than explicit analysis solver. The 

explicit method was found preferable for complex contact interactions, for 

example, between deformable bodies or where large deformation is involved. The 

explicit method demonstrates increased robustness/convergence and greater 

suitability for parallel calculations using multiple processors [54]. In contrast, 

Oliver et al. [55] suggested that the implicit method is more accurate and efficient, 

although less robust than the explicit method. 

To accelerate explicit analysis for quasi-static problems, material density can be 

artificially increased (i.e., using mass scaling method) [52]. However, with 

aggressive mass scaling, inertia starts to play a significant role in the solution and 

will affect the result [48]. To restrict the artificial inertia effect, it is recommended 

by Chin et al. [56] and Abaqus Analysis User’s Guide [48] that the ratio between 

kinetic and internal energies of the model should be maintained at no larger than 

5%. 

Specifically for rolling, the problem can be treated as quasi-static and solved by 

the explicit method for FEM analysis. For instance, Hassani-Gangaraj et al. [41] 

investigated RS in railway axles that experienced multi-run parallel deep rolling. 

Trauth et al. [42] created a model to optimise the deep rolling process for IN718 

turbine blades and 42CrMo4 crankshafts, in which a mass scaling factor of 250 

was used and a reduction in CPU time by two-thirds was achieved without 

impairing the accuracy. Lan et al. [45] developed a rolling model to predict the RS 

in a rolled bearing race, and a mass scaling factor of 400 was adopted to reduce 

computational time. 



64 

4.1.6 Eulerian analysis for contact problems in rolling 

Eulerian analysis is a computationally efficient way to model large deformation 

[48]. Based on the Eulerian method, the rolling is simulated via material flow 

through the mesh in the space instead of moving the roller, such that mesh 

refinement is needed only near a “stationary” roller and the number of nodes can 

be greatly reduced [48]. The “mass scaling” option is also available for Eulerian 

explicit analysis to increase the stable time increment and reduce computational 

time for quasi-static analysis. The steady state detection option of Eulerian 

explicit analysis halts simulation as soon as steady state is detected [52]. The 

Eulerian method was used by Maniatty et al. [57] to simulate steady-state rolling 

and extrusion processes. The mixed Eulerian–Lagrangian method for steady-

state modelling of the hot rolling process was developed by Synka et al. [58] and 

refined by Vetyukov et al. [59]. 

The literature survey summarised above shows that efficient models for 

simulation of high pressure rolling for WAAM components have not been 

reported. The conventional WAAM rolling model is computationally inefficient. 

The research pertinent to rolling simulations was conducted mainly in the allied 

fields of high-pressure weld seam rolling, deep rolling and burnishing. This limits 

the development of an inter-layer WAAM rolling model, which still faces practical 

challenges of high computational cost. 

In general, a WAAM rolling model differs from the aforementioned relevant rolling 

models in a number of aspects, such as the unique WAAM process, component 

geometry, constraints and cyclic deformations involved in inter-layer rolling. In 

this paper, the potential efficient modelling techniques for rolling processes are 

investigated for application specifically in the rolling of a WAAM component. Four 

efficient rolling models for a WAAM deposited wall are proposed, and their 

computational efficiency and solution accuracy are examined relative to a large-

scale rolling model [35]. The large-scale model is considered as a control model, 

as it most accurately represents the dimensions and the rolling process of the 

WAAM component built in the experiment [35]. The most efficient WAAM rolling 

model is employed for future analysis of inter-layer WAAM rolling. 
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4.2 Material and methods 

S355 steel was used to build a wall in a previous WAAM experiment [35]. Twenty 

layers were deposited on a S355 steel base plate with chemical composition in 

accordance with BS EN 10225:2009. The height, width and length of each layer 

were approximately 2 mm, 5 mm and 500 mm, respectively. The wire feeding 

speed, deposition rate and weld torch travelling speed were 10 m/min, 2.352 kg/h 

and 0.5 m/min, respectively. 

The WAAM built wall was selected for modelling in this study. The material model 

for the wall and substrate was based on the continuum elasticity and Mises 

plasticity theories, and isotropic strain hardening was assumed after initial 

yielding. Models in this study are purely rolling and do not include thermal effects 

related to WAAM deposition. The elastic–plastic material properties reported by 

Michaleris and DeBiccari [60] for 20 C° were adopted in this study (Table 4-1). 

Table 4-1 The elastic-plastic material properties from Ref [60] for 20 C°.

Young’s modulus 
[GPa] 

Poisson’s 
ratio 

Yield stress, [MPa] 

Plastic strain 0 Plastic strain 0.01 

206 0.29 450 520 

For the roller, rigid body assumption was adopted unless otherwise stated. 

General purpose FEM analysis software, Abaqus, was used for the modelling. 

For simplicity and focusing on computational efficiency, the RS in the WAAM 

component was not considered in the rolling simulation. The rolling models 

developed here were used mainly to identify the most suitable modelling 

technique for large WAAM components. Nevertheless, a technique for including 

WAAM deposition RS in the rolling model has also been developed and will be 

presented in the following Chapter 5.  

4.2.1 Large scale implicit transient load-controlled model 

A large-scale transient load-controlled rolling model was developed, following the 

work by Kashoob [35]. The term of transient model for mechanical analysis in the 

context of this research means that the solution of the model is time dependent 

(i.e., equilibrium at different moments), but does not involve any inertial effects. 
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The large-scale model simulated the rolling on the last layer of a full-size (500 

mm in length) wall built using the WAAM process [35]. In the 3D model, the wall 

and substrate were modelled as a deformable body, while the roller was idealised 

as an analytical rigid shell. The model was solved using Abaqus/Standard (Static, 

General), based on implicit numerical algorithm. The dimensions of the model are 

depicted in Figure 4-1. 

Figure 4-1 Large scale transient load-controlled model for a wire arc additive 

manufacturing (WAAM) component built in a previous experiment [35]. 

Simulating the actual rolling process, the model comprises the steps of 

placement, loading, rolling, unloading and removal of the roller. During rolling, a 

50 kN vertical load was maintained (load-controlled mode), while no torque was 

applied. The roller was moved via imposing a horizontal displacement, and it also 

rotated due to friction between the roller and the wall. Only half of the wall and 

substrate was considered due to symmetry, and the out-of-plane displacement 

was constrained on the symmetry plane. To take account of the clamping of the 

substrate to the work table during the rolling process, the displacements of all 

nodes on the bottom surface were constrained in vertical direction. The model 

consisted of 63008 C3D8R (8-node, linear brick, reduced integration, hourglass 

control) elements. Graded mesh was employed for the model discretisation 
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(Figure 4-1). The element sizes were 8 × 5 × 4.521 mm and 2 × 0.833 × 0.667 

mm for the regions far from and near to the roller, respectively. The model 

consisted of 82021 nodes. Surface-to-surface contact interaction was used in the 

model. The outer surface of the roller and the top surface of the wall were treated 

as master and slave surfaces, respectively. Finite sliding was allowed between 

the contact surfaces. Isotropic friction (µ = 0.3) was specified for the contact 

interaction. Coules et al. [47] and Abbaszadeh et al. [34] suggested that a friction 

coefficient of 0.3 is representative for non-lubricated contact between the metallic 

roller and components. It was also found that the predicted RS distribution was 

not sensitive to the friction coefficient between the roller and component 

[33,34,47]. As per Cozzolino et al. [33] the difference became considerable only 

at high rolling loads (150 kN and higher). 

4.2.2 Short implicit transient displacement-controlled model 

A short implicit transient displacement-controlled model was developed (Figure 

4-2) as a simplified counterpart to the large-scale transient model (Figure 4-1). 

To increase computational efficiency, the length of the deformable component 

was reduced from 500 mm to 72 mm. The 72 mm length was selected after a 

preliminary parametric study, and this length ensured that steady-state could be 

reached in the rolling simulation. This meant that the short model was sufficient 

to obtain a stable and consistent solution, which was not affected by the transient 

states at the beginning and termination of the rolling simulation. Due to the short 

length of the model, there was no place for the precise simulation of the rolling 

process sequence. To overcome this limitation, displacement-controlled 

penetration of the roller was used, which allowed for the simplification of analysis 

steps while using the same rolling load as applied in the large-scale load-

controlled model. The displacement-controlled penetration enhanced 

computational efficiency and avoided numerical problems related to 

establishment of initial contact. In all the efficient models developed here, the 

roller penetration was controlled by displacement, which was obtained from the 

results of the large-scale transient model and was equivalent to a 50 kN rolling 
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load. The displacement-controlled roller penetration modelling technique was 

also used in the WAAM rolling simulation by Abbaszadeh et al. [34]. 

Figure 4-2 Short transient displacement-controlled model. 

Another problem associated with the short length of the efficient model is the lack 

of stiffness in the rolling direction. During rolling of long WAAM component 

longitudinal plastic deformation in front and behind of the roller partially 

reduced/compensated by elastic deformation of the long wall. In the short 

component without restricted start and stop boundary conditions, absence of 

sufficient amount of material in front and behind of the roller to 

reduce/compensate plastic deformation elastically, caused the short wall 

unrealistically deform in rolling direction (as compared to long wall). In order to 

prevent unrealistic deformation in the rolling direction, a boundary condition of 

zero displacement was applied in the longitudinal direction at the Start and End 

boundaries of the short model. 

To simulate clamping, nodes at the bottom of the model were constrained from 

movement in all directions. Element type and mesh topology were the same as 

those for the large-scale transient model. Smooth step amplitude was used in 

order to prevent instantaneous movement of the roller at the beginning of 

analysis. The model was solved using Abaqus/Standard (Static, General). 
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4.2.3 Short explicit transient displacement-controlled model 

A short explicit transient model was also developed, which was identical to the 

short implicit transient model (Figure 4-2), except that a different solver was used. 

Mass scaling was used to improve the computational efficiency of the explicit 

analysis model, and a scaling factor of 6000 was selected after a parametric 

study. It should be mentioned that this scaling factor restricted the kinetic energy 

to less than 5% total energy, although it was significantly larger than the values 

(250 to 400) reported in the literature [42,43,53]. 

4.2.4 Eulerian steady-state model 

A 3D Eulerian steady-state model was also developed based on the short length 

simplification, as shown in Figure 4-3. In the Eulerian short model, the material 

was drawn into the inflow border, underwent deformation, passed through the 

fixed mesh, and finally was pushed away through the outflow border. The 

Eulerian model comprised a 50 mm long fixed mesh (Figure 4-3 a), through which 

material flowed over a 500 mm distance during the rolling analysis. The Eulerian 

boundary conditions regulated the material flow at the inflow and outflow borders, 

where adaptive mesh constraints were applied to specify the material velocity 

perpendicular to the borders, as shown in Figure 4-3b. The model consisted of 

27600 C3D8R elements (8-node linear brick, reduced integration, hourglass 

control) and the element dimensions were 1.881 × 0.625 × 0.667 mm. An 

adaptive mesh domain was specified near the roller to improve mesh quality for 

large deformation. The model consisted of 32007 nodes. 

The interface between the roller and the wall was specified as the Eulerian sliding 

surface. On the bottom surface, the nodal displacement was constrained in the 

vertical direction to represent the clamping, while on the inflow and outflow 

borders, all the nodal displacements were fixed. The rolling load of 50 kN was 

imposed by prescribing a vertical displacement of the roller. Translation of the 

roller was constrained in all directions, while rotation was allowed only around the 

X axis. An angular velocity boundary condition was applied to the roller around of 

the spinning axis in order to provide the rolling torque. A predefined field of 

translational velocity was applied to the wall and substrate, as required to initiate 
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contact and minimise the transient effect of instantaneous movement at the 

beginning of analysis. The model was solved using Abaqus/Explicit, and the 

steady-state detection option was used in the model. The steady-state detection 

plane was positioned perpendicular to the rolling direction and behind the last 

point of contact (Figure 4-3 a). As soon as a constant deformed shape was 

achieved on the steady-state detection plane, it was considered that the rolling 

had reached the steady-state and the analysis was terminated. 

To improve computational efficiency, rolling speed was artificially increased, i.e., 

the analysis step time was approximately 1% of the actual rolling time, which did 

not affect the result under the steady-state. In addition, a fixed mass scaling factor 

of 2750 was used in the analysis, close to the maximum value recommended by 

Abaqus Example Problems Guide [52] for similar problems. This scaling factor 

was deemed optimal as a result of iterative trials to minimise the computational 

time and the potential adverse effect of mass scaling on the accuracy. 

Figure 4-3 Short Eulerian steady-state model: a) dimensions and mesh, b) material 

flow and boundary conditions. 

4.2.5 2D short implicit transient displacement-controlled model 

The plane stress theory was utilised for the creation of a 2D model. The symmetry 

plane in the 3D model (Figure 4-2) was used to define the 2D model geometry, 
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as shown in Figure 4-4a, since the WAAM deposited wall is thin and flat and the 

RS and PS distributions in the rolling direction are of major interest in this study. 

The 2D model consisted of 2516 CPS4R elements (4-node, bilinear, plane stress, 

quadrilateral, reduced integration) and its mesh topology was similar to that for 

the symmetry plane of the 3D short implicit transient model. The model consisted 

of 2623 nodes. 

 The 2D and 3D short models also had similar boundary conditions and loading 

process, and they were both solved using Abaqus/Standard (Static, General). 

To assess the potential influence of the deformable elastic roller on simulation 

results, an additional model with a roller made of H13 steel (Young’s modulus of 

230 GPa and Poisson’s ratio of 0.3 [34]) was generated, as shown in Figure 4-4b. 

The mesh density of the elastic roller was selected to be the same as that of the 

WAAM wall. As a result, the roller was discretised using 3611 linear quadrilateral 

CPS4R elements and 157 linear triangular CPS3 elements. The number of nodes 

is 6391. 

Figure 4-4 2D short transient displacement-controlled model: a) with analytic rigid 

roller, b) with elastic roller. 

4.2.6 Inspection planes for comparison between different models 

The accuracy of different efficient models was evaluated by comparison with the 

control model. The results for the comparison were extracted from an inspection 
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plane corresponding to the steady-state rolling. In the control model (3D large 

scale transient model), the inspection was performed in the mid-length plane. In 

the 3D short implicit transient, 3D short explicit transient and 2D short implicit 

transient models, the inspection plane was located in the x-y plane, 48 mm away 

from the start position of the rolling. In the Eulerian steady-state model, the 

inspection plane coincided with the steady-state detection plane, which was 20 

mm away from the material outflow border. 

4.3 Results 

4.3.1 Computational efficiency 

The computational efficiency was compared between different rolling models, 

and the total time savings for each model with reference to the control model was 

calculated, as shown in Table 4-2. 

Table 4-2 Comparison of computational efficiency between different models. 

Model Number 
of 
nodes 

Degrees 
of 
freedom 

Wall clock 
time with 
4 CPUs 
used 
(sec) 

Estimated 
memory 
required to 
minimise 
I/O (MB) 

Total 
time 
saving, 
% 

3D large scale 
implicit transient 
model (control 
model) 

82021 6 64,002 765 N/A 

3D short implicit 
transient model 

12064 6 2238 290 96.50% 

3D short explicit 
transient model 

12064 6 2355 17.6 ## 96.32% 

3D Eulerian steady-
state model 

32007 6 2613 # 72.7 ## 95.91% 

2D short implicit 
transient model with 
analytic rigid roller 

2623 3 302 33 99.52% 

2D short implicit 
transient model with 
elastic roller 

6391 3 588 46 99.08% 
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# Single CPU was used, since the Eulerian model using Abaqus/Explicit is 

restricted to serial computation. 

## Explicit analysis does not support swapping of memory to hard disk. 

The wall clock time, i.e., the actual time required to obtain a solution, was used 

for the evaluation of the computational efficiency. All the models were solved 

using 4 Intel CPUs with 2 GB RAM available for each CPU, except the Eulerian 

model, which was solved using a single CPU since multiple CPUs are not 

supported for analysis with steady-state detection. Provided memory was 

sufficient for all models to avoid possible delays caused by I/O of data from virtual 

memory on the hard disk.  

It was found that the 2D short implicit transient model with analytic rigid roller was 

most efficient, which saved 99.52% time relative to the control model, while the 

Eulerian steady-state model was least efficient, despite 95.91% time saved. 

4.3.2 Steady-state rolling 

Equivalent plastic strain (EPS) was used to detect the steady-state rolling. The 

rolling in the large scale implicit transient model (i.e., control model) reached 

steady state in a range of distance between 40 mm and 470 mm along the rolling 

direction, while this range was between 20 mm and 60 mm for the short transient 

models. In the steady-state rolling range, the EPS remained constant or 

fluctuated around a constant value, as shown in Figure 4-5. 

The EPS predicted by the short implicit transient model demonstrated slightly 

larger fluctuation than other short models, and the fluctuation became negligible 

in the distance range from 40 mm to 50 mm. Based on the EPS distributions, the 

inspection plane of the short models was selected with a location at 48 mm from 

the rolling start position. The Eulerian model reached steady state after 7 sec 

rolling, and then the analysis halted, which was equivalent to a rolling distance of 

58 mm. 
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Figure 4-5 Equivalent plastic strain obtained along centreline on the top of the 

WAAM wall. 

In the developed efficient models, the rolling load was maintained by applying a 

constant roller displacement (1.674 mm) in the vertical direction. The applied 

displacement was equivalent to a rolling load of 50 kN (25 kN for the half model 

due to symmetry). The rolling load was verified by examining the reaction force 

on the pivot of the roller (Figure 4-6) and by comparing contact pressure during 

rolling on the surface of the WAAM wall (Figure 4-7). Similar distribution and 

magnitude of contact pressure was obtained in all the models. 

Figure 4-6 Reaction forces obtained at the rotation point of the rollers (note that 

only half of the WAAM component was considered in the models). 
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Figure 4-7 Contact pressure during rolling in 3D short implicit transient model. 

4.3.3 Solution accuracy 

The accuracy of the efficient models was examined through comparison with the 

large scale implicit transient model, which was based on the actual dimensions 

and rolling process of the WAAM component built in the previous experiment [35] 

and hence used here as the control model. Figure 4-8 presents longitudinal RS 

distributions on the inspection planes for different rolling models.  

Figure 4-8 Longitudinal residual stress (RS) distribution on the inspection plane: 

a) large scale implicit transient model (control model), b) short implicit transient 

model, c) short explicit transient model, d) Eulerian steady-state model. 

All models predicted tensile RS with a magnitude up to 582 MPa underneath the 

rolled surface and compressive RS with a magnitude up to 545 MPa underneath 
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the tension zone. The peak of the compressive RS shifted towards the outer 

surface of the wall (opposite to the symmetry plane). The short implicit transient 

model predicted the most accurate RS distribution compared to the control model. 

The short explicit transient model and the Eulerian steady-state model predicted 

larger regions under tensile RS, and the Eulerian model predicted larger 

magnitudes of both tensile and compressive RS. 

Figure 4-9 shows the longitudinal PS distributions on the inspection planes for 

different rolling models. All models, except the Eulerian model, predicted 

concentrated tensile PS immediately under the rolled surface, while the Eulerian 

model predicted the highest tensile PS further underneath the rolled surface, 

which was concentrated on the side surface of the wall. The models predicted 

compressive PS in regions relatively far from the rolled surface. The longitudinal 

PS distribution predicted by the short implicit transient model was in best 

agreement with that predicted by the control model.  

Figure 4-9 Longitudinal plastic strain (PS) distribution on the inspection plane: a) 

large scale implicit transient model (control model), b) short implicit transient 

model, c) short explicit transient model, d) Eulerian steady-state model. 

Figure 4-10 shows the normal PS distributions on the inspection planes for 

different rolling models. Compressive PS was dominant in the deformed region, 
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and the peak PS was located approximately 2.2 mm below the rolled surface and 

close to the symmetry plane. No considerable tensile PS was found in the wall. 

The predictions of normal PS by all the efficient models achieved similar 

agreement with that obtained by the control model. 

Figure 4-10 Normal PS distribution on the inspection plane: a) large scale implicit 

transient model (control model), b) short implicit transient model, c) short explicit 

transient model, d) Eulerian steady-state model. 

Figure 4-11 Transverse PS distribution on the inspection plane: a) large scale 

implicit transient model (control model), b) short implicit transient model, c) short 

explicit transient model, d) Eulerian steady-state model. 

Figure 4-11 compares the transverse PS distributions predicted by different 

models. The predicted results were similar between all the models. In contrast to 
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the normal PS, the transverse PS was overwhelmingly tensile. The peak PS was 

located in the central portion of the deformed region. 

Figure 4-12 compares the transverse displacement distributions predicted by 

different rolling models. There was an overall similarity between the results, while 

the displacement contour obtained by the Eulerian model was somewhat 

elongated in the vertical direction. 

Figure 4-12 Transverse displacement distribution on the inspection plane: a) large 

scale implicit transient model (control model), b) short implicit transient model, c) 

short explicit transient model, d) Eulerian steady-state model. 

4.3.4 2D vs. 3D rolling models 

Figure 4-13 and Figure 4-14 compare the longitudinal PS and RS distributions, 

respectively, as obtained from the 3D large scale model (control model) and the 

2D short transient models with elastic roller and analytic rigid roller. The 2D 

models captured the longitudinal tensile PS distribution in the region near the 

substrate, but they overestimated the tensile PS magnitude in the region close to 

the rolled surface. Nevertheless, the 2D modelling results for the longitudinal 

tensile RS distribution near the rolled surface were consistent with the prediction 

by the 3D control model. However, there was marked discrepancy in the 

compressive RS distribution near the substrate between the predictions by the 

2D and 3D models. Figure 4-13 and Figure 4-14 also demonstrate a minor effect 

of elastic deformation of the roller on the predicted longitudinal PS and RS 

distributions under steady-state rolling. 
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Figure 4-13 Longitudinal PS distributions on inspection planes. 

Figure 4-14 Longitudinal RS distributions on inspection planes. 

Figure 4-15 confirms such a minor effect on the longitudinal RS when the full-field 

stress distributions are compared. The minor effect of the elastic deformation of 

the roller found here was consistent with the findings of Abbaszadeh et al. [34] 

using a 3D rolling model. However, it should be noted that a typical rolling load of 
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50 kN for WAAM was used in this study; the difference in results between elastic 

and rigid roller models could be considerable at significantly larger rolling loads. 

Figure 4-15 Longitudinal RS predicted by 2D short implicit transient models with 

a) elastic roller and b) analytic rigid roller.  

The use of an elastic roller in the 2D model doubled the number of nodes involved 

in the analysis and increased the wall clock time by 48% (Table 4-2 Comparison 

of computational efficiency between different models.). Given the minor 

difference in results between the elastic and rigid roller models, it can be 

confirmed that the analytic rigid roller in the rolling model allowed significant 

computational savings with almost equivalent accuracy of predicted results. 

4.4 Discussion 

4.4.1 Computational efficiency 

The highest computational efficiency was achieved by the 2D short implicit 

transient model with an analytic rigid roller, thanks to the dramatic computational 

saving by using fewer nodes (2623 nodes) with reduced degrees of freedom. The 

2D model with an elastic roller comprised twice the number of nodes (6391) and 

demonstrated 48.6% lower efficiency compared to the 2D model with an analytic 

rigid roller. Besides the number of nodes and degrees of freedom, the solution 

method also affects the computational efficiency. The short explicit and implicit 
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transient models comprise an identical number of nodes, but the explicit analysis 

model demonstrated slightly lower efficiency than the implicit analysis model. This 

was mainly because the explicit solver was more computationally expensive than 

the implicit solver for problems involving contact with rigid bodies [54]. The 

uncertainty in efficacy of mass scaling techniques for explicit analysis also 

affected the computational efficiency. It was interesting to see that although the 

Eulerian steady-state model used a large number of nodes (32007), it still 

demonstrated high computational efficiency, similar to the short explicit transient 

model, with almost three times fewer nodes used (12064). Such a computational 

saving can be attributed to the steady-state detection option in the Eulerian 

model, which halted the analysis after rolling along a distance equivalent to 11.6% 

the modelled wall length. However, the steady-state detection option in Abaqus 

requires consistent mesh topology in the rolling direction [48], and it does not 

support the use of multiple CPUs. For all the developed efficient models, the 

benefits brought by the attempt to further reduce the nodes through progressive 

meshing techniques were deemed to be limited. 

4.4.2 Steady-state rolling and its implication in computational 

efficiency 

The steady-state rolling is of major interest for analysis since it dominates the 

mechanical response of the WAAM component to the rolling. The efficient model 

is effective and acceptable if it can capture the steady-state rolling. It was 

demonstrated that all the efficient models developed here had sufficient wall 

length to obtain a stable and consistent solution for the steady-state rolling 

(Figure 4-5). 

The computational efficiency of the 3D short explicit transient model could be 

increased further by reducing the wall length in the model, since the whole length 

was still considerably larger than the length of the region where steady-state 

rolling was established (Figure 4-5). Similarly, to further increase efficiency, the 

wall length in the 2D short implicit transient model could be reduced. For the 

Eulerian model, the application of less strict steady-state detection norms could 

reduce the time required to reach steady state and hence increase the efficiency 
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of the model. As the solution to the 3D short implicit transient model experienced 

appreciable fluctuation in the region under steady-state rolling, further reduction 

in wall length is not suggested due to concern about solution accuracy. 

4.4.3 Solution accuracy 

To assess the solution accuracy of the efficient models, the distributions of 

longitudinal RS and PS in three directions were compared to the solution of the 

large scale implicit transient model (control model). 

The solution of the short implicit transient model was in best agreement with the 

solution of the control model (Figure 4-8, Figure 4-9, Figure 4-10, Figure 4-11, 

Figure 4-12). The short explicit transient model, Eulerian steady-state model and 

2D plane stress model demonstrated different levels of discrepancy of the 

predicted results compared to the control model. 

The overall consistent results of the rolling simulations by the short implicit 

transient model and the control model could be explained by the fact that the 

largely reduced length of the WAAM component considered in the rolling model 

did not significantly impair the accuracy of the model solution, as long as the 

steady-state was reached. Moreover, the same mesh topology and Abaqus 

Standard solver (implicit method) were used in both models. The slight 

discrepancy in the results could be attributed to the applied constraints on the 

Start and End boundaries in the short model, which could lead to enhanced 

stiffness in the rolling direction. 

The solution accuracy of the short explicit transient model (Figure 4-8 and Figure 

4-9) was impaired by the artificially increased density of the material, as a result 

of the mass scaling which was used to accelerate computation. The increased 

density could exacerbate the effect of inertial force which could violate the 

equilibrium state assumed in the rolling process. As found in a parametric study 

conducted in this research, using lower values of mass scaling factor made the 

short transient explicit model more accurate, but led to significantly lower 

efficiency compared to the short implicit transient model. This confirmed the 

findings of Harewood et al. [54] and Oliver et al. [55] that the implicit solver is 
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more accurate and less computationally expensive than the explicit solver for 

relatively simple contact problems with rigid bodies involved. 

Nevertheless, an explicit analysis still has the potential to better handle complex 

contact problems and large deformations than an implicit analysis. Furthermore, 

the short explicit transient model reached steady state earlier than the short 

implicit transient model (Figure 4-5). This allowed further reduction of the wall 

length, and as a result, a considerable reduction of nodes used in the analysis 

could be achieved. From a numerical algorithm point of view, the explicit solution 

method was better suited to parallel computation than the implicit method. 

The Eulerian model was less accurate than the short implicit and explicit models 

due to the unrealistic rolling process simulated in the Eulerian model. The control 

model simulated the actual rolling process in reality [3], in which the deformable 

wall remained steady and the roller moved along the wall, causing the free 

rotation of the roller due to friction between the roller and the wall. In contrast, in 

the Eulerian model, the torque was applied to the steady roller, and the wall 

material movement was caused by the rotation of the roller and the friction 

between the roller and the wall. The friction caused material to “stick” to the roller, 

and the applied torque drew the material underneath, which increased 

longitudinal tensile PS under the roller (3 mm below the rolled surface) as 

compared to the control model (Figure 4-9). As a result, larger tensile deformation 

and higher compressive longitudinal RS were generated in this region (Figure 

4-8). More extensive stretching of material due to the applied torque occurred as 

well on the rolled surface, which caused longitudinal tensile RS (Figure 4-8). As 

the Eulerian model also employed an explicit solver, similar issues to the short 

explicit transient model could affect the solution accuracy of the Eulerian model. 

The 2D plane stress model did not accurately represent a rolling process for the 

WAAM component in which the RS and PS were non-uniformly distributed in the 

through-thickness direction of the wall (Figure 4-13 and Figure 4-14). During the 

rolling, the normal and longitudinal strains were accommodated by the transverse 

strain [4]. Meanwhile, the isotropic friction restricted the longitudinal and 

transverse deformation under the roller. The 2D model could not capture these 
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complex 3D phenomena due to its plane-stress assumption. In fact, the out-of-

plane stress played a considerable role in the final state of the longitudinal 

residual stress and strain. As the wall and substrate were not actually aligned 

within the same plane, the substrate effect could not be realistically represented 

in a 2D model. For a similar reason, a 2D plane strain model defined on the 

transverse section (e.g., y-z plane of the 3D model in Figure 4-2) is not suitable 

for accurate simulation of the rolling process. It assumes zero strain in the 

longitudinal/rolling direction, where large deformation was observed in the 3D 

models. Nevertheless, the 2D plane stress model was 86.5% more efficient than 

the short 3D models (Table 4-2). Considering the computational efficiency, the 

2D model could be used for rough and fast estimation of major rolling parameters 

for analysis later refined using 3D models. 

4.5 Conclusions 

In the present study, the efficiency and prediction of four models of high pressure 

rolling for a WAAM deposited wall, including the 3D short implicit transient model, 

3D short explicit transient model, 3D Eulerian steady-state model and 2D short 

implicit transient model, were evaluated. The computational efficiency and 

solution accuracy of these models were compared with a conventional large-

scale transient model (control model). It was demonstrated that the developed 

efficient models allowed for the simulation of rolling on the last layer of the built 

wall, with a computational time of less than one hour, using a desktop computer. 

This will enable development of efficient models to simulate inter-layer rolling for 

WAAM components; such simulation is currently unpractical. Based on the 

results and analyses, following conclusions are made: 

1. The efficiency of a rolling model depends largely on the number of nodes 

and degrees of freedom involved in the FEM analysis. Reduction of 

component length in the model can dramatically improve the 

computational efficiency without impairing solution accuracy, since steady-

state rolling can be established within a region of short length. 
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2. The implicit analysis method is more accurate and efficient than the explicit 

analysis method for the short rolling models with analytic rigid rollers and 

relatively low rolling loads. 

3. The solution of the 3D short implicit transient model is most accurate 

among the developed efficient models, as compared to the control model. 

The accuracy of the 3D short explicit transient model was impaired by the 

artificially assigned high density of material (mass scaling for acceleration 

of computation). Reduction of the mass scaling factor improved accuracy, 

but increased computational cost significantly. The 3D Eulerian steady-

state model is less accurate due to unrealistic representation of the rolling 

process, and its efficiency is limited by the restriction that parallel 

computation is not supported when the steady-state detection feature is 

enabled using the selected version of Abaqus software. 

4. The 2D implicit transient model cannot capture the 3D deformation 

mechanism during rolling, and hence it is least accurate in predicting the 

distributions of longitudinal residual stress and plastic strain. Nevertheless, 

the 2D transient model is much more efficient than the 3D models, and it 

could be used for a quick qualitative estimate of the mechanical response 

of the WAAM component to rolling. 

5. Application of an elastic deformable roller instead of an analytic rigid roller 

in the 2D rolling model barely affected the solution, but significantly 

reduced computational efficiency. 
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5 Efficient determination and evaluation of steady-state 

thermal-mechanical variables generated by wire arc 

additive manufacturing and high pressure rolling 

This chapter is based on the following publication: 

Gornyakov V., Sun Y., Ding J., Williams S. Efficient determination and evaluation 

of steady-state thermal-mechanical variables generated by wire arc additive 

manufacturing and high pressure rolling. Submitted to Modelling and Simulation 

in Materials Science and Engineering (Manuscript ID: MSMSE-105517) for 

Publication.  

For accurate simulation of a multilayer rolling process, the residual stresses and 

plastic strains caused by WAAM deposition cycles should be included in the 

model. This chapter presents the development and validation of efficient 

modelling method for simulation of WAAM and rolling using short efficient models, 

as well as the subsequent transfer of steady-state solution to the long model to 

determine residual stress and distortion in large-scale WAAM parts before and 

after clamps removal. 

Abstract: Wire arc additive manufacturing (WAAM) of large component is 

susceptible to residual stress and distortion, which are detrimental but can be 

mitigated through rolling the component. In this study, an efficient modelling 

method is developed to simulate both WAAM and rolling, and this method can 

also be applied to other manufacturing processes to determine steady-state 

variables. For a clamped wall component, the computationally efficient reduced-

size WAAM and rolling models (i.e., short models) can obtain steady-state 

solutions equivalent to those obtained by conventional full-size models. For the 

short models, the undesirable effect of reducing the length of modelled 

component is counteracted by imposing additional longitudinal constraint as 

proper to specific processes. The steady-state solution obtained by the short 

model is then mapped to a long model for analysis of residual stress and distortion 

after clamps removal. The WAAM model predictions of temperature, residual 

stress and distortion are in good agreement with experimental measurements. 



96 

For the steady-state WAAM region, compressive longitudinal plastic strain is 

formed uniformly in the wall, and the influential factors and implications of the 

plastic strain are analysed. The high pressure rolling on the WAAM-deposited 

wall introduces tensile plastic strain that compensates for the compressive plastic 

strain caused by WAAM deposition, thereby mitigating the tensile residual stress 

in the clamped wall and alleviating the bending distortion after clamps removal. 

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; cold working; residual stress; 

distortion; plastic strain; simulation. 

5.1 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 for martensitic stainless steel [4] and 

most practically, 1-4 kg/h for aluminium and steel [1], provides rapid and 

economical route to large-scale AM. Using WAAM processes, large components 

were built from steel [5], titanium alloy [6], nickel superalloy [7], aluminium alloy 

[8], tantalum [10, 11], tungsten [11,12], etc., and functionally graded structures 

were also printed using refractory metals [13]. The modular design of WAAM 

process utilises standard welding equipment and wire consumables, and hence 

allows low build-up and operational cost [1,3,14]. 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 beneficial effects, such as 

mitigation of distortion and residual stress [15], microstructural refinement or 

modification [5,16], elimination of porosity [17,18] and improvement of 

mechanical properties [19,20]. Despite the experimental evidence of the benefits 

brought by rolling, the underlying mechanisms responsible for such benefits are 

complex and need to be understood. Unfortunately, experimental measurements 
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are limited and difficult to provide adequate information for establishing the 

understanding. Therefore, modelling is crucial for gaining insights. 

WAAM-built components are susceptible to residual stress (RS) and distortion 

[5,6], which are major challenges 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 partially 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 temperature 

changes. RS can lead to early fatigue failure, stress corrosion cracking and brittle 

fracture [21–24], while excessive distortion is detrimental to the 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 RS and distortion in both powder-based AM [25–27] 

and WAAM [28–37]. However, the thermal-mechanical models are strongly 

nonlinear, and require fine meshes and small time increments 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. [37], a 3D 

transient thermal-mechanical model for a 20-layer 500 mm long WAAM-

deposited wall took 75 hours 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 meters long. Thus, an efficient modelling approach is needed.  

Several efficient FEA modelling techniques have been developed in the allied 

fields of welding, 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 nodes (and hence the degrees of freedom) in the 

thermal-mechanical model [28–31,36,37]. The efficiency gained through this 

approach is compromised by the effort/time spent in meshing and the spatial 

resolution required for the analysis. Another approach is the simplification of 3D 



98 

problems into 2D problems (reduction of the degrees of freedom). Camilleri et al. 

[38,39] and Fachinotti et al. [40] 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 et al. [41], Wang et al. [42] and Ding et al. 

[37] created Eulerian steady-state models where heat source remained stationary 

and was attached to Eulerian reference frame, while material flowed through the 

finite element mesh. The Eulerian model can be two-orders of magnitude faster 

than the conventional Lagrangian model, but its implementation for mechanical 

analysis is often sophisticated due to complicated mathematical formulation 

required [41,43]. For efficient mechanical analysis, Michaleris and DeBicarry 

[44,45] 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. [46,47] for welding analysis. Recently, Chen 

et al. [48] 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 [49,50]. 

The FEA-based determination and evaluation of RS and distortion becomes more 

challenging 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 in a 456 mm long weld took 95.3 hours using 

HPC facility [51]. For efficient modelling of high pressure rolling, Gornyakov et al. 

[52] (Chapter 4) 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. [52] (Chapter 4) also examined a number of other 

efficient modelling techniques for rolling, including 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 
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efficiency and accuracy are required. However, Gornyakov et al. [52] (Chapter 4) 

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. 

Most of previous research focused on the development of efficient modelling 

methods for individual manufacturing processes, such as WAAM [30,37] and 

rolling Chapter 4 and Ref. [52]. It still needs a general approach to enable efficient 

modelling of the combined process of WAAM and rolling. As steady state exists 

for both WAAM and rolling, it is hypothesised that steady-state variables such as 

strains and stresses, which are of major interest for most analyses, can be 

obtained using a technique in the same framework. Therefore, 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 deposition 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 analysis for the whole 

component after removal of clamps. In particular, the process-induced PS 

distribution is investigated, which is the origin of RS and affects the distortion.  

5.2 Modelling and verification/validation methods  

5.2.1 Efficient method to simulate steady state of WAAM and rolling  

Previous research showed that the WAAM [30,37] and rolling processes (Chapter 

4 and Ref. [52]) operating in clamped walls can attain a steady-state within a short 

distance along the travelling direction of arc and roller (i.e., longitudinal direction), 

within which the PS and RS are almost constant. This means that a short transient 

model with reduced component length can 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 analysis of the effects of clamps 

removal on final RS and distortion, for which a full-size long model is needed, 
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since the self-constraint associated with the final state is dependent on the actual 

length of the component without external constraint. 

Figure 5-1 shows the efficient method proposed here to determine the steady-

state physical variables of WAAM and rolling, as well as the final RS field and 

distortion in the component. Firstly, a short model is generated 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 

studied WAAM and rolling). 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 (5.2.2 Solution mapping technique). 

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.  

Short thermal-
mechanical 

WAAM model 
(72 mm long)

Short mechanical 
rolling model
 (72 mm long)

Long mechanical model (500 mm long)

Solution slice from the 
steady-state region of 

short donor model

Solution mapping

Mapping of 6 stress components, 6 plastic strain components, 1 equivalent plastic strain component and 3 
displacement components to recipient long mechanical model

and / or

Figure 5-1 Schematic diagram of the proposed efficient method for determining 

steady-state thermal-mechanical variables using short models of WAAM and 

rolling, followed by mapping solution to long model for further analysis. 
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5.2.2 Solution mapping technique 

Abaqus FEA software was used for the WAAM and rolling simulations. A solution 

mapping 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 model using external text files, which contain a list of elements 

with predefined initial parameters. Element numbers were assigned in a 

controlled manner during meshing, except in the substrate where the transition 

from fine mesh to coarse mesh is complicated and the mesh topology is not 

identical in the longitudinal direction (Figure 5-2 and Figure 5-3). 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 initial 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 (recipient). 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 parameters is 

assumed to be uniform in this region of the recipient model. The Abaqus 

Keywords of *INITIAL CONDITIONS STRESS, PLASTIC STRAIN and 

HARDENING were added to the recipient model. A calculation of stress 

rebalancing 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 the displacement solution was 

not mapped to the long WAAM mechanical model because negligible distortion 

was predicted by the short WAAM mechanical model under clamped condition, 

while displacement mapping was performed to the long rolling model because 

considerable deformation occurred in the short rolling model.  
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5.2.3 WAAM model and validation method 

The proposed modelling method was applied to WAAM deposition of a mild steel 

(S355) wall (Figure 5-2). The validation of the WAAM model was based on 

previous experiments by Ding et al. [34,37] 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.  

Figure 5-2 Short transient thermal-mechanical model of 20-layer WAAM-deposited 

wall with reduced length. The schematic of double-ellipsoidal heat source and the 

locations of thermocouples in the cross-section are also shown. 

In the short thermal model, double ellipsoidal moving heat source was employed 

and implemented using Abaqus user defined subroutine DFLUX. The heat source 

parameters were adopted from Ref. [37]. Simplified element “birth” technique was 

used to simulate the deposition of a whole layer each time. Ding et al. [30] found 
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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. 

WAAM associated with steep thermal gradients, which significantly influence heat 

conduction process in deposited components. Temperature dependent material 

properties required for accurate simulation of heat conduction phenomenon. 

Temperature dependent material properties reported in Ref. [44] were used in 

thermal model (Table 5-1). To account phase transformation, the specific heat 

was reduced at temperature 723 °C and above [34]. Latent heat of material 

melting was simulated with energy value 270 kJ/kg in range of temperatures 1450 

– 1500 °C (solidus and liquidus temperatures accordingly) [44]. The thermal 

conductivity at temperatures higher than the melting point (1500 °C) was 

artificially increased to somewhat reflect the convective heat transfer in the 

molten pool.  

Table 5-1 Temperature dependent thermal conductivity and specific heat adopted 

from Ref. [44]. 

Temperature (°C) Thermal conductivity 
(W/m °C) 

Specific heat (J/Kg °C) 

20 52 480 

100 51 507 

200 48 532 

300 44 574 

400 43 624 

500 39 703 

600 35.6 788 

700 32 870 

723 28 798 

850 26 679 

900 26.4 658 

1250 30 666 

1450 30 666 

1500 120 670 

2000 120 670 



104 

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 radiation for all free surfaces were 

5.7 W∙m-2∙K-1 and 0.2, respectively. Values of coefficients were adopted from Ref. 

[34,44]. Conductive 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. Value of coefficient was found during numerical trials and 

chosen as the best matching with experimental results [34]. 

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 designation C3D8R). WAAM thermal gradients 

cause uneven expansion and contraction of material, which in conjunction with 

material softening at high temperatures responsible for formation of uneven PS 

in deposited components. Yield stress has significant influence of RS and 

distortion during welding simulations [53]. Accurate simulation of PS and RS 

formation during WAAM required use of temperature dependent material 

properties. Solid state phase transformation was not considered, because for mild 

steel it does not play a significant role in residual stress [54]. Two sets of Yield 

strength material properties were used for the substrate and deposited wall, 

respectively [44] (Table 5-2 and Table 5-3). 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 Ref. [44]. In the present model, 

the values of mild-steel yield strength as suggested by Ref. [44] were increased 

by 50 MPa for the wall deposit at the temperature range of 20 – 500 °C to reflect 

the actual yield strength inferred from the experiments on the WAAM-built 

component.  
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Table 5-2 Temperature dependent Poisson’s ratio and thermal expansion 

coefficient adopted from Ref. [44]. 

Temp. [°C] Poisson’s 
ratio 

Temp. [°C] Thermal expansion coefficient 
[1/°C] 

20 0.29 20 1.20E-05 

200 0.295 1000 1.50E-05 

400 0.3 1500 1.50E-05 

600 0.32 

800 0.35 

1000 0.39 

1500 0.39 

Table 5-3 Temperature dependent Young’s modulus and yield strength of 

filler metal and base metal adopted from Ref. [44].

Temp. 
(°C) 

Young’s 
Modulus 
[GPa] 

Yield Strength [MPa] 

Deposit Deposit  

(ɛp = 0.01) 

Substrate Substrate 

(ɛp = 0.01) 

20 206 500 570 350 420 

100 203 500 570 330 400 

200 201 470 550 305 380 

300 200 440 500 270 350 

400 165 370 420 230 290 

500 100 310 350 180 230 

600 60 170 215 125 160 

700 40 60 100 60 100 

800 30 50 80 60 60 

900 20 50 50 60 60 

1000 10 50 50 60 60 

1500 10 50 50 60 60 

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 5-2).  
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The short model with reduced component length has lower resistance to 

longitudinal deformation compared to the actual deposited wall. For this reason, 

additional longitudinal constraint was applied to the short model and the influence 

of different constraint conditions on predicted PS and RS are investigated. Three 

types of longitudinal constraint were considered 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 

displacements 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.  

Figure 5-3 Mapped long mechanical model to simulate the removal of clamps (the 

constrained nodes are indicated in red). 

In the long mechanical model, all dimensions were set to be the same as those 

in the experiment [37], and elasto-plastic properties identical to the short model 

were used. The steady-state PS and RS that were predicted by the short model 

were mapped to the long model using the solution mapping technique (5.2.2 

Solution mapping technique). 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 5-3). During the mechanical analysis using the long model, stress 
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balancing was first established and then the clamps were removed to obtain the 

final state.  

5.2.4 Rolling model and verification method  

The efficient modelling method (Sections 5.2.1 and 5.2.2) was also applied to 

high pressure rolling on a wall component with identical geometry to the WAAM-

deposited component, as shown in Figure 5-4. 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 Chapter 4. Only key 

information is repeated here for brevity. The temperature was assumed to be 

room temperature and kept constant when rolling was simulated as an individual 

process. When rolling was combined with WAAM, the rolling was simulated 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 Chapter 7). 

The flat roller was modelled as a rigid shell. The assumption of rigid roller is 

beneficial to computational efficiency without impairing solution accuracy Chapter 

4 and Ref. [52]. For pure rolling simulation, the substrate and wall were modelled 

as a deformable body with material properties adopted from Ref. [44] for mild 

steel S355. A vertical rolling load of 50 kN was imposed to the wall through 

controlling the penetration 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 Chapter 4 and Ref. [52]. The PS and 

RS distributions predicted by the short model are compared with those predicted 
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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. 

Figure 5-4 Short rolling model [52] for a wall component with identical geometry 

to the WAAM-deposited component (Figure 5-2).  

Finally, the steady-state solution of the short model was also transferred to a long 

mechanical model using the solution mapping technique (Section 5.2.2), similar 

to the WAAM model (Figure 5-3). The mapped long model was then employed 

for the analysis of RS and distortion in the rolled wall after removal of clamps. 

5.2.5 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 condition for the rolling model, and thereby the post-build rolling 

was simulated. 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 5.2.3 and 5.2.4. 
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5.3 Results and discussion 

5.3.1 Computational efficiency 

The computational efficiency of the developed modelling method 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 5-4 presents the comparison between the conventional full-size 

transient WAAM model developed by Ding et al. [37] and the efficient WAAM 

model developed in this study. Using the efficient model, the computational time 

can be reduced by 76.1% and 97.8% for thermal and mechanical analyses, 

respectively, and a 83% reduction in total computational time was achieved. For 

rolling simulation, 95.9% less computational time was consumed by the efficient 

model in comparison with the conventional full-size model (Table 5-5). Therefore, 

it can be concluded that the developed modelling method can significantly 

enhance the efficiency of both WAAM and rolling simulations.  

Table 5-4 Computational time comparison between the conventional full-size 

WAAM model 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 WAAM model 
[37] 

51 h, 24 min 24 h, 1 min 75 h, 25 min 

Efficient WAAM 
model  

12 h, 18 min 26 min – Short 
model 

5 min – Long model 

12 h, 49 min 

Time saving  76.1% 97.8% 83.0% 
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Table 5-5 Computational time comparison between the conventional full-size 

rolling model and the efficient rolling model developed in this study. 

Computational 
time for rolling  

Computational time 
of mapped long 
mechanical model 

Total 
computational 
time 

Conventional full-
size rolling model 
Chapter 4 and 
Ref. [52]  

17 h, 47 min  N/A 17 h, 47 min 

Efficient rolling 
model 

37 min Chapter 
4 and Ref. [52] 
(short model) 

7 min 44 min 

Time saving 96.5% N/A 95.9% 

The saving of the computational time is mainly attributed to the reduction of the 

number of nodes in the model and the less process time involved in the 

simulation. The short model consists of approximately 12000 nodes, while the 

number of nodes is approximately 82000 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 component 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 only calculated the RS and 

distortion after removal of clamps, which was much less computationally 

expensive. 

5.3.2 WAAM deposition 

5.3.2.1 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 [37]. The locations of the 

thermocouples (TP1-TP4) used in the experiments are shown in the cross-

section of the WAAM thermal model (Figure 5-2).  
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Figure 5-5 Temperature histories predicted by the short thermal WAAM model at 

the thermocouple locations: a) TP1, b) TP2, c) TP3 and d) TP4 (see Figure 5-2 for 

locations). The experimental measurements by Ding [34] are also included for 

comparison. 
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Figure 5-5 shows the comparison of the temperature histories at the 

thermocouple locations. It should be noted that only the temperature data for the 

first four layers are presented, and in the model the TP2 is not located at any 

element node, so the interpolated temperature is used. Good agreement is 

evident, which means that the reduced length of the short model does not impair 

the accuracy of the thermal solution.  

Figure 5-6 Predicted temperature histories at different longitudinal locations (i.e., 

different X coordinates) which are coincident with a) TP1, b) TP2, c) TP3 and d) 

TP4 in the YZ plane (see Figure 5-2 for locations of TP1-TP4). Note that the peak 

temperatures corresponding to steady-state of the WAAM deposition are 

highlighted. 

To demonstrate the steady state of the temperature field during WAAM 

deposition, the temperature histories at different longitudinal locations are 

compared in Figure 5-6. These inspected locations share the Y and Z coordinates 
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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 

temperature 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 seconds, corresponding to a distance of 21 – 29 mm to the WAAM 

start boundary. For the TP1, TP3 and TP4 locations, the highest peak 

temperatures remain constant within a period of time, indicating the time-

independence of the peak temperature and the attainment of the steady state. 

For the TP2 locations in the substrate far from the deposited wall (fewer data are 

available due to the coarse mesh adopted at these locations, see Figure 5-2), 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 [30]. The temperature 

results confirmed that the steady-state solution of near-field temperatures, which 

are critical to the RS development during WAAM deposition [30], can be obtained 

using the short thermal model.  

5.3.2.2 Mechanical analysis using short model 

The PS and RS distributions in the WAAM component are analysed using the 

short mechanical model. The net thermal deformation after WAAM deposition is 

negligible since the temperatures in the initial, inter-layer and final states are all 

approximately same as room temperature (Figure 5-5). Therefore, the process-

induced PS is the main origin of the RS and hence it is important to accurately 

predict the PS.  

Prior to beginning of deposition, PS considered 0 in the substrate and in the first 

activated layer. Following layer-by-layer deposition induced even compressive 

PS in the WAAM wall and below the wall in the substrate. To reveal the 

mechanism of the longitudinal PS formation, the variations of both the PS and 

temperature with time are correlated during the deposition of the layer 10. Figure 

5-7 shows the temperature profile and longitudinal PS in the middle of the layer 

10 when the heat source was passing.  
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Figure 5-7 Temperature profile and longitudinal PS variation in the middle of the 

layer 10 during the deposition of layer 10. 

When the heat source approached to the inspected point, the heating caused 

thermal expansion of the material but the expansion was constrained by colder 

material in front and behind of the heat source. Consequently, compressive stress 

was generated and the material was yielded at the compressive state due to the 

low yielding strength at the high temperature. After the heat source passed the 

inspected point, the cooling caused thermal shrinkage of affected material. The 

compressive PS reached maximum at the peak temperature and then reduced 

due to the counteracting of the tensile PS developed during cooling. Similar 

evolution of PS occurred during deposition of all layers. 

Figure 5-8 shows the predicted longitudinal PS distributions in the steady-state 

region after the deposition of the twenty layers in the clamped condition. The 

results for different longitudinal constraint conditions adopted in the short model 

are compared. The prediction by the full-size mechanical model [30,37] 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 and the PS ranges from -0.02% 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 
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overestimated the compressive PS in the wall, and it appears that the less the 

longitudinal constraint, the more significant the overestimate.  

Figure 5-9 shows the 3D distributions of the PS predicted by the full-size model 

[30,37] 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 (i.e., steady-state region), except some slight 

deviation near the clamps (three clamps on each side of the substrate). 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 feature is consistent with the effect of longitudinal constraint on PS, as 

revealed by the short model (Figure 5-8 b-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.  

Figure 5-8 Cross-sectional distributions of longitudinal PS in the steady-state 

region for the WAAM: a) full-size mechanical model [34], b) short mechanical 

model with free ends, c) short mechanical model with constrained ends, d) short 

mechanical model with full longitudinal constraint. 
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Figure 5-9 3D distributions of the longitudinal PS for the WAAM: a) full-size 

mechanical model [34], b) short mechanical model with full longitudinal constraint. 

Figure 5-10 Cross-sectional distributions of longitudinal RS in the steady-state 

regions for the WAAM: a) full-size mechanical model [34], b) short mechanical 

model with free ends, c) short mechanical model with constrained ends, d) short 

mechanical model with full longitudinal constraint. 

Figure 5-10 shows the predicted longitudinal RS distributions in the steady-state 

region. The full-size model [30,37] predicted tensile RS in both the wall and the 

substrate region immediately below the wall (Figure 5-10 a), while 

counterbalancing compressive longitudinal RS formed in the bottom and side 

regions of the substrate. The RS distribution predicted by the short model with 

free ends is markedly different from that predicted by the full-size model (Figure 

5-10 a and b), mainly due to the large difference in PS distribution (Figure 5-8 a 
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and b). The RS predictions by the short models with constrained ends and full 

longitudinal constraint are both similar to the prediction by the full-size model 

[30,37], although the short model with constrained ends overestimated the PS in 

the wall (Figure 5-8 c). 

5.3.2.3 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 efficacy of the 

mapping (Sections 5.2.1, 5.2.2 and 5.2.3) is demonstrated in Figure 5-10d and 

Figure 5-11a, 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 5.2.2) and the differences in longitudinal 

constraint condition and clamps locations between the short and long models 

(Figure 5-2 and Figure 5-3). The mapped long model also captured the 

nonuniform RS distributions near the two free ends of the full-size component. 

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 5-11 b). Upward 

bending distortion was generated due to the partial relaxation of the original 

tensile RS in the wall, and the deformation was essentially elastic as no additional 

PS was generated. It should be mentioned that additional simulation of removal 

of clamps using the short model did not capture the bending distortion, indicative 

of the necessity of the long model.  

Figure 5-12 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 5-8). 

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.  
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Figure 5-11 Longitudinal RS distributions predicted by the mapped long 

mechanical model for the WAAM: a) before clamps removal, b) 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.  

In order to further assess the solution accuracy, the predicted distortion after 

clamps removal was compared to the experimental measurement [34,37] for a 

four-layer WAAM deposited wall (Figure 5-13). The maximum out-of-plane 

distortion measured by Ding et al. [34,37] was 3.4 mm, while the mapped long 

model predicted distortion of 3.1 mm. The prediction error is 8.8% and such a 

small discrepancy could be attributed to the idealisation of the clamps (nodal 

displacements are fixed at clamping locations in the model). 
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Figure 5-12 Longitudinal RS distributions along the Z-direction (through wall 

height, see Figure 5-11b 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 et al. [34] and Colegrove et al. [5] are also 

included, which were conducted using neutron diffraction after clamps removal. 

Figure 5-13 Verification of out-of-plane distortion predicted by the mapped long 

mechanical model after clamps removal. Note that the experimental measurement 

by Ding [34] using a 3D laser scanner was based on a four-layer deposited wall, 

and the WAAM model was adapted accordingly. 
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5.3.3 High pressure rolling 

5.3.3.1 Mechanical analysis using short model 

Pure rolling analysis is presented in this section. The PS and RS distributions 

predicted by the short model for the clamped wall component have been reported 

in Chapter 4. Here, the analysis is focused on the effects of different longitudinal 

constraint conditions on the results, 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 Chapter 4 and Ref. [52]. 

Figure 5-14 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. The 

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 in the 

following. 

Figure 5-15 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 underneath 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. 



121 

Figure 5-14 Comparison of predicted longitudinal PS distributions in the steady-

state region of high pressure rolling: a) conventional full-size model [52], b) short 

model with free ends, c) short model with constrained ends [52], d) short model 

with full longitudinal constraint. 

Figure 5-15 Comparison of predicted longitudinal RS distributions in the steady-

state region of high pressure rolling: a) conventional full-size model [52], b) short 

model with free ends, c) short model with constrained ends [52], d) short model 

with full longitudinal constraint. 
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5.3.3.2 Mechanical analysis using mapped long model 

Figure 5-16 shows the longitudinal RS distributions predicted by the mapped long 

mechanical model for the rolling. The RS distribution in the steady-state region is 

almost unchanged after the solution mapping from the short model with 

constrained ends (Figure 5-15c and Figure 5-16a). 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 5-16), 

unlike the significant effect for the WAAM (Figure 5-11). Moreover, no discernible 

distortion of the rolled wall was generated after clamps removal (Figure 5-16), in 

contrast to the bending distortion for the WAAM (Figure 5-11). 

Figure 5-16 Longitudinal RS distributions predicted by the mapped long 

mechanical model for the high pressure rolling: a) before clamps removal, b) 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. 

5.3.4 Combination of WAAM and rolling 

The results of the WAAM + rolling model are presented in this section. Figure 

5-17 shows the longitudinal PS distributions in the steady-state region. After 

WAAM deposition, compressive PS is dominant in the wall (Figure 5-17a). The 

rolling gave rise to tensile PS and hence the compressive PS caused by WAAM 

deposition was reduced after rolling (Figure 5-17b). Given the 50 kN rolling load 



123 

used, significant tensile PS was generated near the rolled surface (Figure 5-17b), 

which is similar to the tensile PS solely caused by rolling (Figure 5-14c). This 

means that the PS induced by the rolling overwhelms the PS induced by the 

WAAM deposition. 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 (Figure 5-17 c and d). 

Figure 5-18 shows the longitudinal RS distributions in the steady-state region. It 

is clearly seen from Figure 5-18a and Figure 5-18b 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 distance from the substrate to the rolled surface. The 

mitigation of WAAM deposition RS by 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 5-18). Interestingly, the RS in the wall is 

similar between the combined WAAM-rolling (Figure 5-18c) and the individual 

rolling (Figure 5-16a). This means that the rolling dominates the final RS in the 

wall for the given rolling load of 50 kN (Figure 5-4). The removal of clamps results 

in slight decrease of tensile RS in both wall and substrate (Figure 5-18d).  

Figure 5-19 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 significant distortion found after removal of clamps. This is 

because the WAAM deposition RS in the clamped condition has been largely 

mitigated by rolling and then no much RS was relaxed during clamps removal to 

generate distortion.  
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Figure 5-17 Predictions of longitudinal PS distributions in steady-state region: a) 

short WAAM model with clamps, b) short WAAM + rolling model with clamps 

(WAAM model result is used as initial condition), c) mapped long model with 

clamps, d) mapped long model after clamps removal. 

Figure 5-18 Predictions of longitudinal RS distributions in steady-state region: a) 

short WAAM model with clamps, b) short WAAM + rolling model with clamps 

(WAAM model result is used as initial condition), c) mapped long model with 

clamps, d) mapped long model after clamps removal. 
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Figure 5-19 3D distributions of longitudinal RS predicted by the mapped long 

mechanical 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). 

5.3.5 Generalisation and limitation 

This study has demonstrated that the developed modelling method (Sections 

5.2.1 and 5.2.2) is efficient to simulate both WAAM and rolling (Sections 5.3.1-

5.3.4), which enables analyses and understanding of individual WAAM/rolling 

and combined WAAM-rolling processes for large components encountered in 

practice. This efficient modelling method 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 method. 

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 (Figure 

5-8) and rolling, Chapter 4 and Ref. [52]. 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 
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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 

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, Chapter 4 and Ref. [52]. Nevertheless, a 2D 

mechanical model (e.g., plane strain model) could be used for the WAAM 

deposition based on 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 5-4). 

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 [55]. 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 (Figure 5-8 and Figure 5-10), while longitudinal constraint is only 

needed on the two end-surfaces of the wall component for the short rolling model 

(Figure 5-14 and Figure 5-15). This difference can be attributed to the distinctive 

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 of the studied long component. The constrained-ends condition 

does not provide sufficient longitudinal constraint in the steady-state region of the 

short WAAM model (Figure 5-8c). However, if the actual length of the component 

(Figure 5-4) 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 penetration of roller at room temperature and assuming full longitudinal 
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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 added constraint being equivalent to that for 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 clamps removal. However, 

the computational time for the mapped long model is much less than the 

conventional full-size WAAM or rolling model (Table 5-4 and  
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Table 5-5), 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 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 are not captured. These drawbacks do not 

impair the accuracy of the steady-state solutions obtained by the WAAM and 

rolling models (Sections 5.3.2 and 5.3.3). 

Another limitation of the efficient modelling method is that the short mechanical 

model is applicable 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 can be used as an efficient solution to the in-process distortion. 

Nevertheless, the short model still can be used to estimate the inherent strain for 

such an analysis.  

5.4 Concluding remarks 

An efficient modelling method is developed to determine temperature, plastic 

strain, residual stress and distortion in large-scale additive manufacturing. In this 

method, 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 method 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: 

1. Computational time of WAAM and rolling simulations can be significantly 

reduced using the developed efficient modelling method. The high 
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efficiency is gained through reducing the component length and process 

time considered in the simulation to obtain steady-state solution. The 

enhanced efficiency is essential for simulation of WAAM + rolling process. 

2. 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 imposed. A full longitudinal constraint is 

needed for the short WAAM model, while only the two ends of the 

shortened component need to be constrained for the short rolling model. 

3. For the WAAM deposition, the predictions of temperature, residual stress 

and distortion are in good agreement with experimental measurements. 

Within the steady-state region, uniform compressive longitudinal plastic 

strain is generated in the wall, which is responsible for the tensile 

longitudinal residual stress under the clamped condition. For the rolling 

process, tensile longitudinal plastic strain is generated and concentrated 

near the top surface rolled by the flat roller, where both tensile and 

compressive longitudinal residual stresses arise. The removal of clamps 

does not cause considerable distortion after rolling.  

4. For the combined WAAM-rolling process, the rolling can effectively 

mitigate the tensile residual stress in the WAAM-deposited wall under 

clamped condition, because the rolling introduces tensile plastic strain that 

counteracts the compressive plastic strain generated by the WAAM 

deposition. The rolling-enabled mitigation of residual stress 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. 

5. 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 component is not effectively clamped. 

Nevertheless, the steady-state solution mapping technique enables the 

estimate of distortion due to removal of clamps in the long mechanical 

model. 
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6 Understanding and designing post-build rolling for 

mitigation of residual stress and distortion in wire 

arc additively manufactured components 

This chapter is based on the following publication: 

Gornyakov V., Ding J., Sun Y., Williams S., Understanding and designing post-

build rolling for mitigation of residual stress and distortion in wire arc additively 

manufactured components. Submitted to Materials & Design in Elsevier 

(Manuscript ID: JMADE-D-21-02630) for Publication. 

As it was found in Cranfield University [1], post-build rolling can reduce distortion 

with an efficacy comparable to inter-layer rolling in WAAM produced components. 

In the literature the effect of the rolling parameters and roller design on final 

residual stress (RS) and plastic strain (PS) distribution was presented, but the 

mechanism of the influence was not revealed. The influence of the friction 

coefficient on RS and PS during post-build rolling of WAAM parts with slotted 

roller was not investigated either.  

This Chapter presents a numerical study on the influence of the main process 

variables associated with post-build rolling on the mechanical response of the 

WAAM wall, and the considered variables include roller geometry, rolling load 

and friction coefficient. The efficacy of roller design and rolling loads in mitigating 

tensile RS is compared between different analysis cases, and thereby 

recommendations are provided for implementation of optimal post-build rolling. 

The computationally efficient short implicit transient model, as described in 

Chapter 4, is used for the rolling simulations. In the long model, the initial 

conditions (RS and PS distributions), as caused by the thermal deposition 

process, are transferred from the results of the simulation of the short mechanical 

multilayer model using the Solution Mapping Technique (Chapter 5). 

Abstract: Post-build rolling is envisioned to be more efficient and convenient to 

implement, as compared to inter-layer rolling, for mitigation of residual stress (RS) 

and distortion in metallic components built by wire arc additive manufacturing 

(WAAM). In this study, based on numerical simulations that considered both 
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WAAM deposition and post-build rolling, the mechanisms of rolling-enabled 

mitigation of RS and distortion in a WAAM-built steel wall have been revealed. 

The influences of the process configurations, such as roller design (flat, profiled 

and slotted rollers), rolling load (25-75 kN) and roller-to-wall friction coefficient (0-

0.8) on the distributions of PS and RS were investigated. It was found that for all 

the designed rollers, higher rolling load increased the rolling-induced tensile PS, 

and consequently led to more extensive mitigation of the WAAM-generated 

tensile RS. The slotted roller at all investigated rolling loads was most effective to 

introduce tensile PS to counteract the compressive PS generated by the WAAM 

deposition, and thereby to reduce the tensile longitudinal RS and the final 

distortion after removal of clamps. The simulations also demonstrated that the 

friction coefficient significantly affected the longitudinal tensile PS and RS when 

the slotted roller was used in the rolling. However, the efficacy of the flat/profiled 

roller is insensitive to friction coefficient. This study could underpin the 

development of an optimal post-build rolling process for efficient mitigation of RS 

and distortion in WAAM components. 

Keywords: wire + arc additive manufacturing; cold working; residual stress; 

plastic deformation; roller design; rolling load 

6.1 Introduction 

Wire Arc Additive Manufacturing (WAAM) is a modern near-net-shape 

manufacturing technology, which has gained increasing popularity in aerospace, 

automotive, military, and petroleum industries. WAAM allows building of 

components with various dimensions, from relatively simple walls [1] and 

cylindrical structures [2], to complex parts with variable thickness of deposits [2]. 

Parts with medium geometric resolution and surface quality [3] have been built 

using steel [1,4], aluminium alloy [5], titanium alloy [6], nickel superalloy [7], 

tantalum [8] and tungsten [9]. This new technology is based on sequential 

deposition of metallic layers with a wire consumable, an arc heat source, a robotic 

manipulator, and a precise computer control. The standard robotic equipment, 

heat sources and wire consumables, which are widely available in the market, 

reduce build-up and operational cost of WAAM [10–13]. Design flexibility, 
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reduced manufacturing time and low buy-to-fly ratio [10] make the WAAM 

process attractive for small batch manufacturing.  

One of the main challenges in applying WAAM process for building large-scale 

structures is to control and reduce RS and distortion. RS arises from “mismatch” 

between different regions of the deposit upon uneven heating and cooling [14]. 

RS may cause build distortion as well as stress corrosion cracking and brittle 

fractures [15–18], which can all lead to major failure of WAAM parts. Heat 

treatment is an effective method to eliminate RS [19], which normally works 

through evenly heating the component, thereby reducing yield strength and 

relaxing RS gradually. However, this method is expensive and difficult to apply 

for large components, and it could adversely affect mechanical properties.  

High pressure rolling has been developed as a versatile and cheap technique for 

reducing RS in welds [20]. Rolling induces tensile PS in the weld, and as a result, 

the compressive PS generated during the welding process is compensated for, 

and hence the tensile RS is relaxed. The first research on such a RS mitigation 

method was conducted in Russia by Kurkin et al. [21,22]. Post-weld rolling was 

found effective to reduce RS even in thick joints [23,24] and the effectiveness is 

proportional to the rolling load [20].  

In the last decade high pressure rolling has been also widely implemented for 

controlling RS and distortion in WAAM. Colegrove et al. [1] reported reduction of 

RS and distortion in WAAM steel components after both inter-layer and post-build 

rolling with profiled (i.e., roller with radiused groove) and slotted rollers. The 

results demonstrated a trend that as the rolling load increases (from 25 kN to 75 

kN), the final distortion decreases. The slotted roller was found to be more 

effective in reducing RS and distortion, as it introduces lateral restraint to the wall 

during rolling and promotes larger deformation in longitudinal direction. 

Interestingly, the distortion of the post-build rolled sample is comparable to that 

of the inter-layer rolled sample.  

Colegrove et al. [25] and Martina et al. [6] investigated inter-layer rolling with flat 

and profiled rollers on WAAM Ti-6Al-4V components. For both rollers, the 

distortion decreased with the increase of the rolling load. However, the distortion 
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cannot be completely eliminated, similar to the observation in WAAM steel 

components [1]. This is partially due to the absence of side restraint during the 

rolling of the WAAM wall, which causes significant deformation in the transverse 

direction. For complicated structures, Hönnige et al. [26] investigated the effect 

of inter-layer rolling on intersections with “inverted” roller (i.e., roller with convex 

profile), and reported that although this roller can improve the microstructure, it 

does not affect RS distributions at the intersections, presumably because the 

thermal influence of WAAM deposition dominated over the rolling [26]. 

Most of the reported high-pressure rolling experiments for WAAM components 

were conducted between each layer (i.e., inter-layer rolling), which is time 

consuming and costly. Fortunately, as suggested by Colegrove et al. [1], the post-

build rolling (i.e., rolling of a last layer only) can provide a similar efficacy as the 

inter-layer rolling for distortion reduction, with much less time and cost, while the 

efficacy of post-build rolling for residual stress mitigation has not been examined 

in experiments.  

Finite Element Analysis (FEA) has been proved a robust method for studying 

WAAM and rolling processes [33,34], which can significantly reduce experimental 

effort. The influence of rolling load and friction coefficient on RS distribution during 

post-build rolling have been studied numerically by Cozzolino [28] for 

conventional welds and by Abbaszadeh et al. [29] for WAAM. Tangestani et al. 

[30] investigated the effect of the roller design on the longitudinal RS distribution 

in post-build rolled WAAM components. It was found that the increase in the 

rolling load/depth led to a greater depth of compressive longitudinal RS. 

Comparing to other rollers, the slotted roller can induce a larger magnitude of 

longitudinal RS with a greater depth. The surface depth curvature of the roller has 

a minor effect on the longitudinal RS distribution. Tangestani et al. [30] also 

demonstrated that the variation of the friction coefficient between the roller and 

the wall marginally affected RS and PS distributions at relatively low rolling loads. 

However, neither of the rolling models by Abbaszadeh et al. [29] or Tangestani 

et al. [30] considered the initial PS generated by WAAM, which can affect strain 

hardening of the material during rolling. The influence of post-build rolling on the 
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WAAM-generated PS distribution and the mechanism of PS formation were not 

reported in the literature, while PS distribution plays a key role in RS formation 

during rolling. Although the effects of the rolling parameters and roller design on 

RS distribution were demonstrated in the literature, the RS mitigation mechanism 

and the RS redistribution after removal of clamps were not revealed. For the 

slotted roller, the friction effect has not been investigated either. Therefore, the 

aim of this research is to fill the aforementioned knowledge gap and to investigate 

the influences of the main process parameters of the post-build rolling on the 

mechanical response of the WAAM deposited wall. The considered process-

related variables include roller geometry, rolling load and friction coefficient, and 

the mechanical variables under investigation are PS, RS and distortion.  

6.2 Materials and methods 

6.2.1 Materials and experiments 

The WAAM deposition and post-build rolling to be modelled are consistent with 

previous experiments [1]. A structural steel plate (grade S355JR-AR) with a 

thickness of 12 mm was used as the substrate (see chemical compositions in 

Table 6-1). Cold Metal Transfer process was used with Lincoln Electric SupraMIG 

G3Si1/ER70S-6 wire (⌀ 0.8 mm, see chemical compositions in Table 6-1). A 490 

mm long linear wall was built with a layer width of 5 mm and a layer height of 2 

mm, and the deposition parameters are listed in  

Table 6-2. The rolling loads ranged from 25 kN to 75 kN. Six clamps were applied 

during WAAM deposition and rolling, and the clamps were removed after 

manufacture. 

Table 6-1 The chemical compositions of the substrate plate and the filler wire. 

C, % Mn, 
% 

Si, % P, % S, % N, % Nb, % Cu, 
% 

Fe, % 

The substrate steel grade S355JR-AR 

0.24 1.60 0.55 0.045 0.045 0.009 0.003–
0.100 

Balance

The filler wire Lincoln Electric SupraMIG G3Si1/ER70S-6 
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0.08 1.50 0.92 ⩽0.040 ⩽0.035 0.16 Balance

Table 6-2 WAAM deposition parameters. 

Wire feed speed, 
m/min 

Travel speed, 
mm/s 

Heat input, J/mm Assumed 
efficiency 

10 8.33 269.5 0.9 

6.2.2 Thermal-mechanical model of WAAM deposition 

General purpose FEA software Abaqus was employed for the numerical 

simulations in this study. To obtain the PS and RS distributions caused by the 

WAAM deposition, an efficient thermal-mechanical model was used Chapter 5 

and [31]. Firstly, the temperature field was predicted using a short multilayer 

thermal model with a calibrated double-ellipsoidal heat source. Then the 

temperature histories were transferred to a short multilayer mechanical model, 

from which the PS and RS evolution during the deposition was calculated. The 

solution mapping method described in Chapter 5 and Ref. [31] (Figure 6-1) was 

used to transfer the PS and RS distributions obtained by the WAAM model to the 

short post-build rolling model as the initial conditions, and to transfer the steady-

state solution of the short model to full-size long model for determining final state 

after removal of clamps. This method is applicable to both WAAM and rolling, 

Chapter 5 and Ref. [31]. 
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Short thermal-
mechanical 

WAAM model 
(72 mm long)

Short mechanical 
rolling model
 (72 mm long)

Long mechanical model (500 mm long)

Solution slice from the 
steady-state region of 

short donor model

Solution mapping

Mapping of 6 stress components, 6 plastic strain components, 1 equivalent plastic strain component and 3 
displacement components to recipient long mechanical model

and / or

Figure 6-1 Mapping method to transfer steady-state solution between different 

models [31]. 

6.2.3 Post-build rolling model 

Three sets of rolling models were developed to carry out parametric sensitivity 

analysis and furthermore to identify the RS and distortion mitigation mechanisms. 

In Set 1 models the effects of different rolling variables were studied for the flat 

roller without consideration of the WAAM process. The Set 2 models studied the 

effects of the friction coefficient on the PS and RS distributions for a given rolling 

load. Three different rollers, including flat, profiled, and slotted rollers, as shown 

in Figure 6-2, were investigated. The Set 3 models focused on the investigation 

into the effects of rolling load and roller design on the PS and RS distributions. It 

should be noted that, the Set 1 models simulated the rolling alone, while the Set 

2 and Set 4 models incorporated the PS and RS predicted by the thermal-

mechanical WAAM model as the initial condition. Table 6-3 summarises the 

different variables used in the rolling models. For Set 2 models, four friction 

coefficients were considered, µ = 0; 0.1; 0.5; 0.8. A friction coefficient of 0.1 is 

recommended in the literature to simulate the lubricated contact between the 

roller and component [32–35], while the coefficient is assumed to be 0.5 for 

simulating the unlubricated steel-to-steel contact [27,36] and steel-to-aluminium 
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contact [37,38]. For Set 3 models, it was assumed that µ = 0.1, as in the 

experiments lubricant was applied between the wall and the slotted roller [1].  

Table 6-3 Rolling process variables considered in different sets of models.  

Roller 
Design 

Rolling 
Load, F (kN)

Friction Coefficient, 
µ (-) 

WAAM 
Deposition 
Before Rolling 

Set 1 # Flat  25, 50, 75 0.5 Not included 

Set 2 Flat 50 0, 0.1, 0.5, 0.8 Included 

Profiled 50 0, 0.1, 0.5, 0.8 Included 

Slotted 50 0, 0.1, 0.5, 0.8 Included 

Set 3 Flat 25, 50, 75 0.1 Included 

Profiled 25, 50, 75 0.1 Included 

Slotted 25, 50, 75 0.1 Included 

# These models are used to investigate the influence of the rolling alone on the 

material response. 

Figure 6-2 Design of the flat a), profiled b) and slotted c) rollers. 

Computationally efficient 3D short implicit transient model (Chapter 4 and Ref. 

[39]) was used in the numerical analysis. The thermal-mechanical model of 

WAAM deposition provides the initial condition for the rolling models (Sets 2 and 

3) and the details of the WAAM model can be found in a previous Chapter 5 and 

paper by the same authors [31]. The rolling model consists of two components: 

the analytic rigid roller and the deformable WAAM wall bonded to the substrate 
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(Figure 6-3 a). In the models with the flat and profiled rollers, the WAAM wall 

length is 72 mm, while for the slotted roller, it is 144 mm because the slotted roller 

requires a longer distance to reach a steady-state. As demonstrated in Chapter 

4 and Ref. [39], the deformable WAAM wall has sufficient length to reach steady-

state rolling for the model to obtain an accurate and consistent solution. Further 

increase in wall length will not change the distribution of steady-state PS and RS.  
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Figure 6-3 Post-build rolling model for WAAM built wall using profiled roller: a) 

model dimensions, b) inspection plane. Note that only half component is 

considered due to symmetry. 

The solution mapping technique (Section 5.2.2) was used to transfer initial WAAM 

RS and PS distributions to the post-build rolling models. Post-build rolling models 

simulated only rolling process without inclusion of thermal effects related to 

WAAM deposition. Due to this, the elastic-plastic properties of mild steel for 

ambient temperature were used for the wall and substrate, as reported by 

Thompson et al. [40] (Table 6-4). 

Table 6-4 The elastic-plastic material properties from Ref [40] for ambient 

temperature. 

Young’s 
modulus 
[GPa] 

Poisson’s 
ratio 

Plastic strain Yield stress 
deposit, [MPa] 

Yield stress 
substrate, [MPa] 

202 0.3 0 440 390 

0.04 550 500 

0.12 615 565 

0.51 676 626 

For simplification, it was assumed that the material properties are isotropic and 

not influenced by the microstructural changes caused by the thermal cycles and 

rolling. A yield strength value of 502 MPa was found in the certificate of ER70-S6 

welding wire, which was used during experiments [1]. Colegrove et al.’s 

experiments [1] showed that the longitudinal tensile RS reached 600 MPa on the 

border between the WAAM deposit and substrate. For mild steel, the magnitude 

of RS is usually equal to the yield strength [41,42]. These findings suggested that 

the actual yield strength of the WAAM deposit could be higher than the reported 

390 MPa at 20 C° [40]. Therefore, the yield strength of the deposit at room 

temperature was increased by 50 MPa in the rolling model compared to 

Thompson et al.’s data [40]. Material properties of the substrate were not altered 

and equivalent to those suggested by Thompson et al. [40].  
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The rolling model comprises two analysis steps: loading step and rolling step. In 

the loading step, the roller was gradually lowered via vertical load control until 

having pressed the top surface of the wall with the prescribed rolling load. The 

compressive loading location is 10 mm away from the Start boundary (Figure 

6-3a). During the rolling step, the roller was moved along the wall with the 

prescribed rolling load and at a horizontal speed of 3 mm s-1. It should be noted 

that no torque was applied to the roller. The rolling was terminated 10 mm away 

from the Stop Boundary (Figure 6-3a). The distance of 10 mm was chosen to 

prevent plastic collapse in the vertical direction at the edge of the wall due to 

rolling load.  

Surface-to-surface contact interaction with friction (penalty formulation) was 

specified between the roller and the wall surface, and the friction force drove the 

rotation of the roller in the rolling step. To simulate the clamping of the WAAM 

component to the worktable during the rolling process, the bottom of the substrate 

was constrained in all directions, which is similar to the method adopted by 

Abbaszadeh et al. [29]. To avoid the unrealistic longitudinal deformation due to 

reduced length in the short model, the Start and Stop boundaries of the model 

were constrained for nodal movement in X direction (i.e., longitudinal rolling 

direction), Chapter 5 and Ref. [31]. 

The 3D 8-node linear brick elements (Abaqus designation C3D8R) were used in 

the mechanical model. A coarse mesh (element dimensions: 8 mm × 7.5 mm × 

1.765 mm) was used for the substrate, while a fine mesh (element dimensions: 2 

mm × 0.833 mm × 0.667 mm) was used for the deposited wall subject to large 

deformation under rolling. A mesh sensitivity analysis was carried out to ensure 

that the results of the simulation are independent of the mesh density.  

6.2.4 Long mechanical model 

To determine the final PS and RS distributions and the distortion of the 500 mm 

long post-build rolled WAAM wall after removing the constraints/clamps, the 

solution mapping method (Chapter 5 and Ref. [31]) was employed, Figure 6-1. 

The solution slice from the steady-state region of the short post-build rolling 

model was spatially repeatedly mapped to the long mechanical model. The long 
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model has the same cross-section, material properties and mesh density as the 

short model, but the length of the WAAM wall in the long model is 500 mm, which 

is consistent with previous experiments [1].  

6.2.5 Inspection planes 

Detailed analysis was performed for an inspection plane located 48 mm away 

from the Start Boundary of the 72 mm long WAAM wall rolled by the flat/profiled 

roller and 86 mm away for the 144 mm long wall rolled by the slotted roller, as 

shown in Figure 6-3b. This is the region where the rolling reached the steady 

state (Chapter 4 and Ref. [39]). For the short models, all the inspections were 

performed for the simulations under the clamped condition. In the 500 mm long 

mechanical model the inspection data was collected in the mid-length plane, 

under both clamped and unclamped conditions. 

6.2.6 Model solution time 

A high-performance computer with four nodes was used for the computation. The 

maximum wall-clock time to obtain the solution of the 72 mm long WAAM wall 

model with the flat roller was 13 min 40 sec, while the 144 mm long wall model 

with the slotted roller took 1 hour 13 min. The wall-clock time to solve the long 

mechanical model was 6 min 43 sec. Much more computational time is expected 

if a full-size model is used for the WAAM deposition and rolling simulations 

(Chapters 4 and 5, Ref. [31,39]).  

6.3 Results and discussion 

Figure 6-4 and Figure 6-5 show the PS and RS distributions, respectively, after 

the WAAM deposition and the rolling with the flat, profiled and slotted rollers at a 

rolling load of 50 kN. The thermal cycles during the WAAM deposition caused 

significant compressive longitudinal PS, which is approximately −0.003 in the 

wall and −0.002 in the substrate immediately underneath the wall. The rolling 

induced tensile PS in the wall and reduced the magnitude of compressive PS in 

the substrate below the wall. The slotted roller induced larger magnitude of tensile 

PS in the wall and it less markedly reduced the wall height comparing to the flat 

and profiled rollers. Longitudinal tensile RS in the wall (474 – 594 MPa), as 
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caused by the thermal deposition cycles, was converted to compressive RS in 

the core of the wall by the rolling. The magnitude of the tensile RS in the substrate 

below the wall was also reduced by the rolling. Tensile RS remained in the region 

under the rolled surface. Compared to the flat and profiled rollers, the slotted roller 

converted the tensile RS to compressive RS in more extensive region further 

away from the rolled surface. 

Figure 6-4 Longitudinal PS distributions: a) after WAAM deposition, and after 

rolling with b) flat roller, c) profiled roller and d) slotted roller at F = 50 kN and µ = 

0.1. 



152 

Figure 6-5 Longitudinal RS distributions: a) after WAAM deposition, and after 

rolling with b) flat roller, c) profiled roller and d) slotted roller at F = 50 kN and µ = 

0.1. 

6.3.1 Model Set 1 

6.3.1.1 Longitudinal PS formation during rolling 

The mechanism of the PS generation in the wall during rolling with the flat roller 

is revealed in Figure 6-6. To isolate the rolling effect, the initial conditions were 

assumed stress-free without considering WAAM deposition. During the loading 

step the vertical compressive plastic deformation under the roller was 

accompanied by the transverse and longitudinal tensile plastic deformation. 

Three plastically deformed zones can be identified under the roller (Figure 6-6). 

Zone 1 and Zone 3 were deformed in compression and Zone 2 was in tension. 

During the rolling step, the material in front of the roller experienced compressive 

plastic deformation (Zone 1), while the material behind the roller experienced 

tensile plastic deformation (Zone 2), which is due to the longitudinal stretching 

effect of the rolling (i.e., vertical compression caused longitudinal elongation). The 

material in Zone 2 deformed with an angle to the rolled surface, because of the 

resultant force arising from the vertical rolling load and the horizonal moving 

traction (Figure 6-7). At the end of the rolling step, for the majority region of the 
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wall, the influence of compression Zones 1 and 3 was overwhelmed by the 

influence of tension Zone 2. 
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Figure 6-6 Longitudinal PS generation during rolling with the flat roller (F = 50 kN 

and µ = 0.5): a) at the end of the initial establishment of contact, b) at the beginning 

of the roller motion, c) at the end of the rolling step, and d) in the final rolling state 

on the transverse section. Note that in this analysis case the wall is assumed to 

be free from any strain and stress before rolling. 

Figure 6-7 Schematic of resultant force during rolling with flat roller. The 

longitudinal plastic deformation zones are also shown. 
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6.3.1.2 Longitudinal stress evolution during rolling  

The mechanism of the longitudinal RS caused by the rolling with the flat roller can 

be revealed in Figure 6-8. The plastic deformation induced by the rolling was 

constrained by the underlying material and then caused elastic straining between 

the unevenly deformed regions of the wall, resulting in the formation of RS. Four 

zones are defined to characterise the longitudinal stress evolution during the 

rolling process, i.e., Zone 1 in front of the roller below the wall surface, Zone 2 at 

the contact surface between the roller and wall, Zone 3 beneath the roller in the 

core of the wall and Zone 4 behind the roller at the rolled surface. In the end of 

the loading step (Figure 6-8a), plastic deformation developed under the roller, 

giving rise to compressive stress in Zones 1, 2 and 3. During the rolling step, the 

compression zones (Zones 1, 2 and 3) followed the motion of the roller and 

extended gradually. A tensile RS zone (Zone 4) developed due to the nonuniform 

distribution of plastic deformation (Figure 6-6), and as a result tensile elastic 

deformation (stretching) of material occurred behind the roller. 

In the final state after the rolling, compressive RS is distributed in the core of the 

wall, while tensile RS is distributed around the rolled surface. The compressive 

plastic deformation zone concentrated near the stop boundary (Figure 6-6) is the 

main driving source of the tensile RS at the rolled surface. Similar tensile RS was 

also obtained experimentally in WAAM parts [6] and found in previous rolling 

simulations for conventional welds [28]. 
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Figure 6-8 Longitudinal stress evolution during rolling with flat roller (F = 50 kN 

and µ = 0.5): a) at the end of the initial establishment of contact, b) at the beginning 

of the roller motion, c) at the end of the rolling step, d) in the final rolling state on 

the transverse section. Note that in this analysis case the wall and substrate are 

assumed free from any strain and stress before rolling. 

6.3.2 Model Set 2  

6.3.2.1 Influence of friction coefficient 

6.3.2.1.1 Longitudinal plastic strain 

Figure 6-9 shows the influence of the friction coefficient (between the wall and 

the roller) on PS distributions in the WAAM deposited wall after rolling with the 

flat, profiled and slotted rollers. Larger friction coefficient mainly caused increase 

of tensile PS under the rolled surface and such an effect is most marked for the 

slotted roller. As a stronger friction enhanced the adherence of the wall material 

to the surface of the roller, a greater tensile deformation was generated on the 

rolled surface. The constraint effect of the friction can explain the peak tensile 

deformation 1-2 mm below the rolled surface. This effect limited the deformation 

of the contact surface, but caused greater deformation underneath. Similar 

phenomenon has also been found in previous studies of rolling on single layer 
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deposit [28], cylindrical samples [43], as well as weld seams [23,27] and WAAM 

wall [44].  

Figure 6-9 Influence of friction coefficient on longitudinal PS in the WAAM built 

component after rolling: a) flat roller, b) profiled roller, and c) slotted roller (F = 50 

kN). 

For the slotted roller, the compressive PS associated with the WAAM deposition 

was converted to tensile PS in the entire wall and the magnitude of compressive 

PS in the substrate was significantly reduced (Figure 6-9c). With the increase of 

friction coefficient, the rolling-induced tensile PS increased, and more material 

was affected through the depth of the wall. Friction also promoted deeper 

penetration of the slotted roller (Figure 6-10), resulting in greater longitudinal 

tensile deformation. However, in the flat and profiled rollers models, the change 

of friction coefficient only caused small variation of the penetration. The additional 
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friction between the side wall surface and the slot surface is responsible for the 

deeper penetration of the slotted roller. The lateral deformation of the wall during 

rolling increased the contact area, and the material adhered to the slot surface 

helped the roller plunge deeper into the wall. The larger the friction coefficient, 

the more significant the aforementioned effect.  

Figure 6-10 Vertical penetration of slotted roller for different friction coefficients 

(F = 50 kN).  

6.3.2.1.2 Longitudinal residual stress 

Figure 6-11 demonstrates the influence of friction coefficient on longitudinal RS 

distributions in the WAAM component rolled with flat, profiled and slotted rollers. 

Friction coefficient is found to have a significant impact on the longitudinal RS 

distributions when using a slotted roller. The slotted roller with µ ≥ 0.5 converted 

the WAAM tensile RS to compressive RS in the whole wall. The main reason for 

this is the deeper penetration of the slotted roller to the wall at larger friction 

coefficients (Figure 6-10). The increased penetration and the constraint of 

transverse deformation by the slot surface promoted larger longitudinal tensile 

deformation (Figure 6-9c) and compressive RS (Figure 6-11). The compressive 

RS in the component can improve fatigue performance [45,46], while tensile RS 
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has detrimental effects [46]. However, the friction effect on RS is insignificant for 

the flat and profiled rollers (Figure 6-11 a and b). It is also interesting to find that 

the horizontal reaction force of the flat and profiled rollers is insensitive to the 

friction coefficient and for F = 50 kN the force fluctuated in the range of 5-6 kN 

with friction coefficients of 0 and 0.8, implying that the horizontal resistance is 

mainly due to the indentation step created by the flat/profiled roller (Figure 6-7) 

rather than the friction force.  

Figure 6-11 Influence of friction coefficient on longitudinal RS distributions in the 

WAAM built component after rolling with: a) flat roller, b) profiled roller and c) 

slotted roller (F = 50 kN).  

The present modelling results imply that rolling using a slotted roller with µ > 0.5 

could significantly improve the effectiveness of the rolling. However, in practice 
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rolling using a slotted roller without application of lubricant was unsuccessful, 

since the slotted roller was stuck in the WAAM wall due to insufficient horizontal 

moving traction capacity. The simulation confirmed that for the slotted roller at F 

= 50 kN, the predicted horizontal reaction force on the pivot of the roller increased 

from 5.74 kN to 11 kN when the friction coefficient increased from 0.1 to 0.8. 

Practical implementation of the unlubricated post-build rolling with slotted roller 

should be tested using a rolling rig with larger moving traction capacity.  

6.3.3 Model Set 3 

6.3.3.1 Influence of rolling load 

6.3.3.1.1 Longitudinal plastic strain 

The effects of the rolling load on the compressive longitudinal PS in the WAAM 

component for the flat, profiled and slotted rollers models are presented in Figure 

6-12 and Figure 6-13. The compressive PS generated by the WAAM deposition 

can be significantly reduced by the rolling even with a relatively low rolling load 

of 25 kN. When a higher rolling load was used, the compressive PS in the wall 

transformed into tensile PS, and more significant plastic deformation occurred 

underneath the rolled surface. 

With increase of the rolling load, the flat and profiled rollers models demonstrated 

a similar response. After rolling at F = 25 kN, the compressive PS reduced in the 

wall, as shown in Figure 6-13 a), b). As the rolling load increased to 50 kN, the 

compressive PS in the substrate reduced as well and converted to tensile PS 

underneath the rolled surface. When the rolling load further increased to 75 kN, 

the compressive PS was further reduced in the wall and substrate, and the tensile 

PS under the rolled surface significantly increased. The peak PS is found to be 2 

mm under the rolled surface, which can be enhanced by the friction as explained 

in the Section 6.3.2.1. Similar effect is also found for the slotted roller, except that 

the rolling with the slotted roller is more effective to reduce compressive PS and 

promote tensile PS in the wall.  
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Figure 6-12 Contour maps of longitudinal PS distributions in WAAM component: 

a) after deposition, and after rolling with flat roller at rolling loads of b) 25 kN, c) 

50 kN and d) 75 kN (µ = 0.1).  

Figure 6-13 Influence of rolling load on longitudinal PS in the WAAM component 

after rolling: a) flat roller, b) profiled roller, and c) slotted roller (µ = 0.1). 
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6.3.3.1.2 Longitudinal residual stress 

The effects of rolling on the longitudinal tensile RS induced by WAAM deposition 

for different rolling loads are presented in Figure 6-14 and Figure 6-15. The 

efficacy of the rolling to mitigate the WAAM deposition RS is enhanced by 

increasing the rolling loads for all the rollers. The tensile RS caused by the WAAM 

deposition was converted to compressive RS in the central region of the wall, 

while the tensile RS near/in the substrate was reduced. With increase of rolling 

load, the peak of compressive RS increased and moved to a greater distance 

away from the rolled surface. This response can be explained by the greater 

effect of the compression Zone 3 (Figure 6-8), which became larger and moved 

deeper due to the higher rolling load. In the flat and profiled rollers models, a 

higher rolling load caused an increase of tensile RS immediately under the rolled 

surface. It is also interesting to see that the rolling dominated the final RS and 

eliminated the feature of the WAAM deposition RS in the wall when the rolling 

load reached 75 kN.  

Figure 6-14 Contour maps of longitudinal RS distributions in WAAM component a) 

after deposition, and after rolling with flat roller at rolling loads of b) 25 kN, c) 50 

kN and d) 75 kN (µ = 0.1). 
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Figure 6-15 Influence of rolling load on the longitudinal RS in the WAAM 

component after rolling a) flat roller, b) profiled roller, and c) slotted roller (µ = 0.1). 

In general, all the rolling models showed that as the rolling load increased, the 

tensile RS mitigation efficacy was enhanced, and the converted compressive RS 

covered more extensive region in the wall. However, an excessive rolling load 

could face practical difficulty regarding machine capacity and it may not be always 

beneficial to reduce distortion (Section 6.3.4). 

6.3.3.2 Influence of roller design 

6.3.3.2.1 Longitudinal plastic strain 

The effects of rolling on the WAAM-induced longitudinal compressive PS for 

different rollers are presented in Figure 6-16. The flat and profiled rollers models 

demonstrated similar predictions for all tested loads, despite that the profiled 
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roller induced slightly larger longitudinal PS near the rolled surface, as compared 

to the flat roller. This difference arises because the lateral constraint provided by 

the edge of the profiled roller is larger than that solely provided by the friction for 

the flat roller, and hence the transverse deformation on the rolled surface can be 

more significantly constrained by the profiled roller.  

Figure 6-16 Influence of roller design on mitigation of the compressive longitudinal 

PS caused by WAAM deposition. The rolling loads are a) 25 kN, b) 50 kN and c) 75 

kN (µ = 0.1). 

Similar behaviour was also observed in experiments by Martina et al. [6], who 

measured the average engineering strain induced by the profiled roller and found 

it was larger in the normal direction than in the transverse direction. But for the 

flat roller the transverse strain is larger than the normal strain. However, the flat 
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and profiled rollers models predicted a similar PS distribution in the 

aforementioned region when the friction coefficient was 0.5 and higher, as shown 

in Figure 6-9 a and b.  

Compared with the flat and profiled rollers, for all rolling loads the slotted roller 

converted compressive PS to tensile PS in a larger region in the wall centre. This 

is due to the more extensive constraining effect of the slot surface, which 

prevented the transverse deformation and promoted the longitudinal deformation. 

In contrast, the flat and profiled rollers produced greater magnitude of tensile PS 

in the region that is 3 to 5 mm below the rolled surface.  

6.3.3.2.2 Longitudinal residual stress 

Figure 6-17 shows the influence of roller design on the longitudinal tensile RS 

generated by the WAAM deposition. The predicted RS distributions are compared 

between rolling with the flat, profiled and slotted rollers. Under all the considered 

rolling loads, the flat and profiled rollers demonstrated similar RS distributions 

with minor difference in the region immediately below the rolled surface. In 

contrast, the slotted roller reduced the WAAM tensile RS more effectively and led 

to relatively uniform compressive RS distribution in the core of the wall at F = 75 

kN. The main reason for such a stress feature is that the slot surface constrained 

the transverse deformation and meanwhile promoted the longitudinal 

deformation. For F = 75 kN, the lower magnitude of RS after rolling can be 

explained by the larger tensile plastic deformation having occurred in this region 

(Figure 6-16 c).  

The design of roller has a great impact on the final PS and RS after rolling and 

thus influences the effectiveness of the post-build rolling. At all investigated rolling 

loads, compared to the flat and profiled rollers, the slotted roller induced a larger 

magnitude of compressive PS and the compression region is deeper in the wall. 

As a result, the reduction in tensile RS was found in a larger volume of material 

in the WAAM wall. Based on the results of this study, it is recommended that post-

build rolling with a slotted roller should be developed further for minimising RS in 

steel WAAM structures. 
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Figure 6-17 Influence of roller design on mitigation of the tensile longitudinal RS 

caused by WAAM deposition. The rolling loads are a) 25 kN, b) 50 kN, and c) 75 kN 

(µ = 0.1). 

Unfortunately, measurements of RS in post-build rolled WAAM parts using the 

designed rollers and rolling loads considered here were not found in the literature. 

Thus, the simulation results were compared to the RS measured in the WAAM 

parts inter-layer rolled with profiled and slotted rollers at the rolling load of 50 kN 

[1]. Significant difference in RS is found between the measurements after inter-

layer rolling and the predictions by post-build rolling models. 

During inter-layer rolling with profiled and slotted rollers, a significant reduction of 

longitudinal tensile RS was observed at the border between the WAAM wall and 

the substrate [1]. However, after the inter-layer rolling the RS in the wall was still 
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mainly tensile, except slight compressive RS appearing near the rolled surface. 

[1]. Conversely, at the same rolling load (F = 50 kN) the post-build rolling models 

with flat, profiled and slotted rollers predicted compressive RS in the core of the 

WAAM wall and high tensile RS under the rolled surface, 

Figure 6-17 b). The distinctive distribution of the measured RS after inter-layer 

rolling could be attributed to the interaction of rolling with cyclic formation of RS 

during WAAM deposition [14], which reduced the effectiveness of rolling to 

mitigate tensile RS. In addition, it should be mentioned that the RS 

measurements were performed after removal of clamps in the experiments [1], 

while the post-build rolling models predicted RS in the clamped condition (Figure 

6-17). Nevertheless, for the post-build rolling the difference between RSs 

predicted under clamped condition and after clamps removal is insignificant, and 

minor RS redistribution occurred after clamps removal, refer to Section 6.3.4. 

6.3.4 PS and RS distributions and distortion in large-scale post-build 

rolled WAAM component 

To investigate the PS and RS distributions and distortion in the large-scale 

WAAM component, the steady-state solution slice from the short rolling model 

with the flat roller was transferred to the long mechanical model using the solution 

mapping method (Chapter 5 and Ref. [31]), Figure 6-1. Figure 6-18 shows the RS 

distribution and deformed configuration in the rolled full-length WAAM component 

before and after clamps removal. Two narrow tensile zones are formed on the 
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top and bottom of the wall, between which there is a wide compression zone. The 

distortion is barely seen, implying that the rolled wall is free from distortion issue.  

Figure 6-19 presents the effect of the post-build rolling on the WAAM-induced 

longitudinal RS distribution along the wall height, as predicted by the long 

mechanical model before and after clamps removal. High tensile RS in the as-

built WAAM wall was balanced by the reaction force at the clamps. The removal 

of clamps caused significant redistribution of tensile RS in the wall and the nearby 

substrate. As the wall shrank, the tensile RS relaxed and reduced markedly, and 

even converted to compressive RS at the top of the wall. The clamps removal in 

the WAAM + post-build rolling model caused minor redistribution of longitudinal 

RS. The RS distribution remained virtually the same as that before clamps 

removal. This can be attributed to the relatively low height of the WAAM deposited 

wall studied here and the dominant influence of rolling on RS at the 50 kN rolling 

load. As the tensile RS in the wall was already largely mitigated by the rolling 

under the clamped condition, the total reaction force at the clamps is reduced 

from ―37.083 kN after WAAM deposition to ―2.09 kN after the rolling with the 

flat roller (F = 50 kN, µ = 0.1). When the clamps were removed, the equilibrium 

between the tensile and compressive RSs reached shortly with minor 

redistribution of RS. As a result, the net bending moment was close to zero and 

the WAAM wall with substrate remained virtually undistorted ( 

Figure 6-20). 
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Figure 6-18 Longitudinal RS distribution and deformed configuration of 500 mm 

long post-build rolled WAAM component a) before and b) after removal of clamps 

(a deformation scale factor of 25 is used to aid visualisation). Note that the steady-

state solution was mapped from the short model with the flat roller. Red arrows 

indicate locations of clamps. 
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Figure 6-19 Influence of the post-build rolling using the flat roller on the WAAM 

deposition RS obtained by the long mechanical model before and after clamps 

removal (F = 50 kN and µ = 0.1). 

Figure 6-20 Comparison of vertical distortion in as-built and post-build rolled full-

length WAAM component after removal of clamps (flat roller, F = 50 kN and µ = 

0.1).
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Figure 6-21 Comparison of distortion in long WAAM components after post-build 

rolling with flat, profiled and slotted rollers at rolling loads of a) 25 kN, b) 50 kN, 

and c) 75 kN (µ = 0.1). 

Figure 6-21 shows the comparison of vertical distortion after clamps removal in 

the long WAAM component rolled with flat, profiled and slotted rollers at rolling 

loads from 25 kN to 75 kN. In general, the post-build rolling virtually eliminated 

the distortion caused by thermal deposition process with all types of investigated 

rollers and at all rolling loads. The predicted distortion varies from 560 µm for flat 

roller at F = 25 kN to 0.00768 µm for flat roller at F = 75 kN. The flat and profiled 

rollers are less effective to reduce distortion than the slotted roller for all rolling 

loads considered. However, the slotted roller could cause greater inverse 

distortion when the rolling loads increased from 25 kN to 75 kN. This is because 

excessive material was affected by the compressive RS in the WAAM wall during 

the rolling by the slotted roller.  

Given the efficacy of the post-build rolling in mitigation of distortion, the practical 

implementation of post-build rolling has wide potentials to achieve the required 

reduction of distortion with slotted roller at lower rolling load or with flat and 

profiled rollers at higher rolling loads. 
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6.3.5 Effect of initial WAAM deposition conditions on PS and RS 

distributions at various rolling loads  

Figure 6-22 shows the comparison of PS and RS distributions predicted by the 

flat roller model at various rolling loads with and without consideration of WAAM 

thermal deposition conditions. The initial thermal deposition condition plays an 

important role in the prediction of PS distribution regardless of rolling load. The 

models without initial conditions underpredicted the compressive PS in the final 

state. In contrary, the effect of WAAM deposition on the RS prediction depends 

on the rolling load. At relatively low rolling load (25 kN) the model without initial 

condition underpredicted the tensile RSs that are 7 mm below the rolled surface 

and in the substrate. With increase of rolling load to 50 kN, the discrepancy 

between the RSs predicted by the models with and without initial thermal 

deposition conditions reduced, and at the rolling load of 75 kN, minor difference 

was found, which can be attributed to the dominant influence of the high pressure 

rolling over thermal deposition on the final RS. However, all the rolling models 

without initial conditions underpredicted tensile RS in the substrate.  
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Figure 6-22 Comparison in a) PS and b) RS predictions between flat roller models 

with and without consideration of the WAAM deposition before rolling simulation 

(µ = 0.5).

These findings partially coincide with the result of the numerical study by 

Abbaszadeh et al. [29], who found that at rolling loads larger than 20 kN the 

difference between the RS distributions in the wall, as predicted by the models 
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with and without initial conditions (i.e., initial RS), tends to be negligible. However, 

Abbaszadeh et al. [29] did not consider the initial PS in their rolling model and 

claimed that the initially specified RS does not affect distribution of final PS. By 

contrast, the current study demonstrated the importance of considering the initial 

thermal PS in the rolling model to examine the effect of rolling on final PS. 

6.3.6 Limitations of post-build rolling for RS and distortion 

mitigation in WAAM components 

It should be noted that post-build rolling for mitigation of RS and distortion in 

WAAM components has the following limitations. First, the rolling may not be 

effective for RS mitigation in WAAM walls taller than the wall studied here. 

Second, the rise of the rolling load to increase process effectiveness for the tall 

wall could cause excessive deformation or even plastic collapse of the wall. Third, 

the produced RS profile at higher rolling loads could be unfavourable in terms of 

fatigue performance of the component (i.e., large region affected by high tensile 

RS at the rolled surface, as shown in Figure 6-5 and Figure 6-14, can have 

detrimental effect [46]). Nevertheless, properly designed post-build rolling could 

be an efficient alternative to the time consuming and complicated inter-layer 

rolling. Optimisation of inter-layer rolling through WAAM + rolling simulations 

could also be an interesting topic for future work. 

6.4 Conclusions 

The present modelling study investigated post-build rolling as an efficient method 

for mitigation of RS and distortion in a WAAM-built steel wall component. The 

influences of the roller design (flat, profiled and slotted rollers), roller-to-wall 

friction coefficient (0-0.8) and rolling loads (25-75 kN) on WAAM-generated PS 

and RS distributions were examined. The following conclusions are drawn:  

1. Post-build rolling can introduce adequate tensile PS for the wall 

considered here with relatively small height, thereby counteracting the 

longitudinal compressive PS and tensile RS caused by the WAAM 

deposition. For a taller wall, it is anticipated that higher rolling load is 

required to achieve the similar effectiveness. 
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2. Post-build rolling was found effective to eliminate distortion in the WAAM 

component at all investigated rolling loads and for all types of rollers. 

Slotted roller was most effective at a rolling load of 25 kN, but it generated 

inverse distortion (small magnitude) at rolling loads of 50 kN and 75 kN, 

due to excessive compressive RS induced by the rolling. With increase of 

rolling load the distortion reduced for the flat and profiled rollers, but the 

magnitude of inverse distortion increased for the slotted roller.  

3. Post-build rolling with highest rolling load (75 kN) considered here most 

effectively mitigated RS. With all types of investigated rollers, larger 

volume of material deformed with tensile PS when increasing the rolling 

load, and the WAAM-generated tensile RS converted to compressive RS 

extending deeper in the core of the wall. 

4. For all the rolling loads investigated (25 kN to 75 kN), the slotted roller 

induced longitudinal tensile PS of larger magnitude and it reduced the 

tensile RS in the wall more effectively, as compared to the flat and profiled 

rollers. 

5. The efficacy of the flat and profiled rollers is insensitive to the roller-to-wall 

friction coefficient. In contrast, an increase of friction coefficient drastically 

increased the efficacy of the slotted roller, which has additional slot surface 

subject to friction. The additional friction is helpful for the slotted roller to 

penetrate deeper and induce more extensive tensile PS in the wall, but it 

also increases the horizonal motion resistance.  

6. From modelling considerations, the flat roller with a friction coefficient of 

0.5 and higher value can be used to represent the profiled roller. The initial 

conditions accounting for the WAAM deposition PS and RS play significant 

roles in the determination of final PS and RS in the rolling models at 

relatively low rolling loads. At high rolling loads, the rolling dominates the 

final RS and hence the initial condition has less impact. 
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7 Modelling and optimising hybrid process of WAAM + 

rolling  

This chapter is based on the following publication: 

Gornyakov V., Sun Y., Ding J., Williams S., Modelling and optimising hybrid 

process of wire arc additive manufacturing and high pressure rolling. To be 

submitted soon to Additive Manufacturing in Elsevier (Manuscript ID: TBA) for 

Publication. 

At Cranfield University, many experiments have confirmed that high-pressure 

inter-layer rolling can reduce residual stress and distortion in WAAM components. 

However, the proposed in-process rolling technique is inefficient and requires 

optimisation to reduce manufacturing time. The mechanism of residual stress and 

distortion mitigation was not revealed from experiments due to difficulty in 

obtaining sufficient information, while numerical models for simulation of WAAM 

deposition and inter-layer rolling were not reported mainly due to high 

computational cost. This chapter presents the newly developed efficient models 

of WAAM deposition and inter-layer rolling. With the aid of the models a better 

understanding of the mechanism has been established. Furthermore, several 

rolling strategies and roller designs are examined to improve rolling efficiency.  

Abstract: High-pressure inter-layer (IL) rolling is effective to mitigate residual 

stress (RS) and distortion in large scale components built by Wire Arc Additive 

Manufacturing (WAAM). Many experiments have confirmed the benefits of a 

hybrid process of WAAM and rolling, but few modelling studies have been 

attempted to understand the mechanism and optimise the process, owing to the 

challenges associated with enormous computational cost and complicated 

coupling between WAAM and rolling. For the first time, in this study efficient 

coupled WAAM and rolling models have been developed for a steel wall that was 

deposited using WAAM and IL rolled using both flat and slotted rollers. The 

predicted RS distributions and deformed configurations are in good agreement 

with previous experiments. Cyclic re-formation of tensile RS was found during 

WAAM deposition in the clamped condition. The deposition and rolling exhibit 



185 

certain depth of influence on deposited layers in the wall, i.e., the influence depth 

is characterised by the number of underlying layers where plastic deformation is 

induced by the arc or by the roller. During the WAAM deposition and IL rolling 

with the flat roller, the deposition had larger depth of influence than the rolling, 

and hence the rolling only reduced the re-formation rate of WAAM tensile RS. 

The IL rolling with the slotted roller had much larger depth of influence than the 

IL rolling with the flat roller, thereby significantly mitigating the WAAM tensile RS. 

Furthermore, the slotted roller is more effective in mitigation of the final distortion 

due to the relaxation of WAAM tensile RS after removal of clamps. To reduce the 

additional time incurred by rolling in the hybrid process, stacked-layers and post-

build rolling was also simulated. It was found that the stacked-4-layer and 

stacked-10-layer rolling achieved similar mitigation effectiveness but higher 

manufacture efficiency compared to the IL rolling. However, post-build rolling only 

mitigated the tensile RS in the upper half of the wall due to its insufficient influence 

depth relative to the wall height. Therefore, the slotted roller operating on stacked 

layers is recommended for an optimal hybrid process of WAAM and rolling.  

Keywords: WAAM; inter-layer rolling; residual stress; distortion; optimisation 

7.1 Introduction 

Wire arc additive manufacturing (WAAM) is gaining popularity for small batch 

manufacturing of medium- to large-scale components in aerospace, automotive, 

military and energy industries [1–4]. WAAM relies on the sequential deposition of 

layers in open air or in a controlled chamber using a wire consumable, an electric 

arc aided with shielding gas, and a manipulator such as a robotic arm or gantry 

machine under precise control of computer system. A wide variety of wire 

feedstock is available in the market for WAAM depositing complex components 

made from steel [5], aluminium [6], titanium alloys [7], tungsten [8], tantalum [9], 

nickel superalloys [10] and functionally graded materials [11]. WAAM is well 

suited for industrial applications [12–16] thanks to its high deposition rate (up to 

10 kg/h for steel), reduced manufacturing time, enhanced design flexibility, low 

buy-to-fly ratio, and low operational and build-up cost associated with welding 
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and robotic equipment. In addition, WAAM is more environmentally friendly than 

other powder-based Additive Manufacturing (AM) processes [17].  

The arc heat source utilised in WAAM causes local heating and uneven thermal 

expansion in the deposit and surrounding material. Consequently, local plastic 

deformation occurs as the material is susceptible to yielding at high temperatures. 

During cooling, the deposited hot material tends to shrink, but the surrounding 

colder material constrains the thermal shrinkage. The mismatch in the process-

induced permanent deformation accumulated between different regions gives 

rise to residual stress (RS) [18]. Distortion and RS are the main technical 

challenges facing WAAM for wider applications in the industry [5]. Excessive 

distortion causes process instability and makes the WAAM component unsuitable 

for assembly or service, whilst RS can significantly degrade fatigue performance, 

induce brittle fracture and reduce the corrosion resistance of the built component 

[19–22]. 

Several techniques have been proposed to mitigate RS and distortion during 

deposition of WAAM components, such as in-process rolling [5], induction 

assisted WAAM process [23], symmetrical printing, back-to-back building, and 

combining deposition of shorter layers [13]. In addition, optimisation of process 

parameters and development of optimal tool path could also reduce RS and 

distortion in WAAM [24,25]. 

High-pressure rolling has been extensively studied in experiments by researchers 

at Cranfield University for reducing RS and distortion in WAAM [5,7,26–28]. 

Colegrove et al. [5] proposed the application of inter-layer rolling for mitigation of 

RS and distortion in steel WAAM components, and both profiled roller (i.e., roller 

with concave contact surface) and slotted roller were used in their research. They 

investigated several rolling strategies, including inter-layer rolling, rolling every 

four deposited layers and rolling only on the last deposited layer (i.e., post-build 

rolling). They found that rolling can reduce the peak tensile RS at the interface 

between the wall and substrate and mitigate final distortion. Interestingly, the 

slotted roller was found more effective in reduction of RS and distortion.  
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Martina et al. [7] and Colegrove et al. [28] reported a significant reduction of RS 

and distortion in inter-layer rolled Ti-Al-6V WAAM components. Application of 

“inverted” roller (roller with convex profile) to Ti-6Al-4V WAAM intersections was 

studied by Hönnige et al. [27]. However, inter-layer rolling did not affect RS 

distribution in the intersection, presumably because the inherent thermal 

deposition cycle had a stronger influence than the in-process rolling had on the 

final RS state. Some experimental results also showed that rolling enabled 

microstructure refinement in inter-layer rolled WAAM components [5,28–31].  

Despite the advantages found in experiments as mentioned above, inter-layer 

rolling of WAAM still faces several practical challenges. For instance, the rolling 

of each layer takes significant time, and in previous experiments, the rolling 

commenced only when the deposit cooled below 50 °C [5]. In addition, the slotted 

roller required application of lubricant before rolling of each layer, followed by 

degreasing [5]. All these operations remarkably increased manufacturing time. 

Process optimisation is hence needed to improve manufacturing efficiency, which 

requires a thorough understanding of the mechanisms of RS and distortion 

mitigation.  

The finite element method (FEM) was successfully applied for the simulation of 

rolling [32,33], which helps obtain valuable information to understand the 

mechanism while minimising experimental time and cost. Unfortunately, the 

modelling of inter-layer rolling for WAAM components has not been reported in 

the literature. One main challenge faced here is the high computational cost of a 

rolling model coupled with WAAM deposition. For example, to obtain a solution 

for single-pass high-pressure rolling simulation in a 456 mm long component took 

up to 95 hours using High-Performance Computing (HPC) facility [34]. In real 

engineering scenario, WAAM built components can be several meters long and 

can comprise a large number of deposited layers, meaning that inter-layer rolling 

simulation could take weeks to complete for just one analysis case. To overcome 

the computational challenge, recently Gornyakov et al. [35] developed efficient 

modelling based on reduced-size steady-state rolling models [35] and thermal-

mechanical solution mapping technique [36], presented in Chapters 4 and 5. 
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For simulation of post-build rolling, Gornyakov et al. [37] (Chapter 6) investigated 

the formation of plastic strain (PS) and RS in both unrolled and rolled states for a 

WAAM deposited wall and thereby elucidated the mechanism of WAAM RS and 

distortion mitigation by the post-build rolling (Chapter 6). Abbaszadeh et al. [38] 

and Tangestani et al. [39] studied the influences of roller design, rolling load and 

other process parameters on RS and PS distribution. These studies on post-build 

rolling could be helpful for gaining insights, but inter-layer rolling exhibits a more 

complicated cyclic PS and RS formation mechanism caused by alternating 

deposition and rolling.  

The present study is aimed to reveal the mechanism for mitigating RS and 

distortion by inter-layer rolling of a WAAM deposited wall and to optimise the 

rolling strategy for large-scale AM. The hybrid process of WAAM and rolling is 

simulated using an efficient coupled model. Different roller designs and rolling 

strategies are examined and evaluated to improve the effectiveness and 

efficiency of rolling for WAAM components.  

7.2 Materials and methods  

7.2.1 Experiments 

The WAAM component studied here was deposited and inter-layer rolled in a 

previous experiment [5]. Twenty layers with dimensions of 490 mm x 5 mm x 2 

mm for each layer were deposited to build a wall with the aid of a Cold Metal 

Transfer (CMT) process using 0.8 mm Lincoln Electric SupraMIG G3Si1/ER70S-

6 wire. Mild steel (grade S355JR-AR) plate with dimensions of 500 mm x 60 mm 

x 12 mm was used as the substrate. The CMT deposition was carried out with a 

travel speed of 500 mm/min, a wire feed speed of 10 m/min, a contact tip-to-

workpiece distance of 13 mm (the torch was perpendicular to the workpiece). The 

shielding gas was Ar 80% /CO2 20% with a flow rate of 20 l/min. Six clamps were 

used to restrain the substrate during the WAAM deposition. Inter-layer rolling was 

conducted by controlling the vertical load and moving the roller without application 

of torque. The sketch of the equipment used for the WAAM deposition and rolling, 

as well as clamps locations, are presented in Figure 7-1. 
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Figure 7-1 Schematic representation of equipment for WAAM deposition and 

rolling [5]. 

Both profiled and slotted rollers were used, and the inter-layer rolling commenced 

when the deposit cooled down to 50 °C. For the slotted roller, the rolling was not 

started until the deposited wall reached a height larger than the depth of the slot 

of the roller, which was the height of six layers. A lubricant was applied to the 

deposited wall before each run of rolling with the slotted roller, which was then 

degreased before depositing a new layer on the rolled deposit. The neutron 

diffraction method was employed to measure the RS after clamps were removed 

from the substrate. The out-of-plane distortion was measured along the bottom 

line of the substrate after removal of clamps. Details of the experiments can be 

found in Ref. [5]. 

7.2.2 Short thermal model of WAAM deposition  

A short thermal multi-layer model was used to obtain the steady-state solution of 

the transient temperature field during WAAM deposition [36] (the paper is part of 

the outcome of this PhD research) (Figure 7-2). Refer to Chapter 5. The length 

of the modelled component was reduced to 72 mm to increase computational 

efficiency. This length is sufficient for the WAAM process to reach a steady-state 

and the short model predicts a temperature field consistent with the full-length 

thermal model [36]. Goldak’s double-ellipsoidal heat source model was used to 

represent the power input [40] and the heat source parameters were adopted 

from Ref. [41]. The addition of material was simulated by sequential activation of 
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the whole layer for each deposition. The thermal model has been validated 

against temperature measurements using thermocouples (Chapter 5 and Ref. 

[36]).  

Figure 7-2 Short multi-layer thermal model for the WAAM process (only half part 

is modelled due to symmetry).  

7.2.3 Short mechanical model of multi-layer deposition and rolling  

7.2.3.1 Overview of the models 

Figure 7-3 presents the short mechanical model of multi-layer deposition and 

rolling of WAAM component with reduce length of 72 mm. As demonstrated in 

Ref. [35,36] and in Chapters 4 and 5, the short mechanical model significantly 

reduced computational cost without impairing the accuracy of the steady-state 

solution and the adopted length is sufficient to achieve a steady state for WAAM 

deposition and rolling. In the WAAM model, the PS and RS were generated due 

to the mechanical response to the thermal expansion and contraction of the 

material, and all nodes of the WAAM model were assumed to be constrained in 

the longitudinal direction during the deposition step to counteract the 

underestimated constraint as a result of the reduced component length [36], and 

the longitudinal constraint was relaxed except the end surfaces during the rolling 
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step. The mechanical model of WAAM deposition was validated against the 

experimental results of RS and distortion [36] (the paper is part of the outcome of 

this PhD research). The details of the mechanical model for WAAM deposition 

can be found in Ref. [36]. Refer to Chapter 5. 

Figure 7-3 Left: short mechanical model of multi-layer WAAM deposition and 

rolling (only half part is modelled due to symmetry); Right: design of a) flat and b) 

slotted rollers. 

An accurate simulation of the clamps is necessary for the prediction of RS 

distribution and distortion [5]. Due to the incomplete length of the short model, a 

simplified clamping simulation was implemented. All nodes at the bottom of the 

substrate were constrained against movement in all directions.  

General purpose FEM software Abaqus was employed for the simulations. The 

mechanical models were meshed using 9036 C3D8R 8-node linear brick 

elements and the mesh density was same as the thermal model. Graded meshing 

technique was used, i.e., the element dimensions vary from being relatively small 

in the wall (2 mm x 0.833 mm x 0.667 mm) to being relatively large (8 mm x 7.5 

mm x 1.765 mm) in the substrate. A sensitivity analysis showed that an increase 

of the mesh density in the rolling contact region does not affect the solution.  
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7.2.3.2 Coupling between WAAM deposition and rolling 

In previous models of post-build rolling (Chapter 6 and Ref. [37] (the paper is part 

of the outcome of this PhD research)), the simulations of WAAM deposition and 

rolling were not fully coupled, i.e., the rolling model used WAAM model prediction 

as initial condition, while the WAAM model was independent of the rolling model. 

Such an approach is beneficial for computational efficiency. For the inter-layer 

rolling studied here, both uncoupled and coupled rolling models were developed 

and compared to examine the effects of coupling on the prediction accuracy and 

on the potential decoupling simplification to save computational cost. The 

coupling, in the context of this research, means that for each layer the solution of 

the rolling model is dependent on the solution of the WAAM deposition model, 

and vice versa. In the uncoupled model, the RS and PS distributions, as predicted 

by the short mechanical model of the WAAM deposition (Chapter 5 and Ref. [36]), 

were transferred to the short multi-layer rolling model, using the solution mapping 

technique (Chapter 5 and Ref. [36]), but the rolling model solution was not 

incorporated in the WAAM deposition model and thus the deposition model was 

independent of the rolling model. Both the uncoupled and coupled models consist 

of the following simulation steps for each layer: new layer activation, thermal 

deposition cycle, roller placement, roller indentation and rolling.  

7.2.3.3 Roller design and assumptions 

Design of flat and slotted rollers is presented in Figure 7-3. The roller was 

simplified as an analytic rigid shell. For the given rolling load, the application of 

deformable elastic roller does not affect the solution in 3D [38] and 2D [35] 

models, Chapter 4. The flat roller in the model was used to represent the profiled 

roller in the experiment [5] to improve computational efficiency. Previous studies 

[37] (the paper is part of the outcome of this PhD research) demonstrated that a 

flat roller model with a roller-to-wall friction coefficient no less than 0.5 predicted 

RS and PS distributions similar to those predicted by a profiled roller model, refer 

to Chapter 6. Although the profiled and slotted rollers used in the experiment [5] 

had radiused contact surfaces, the contact surfaces are assumed to be flat in the 

models. Application of a radiused roller would require a finer mesh in the contact 
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region, which will drastically increase computational cost. According to 

Abbaszadeh et al. [38] and Tangestani et al. [39], the variation of roller radius (or 

roller curvature depth) only minorly affected PS and RS distributions in the WAAM 

wall.  

7.2.3.4 Rolling simulation and contact interaction 

Penetration of the roller to the wall during the rolling step was simulated through 

controlling displacement; the reduced length in the short model was insufficient 

for simulation of transitional processes taking place during load-controlled 

analysis. To reach the prescribed rolling load, values of displacement for each 

layer were found iteratively. The rolling load was defined as the normal reaction 

force on the pivot of the roller. Moving reaction force was caused by the 

translational movement of the roller along the wall. The roller rotated freely due 

to friction between the roller and the wall. Node-to-surface contact interaction was 

specified between the flat roller surface and the top surface of each layer. A 

friction coefficient of 0.5 was assumed in the model with the flat roller, which is 

typical for an unlubricated contact with steel, as suggested by Cozzolino et al. 

[34] and Coules et al. [42]. In the model with the slotted roller, the contact surfaces 

include the roller surface, and the side and top surfaces of the wall. A friction 

coefficient of 0.1 for lubricated contact was used to simulate the friction effects 

for the slotted roller, which was also adopted in previous studies [43–46]. 

7.2.3.5 Material properties  

Layer by layer thermal solution produced by coupled WAAM model used to 

generate initial PS and RS distribution in short mechanical multilayer deposition 

and rolling model. RS formed as a response of the material on the thermal 

expansion/contraction and plastic yielding of material at high temperatures 

restricted by boundary conditions. Steep thermal gradients produced by WAAM 

model requires temperature-dependent material properties for accurate 

simulation of WAAM RS and PS. Temperature-dependent elastic-plastic 

properties of S355 mild steel were adopted from the dataset reported by 

Thompson et al. [47] ( 
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Table 7-1, Table 7-2,  

Table 7-3 and Table 7-4).  

Table 7-1 Temperature-dependent thermal expansion coefficient [47]. 

Temp. 
(°C) 

Thermal expansion 
coefficient (1/°C) 

Temp. 

(°C) 
Thermal expansion 
coefficient (1/°C) 

20 1.22E-05 800 1.14E-05 

100 1.22E-05 850 1.17E-05 

200 1.27E-05 900 1.21E-05 

300 1.35E-05 1000 1.27E-05 

400 1.41E-05 1100 1.33E-05 

480 1.33E-05 1200 1.39E-05 

540 1.20E-05 1300 1.45E-05 

600 1.11E-05 1400 1.50E-05 

700 1.07E-05 

Table 7-2 Temperature-dependent Young’s Modulus and Poisson’s ratio [47]. 

Temp. 
[°C] 

Young’s Modulus 
[GPa] 

Poisson’s 
ratio 

25 202 0.3 

90 200 0.31 

150 198 0.32 

300 197 0.35 

450 136 0.375 

600 65 0.4 

700 40 0.42 

750 35 0.43 

900 20 0.46 
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1050 10 0.48 

1200 10 0.48 

1350 10 0.48 

Table 7-3 Temperature and plastic strain dependent yield stress of deposit [47]. 

Temp. 
[°C] 

Plastic 
strain 

Yield stress 
deposit, [MPa] 

Temp. 
[°C] 

Plastic 
strain 

Yield stress 
deposit, [MPa] 

20 0 440 600 0 250 

20 0.04 550 600 0.02 310 

20 0.12 615 600 0.11 360 

20 0.51 676 600 0.55 440 

200 0 355 700 0 90 

200 0.03 488 700 0.04 170 

200 0.29 675 700 0.21 250 

200 0.54 740 700 0.56 305 

400 0 405 800 0 50 

400 0.02 530 800 0.09 82 

400 0.06 580 800 0.58 135 

400 0.55 640 950 0 86 

500 0 360 1100 0 70 

500 0.02 432 1200 0 40 

500 0.1 500 1300 0 18 

500 0.55 575 1400 0 10 

Two sets of Yield stress material properties were used for the wall deposit (Table 

7-3) and the substrate (Table 7-4), respectively. The yield strength of the deposit, 

as suggested by Thompson et al. [47], is relatively low (390 MPa), while according 

to the material certificate of the consumed ER70-S6 wire [5], the minimum yield 

strength is greater than 502 MPa. In most cases the magnitude of tensile RS 

reached the yield strength of the material [48]. Colegrove et al. [5] measured a 
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tensile longitudinal RS of 600 MPa at the interface between the WAAM wall and 

the substrate. Therefore, to obtain more realistic simulation results, the yield 

strength of the modelled wall deposit was increased by 50 MPa at the 

temperature of 20 °C, relative to the material data reported by Thompson et al. 

[47]. Annealing effect of layer-by-layer WAAM deposition on PS in underlaid 

layers simulated by the relaxation of the PS history at temperatures above 950 

°C. No strain hardening occurred above this temperature. 

Table 7-4 Temperature and plastic strain dependent yield stress of substrate [47]. 

Temp. 
[°C] 

Plastic 
strain 

Yield stress 
substrate, 
[MPa] 

Temp. 
[°C] 

Plastic 
strain 

Yield stress 
substrate, 
[MPa] 

20 0 390 600 0 250 

20 0.04 500 600 0.02 310 

20 0.12 565 600 0.11 360 

20 0.51 626 600 0.55 440 

200 0 355 700 0 90 

200 0.03 488 700 0.04 170 

200 0.29 675 700 0.21 250 

200 0.54 740 700 0.56 305 

400 0 405 800 0 50 

400 0.02 530 800 0.09 82 

400 0.06 580 800 0.58 135 

400 0.55 640 950 0 86 

500 0 360 1100 0 70 

500 0.02 432 1200 0 40 

500 0.1 500 1300 0 18 

500 0.55 575 1400 0 10 

7.2.3.6 Category of models and rolling strategy 

The models were divided into two sets (Table 7-5). The models in Set 1 were 

used for validation and investigation of PS and RS evolution during WAAM 

deposition and inter-layer rolling. The models in Set 2 were used for optimisation 

of the rolling strategy.  
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Table 7-5 Short mechanical models of multi-layer WAAM deposition and rolling  

Roller shape Rolling strategy Purpose 

Set 1 Flat roller for uncoupled 

WAAM deposition and 

rolling model # 

Inter-layer (IL) Model validation 

and process 

investigation  

Flat roller  

Slotted roller 

Set 2 Flat roller Every 4 deposited 

layers – (Stacked 4L)  

Optimisation of 

rolling strategy 
Slotted roller 

Flat roller Every 10 deposited  

layers – (Stacked 10L) Slotted roller 

Flat roller Post-build – (PB) 

Slotted roller 

# Except for this model, all other models are fully coupled between WAAM 

deposition and rolling. 

7.2.4 Long mechanical model 

The short mechanical model of WAAM deposition and rolling cannot predict the 

RS distribution and distortion in the full-length WAAM component after removal 

of clamps. To overcome this limitation, a long mechanical model was used to 

investigate the response of large WAAM component to the clamps removal.  

The long mechanical model has the same mesh density, material properties and 

dimensions as the short mechanical model (except the full length of 500 mm 

being consistent with the experiment [5]). The long mechanical model allowed the 

simulation of the clamping and boundary conditions equivalent to the experiment 

[5]. The steady-state solution mapping technique (Chapter 5 and Ref. [36]) was 

used to transfer the RS and PS solution from the short mechanical model of 



199 

WAAM deposition and rolling to the long mechanical model. The long mechanical 

model is described in greater detail in Chapter 5 and Ref. [36]. 

7.2.5 Computational efficiency 

HPC facility was employed to obtain the solution of the 20-layer WAAM deposition 

and rolling models. The short model with the flat roller took 8 hours 37 min of wall 

clock time to complete the computation using 16 CPUs. The short model with the 

slotted roller needed 14 hours 35 min. Conventional single-layer rolling simulation 

for a 500 mm long WAAM component took 4 hours 26 min to obtain the solution 

[35]. As a simulation of 20-layer rolling on a 500 mm long WAAM component 

would take 20 times longer than the single-layer rolling model, it can be estimated 

that the short mechanical model of the WAAM deposition and inter-layer rolling is 

89% more efficient than the conventional full-size rolling model. The long 

mechanical model with steady-state solution mapped from the short model is 

highly efficient and the computational time was 6 min 43 sec using 2 CPUs. 

7.2.6 Inspection plane and validation approach 

The inspection plane in the short inter-layer rolling model is located 48 mm away 

from the start boundary in the longitudinal direction. This is the region where the 

model reached a steady-state. For the long model the inspection plane is in the 

mid-length of the component. Longitudinal RS and PS distributions were obtained 

along the vertical path in the symmetry plane of the WAAM wall (Figure 7-4). 

To validate the inter-layer rolling model, the predicted longitudinal RS distribution 

and wall dimension in the inspection plane were compared to experimental 

measurement by Colegrove et al. [5]. The magnitude of distortion was also 

compared between the prediction and the measurement [5]. 
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7.3 Results  

7.3.1 Key features of predicted RS and distortion 

7.3.1.1 Short mechanical models of WAAM deposition and inter-layer 

rolling 

Figure 7-4 shows contour maps of longitudinal RS distributions after the WAAM 

deposition without rolling and the WAAM deposition + IL rolling with flat and 

slotted rollers. In the clamped condition, the WAAM deposition generated evenly 

distributed tensile RS in the wall and the substrate immediately underneath the 

wall. Counterbalancing compressive RS of lower magnitude formed in the 

remaining region of the substrate. Most significant longitudinal RS (609 MPa) was 

generated on the border between the wall and substrate. The IL rolling with the 

flat roller significantly reduced the magnitude of tensile RS in the wall and the 

substrate (RS: 232 - 169 MPa), and formed a compressive RS region 2 mm below 

the last rolled layer (RS: ―337 MPa). The IL rolling with the slotted roller 

substantially reduced the magnitude of tensile RS in the wall (RS: 138 - −56 MPa) 

and generated a more extensive region with compressive RS (−324 MPa) under 

the rolled surface.  

Figure 7-4 Longitudinal RS distribution in WAAM deposited wall under the 

clamped condition: a) after WAAM without rolling, b) after IL rolling with the flat 

roller, and c) after IL rolling with the slotted roller.  
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7.3.1.2 Long mechanical model 

Figure 7-5 and Figure 7-6 show the 3D distributions of RS and the deformed 

configuration in the long mechanical models before and after removal of clamps, 

respectively. After steady-state solution was mapped, the absence of the 

longitudinal constraints in the long model caused the magnitude of RS to reduce 

at the two ends of the WAAM wall (Figure 7-5a). After clamps removal, a 

relaxation of tensile RS in the wall caused the component to bend upwards 

(concave upwards), Figure 7-6a). The magnitude of tensile RS (20 - 206 MPa) 

reduced largely in the wall, as compared to the RS in the clamped condition (600 

MPa), and it even converted to compressive RS (−200 MPa) at the top of the 

wall, but the tensile RS (488 MPa) remained high on the border between the wall 

and the substrate.  

Figure 7-5 Longitudinal RS distributions and deformed configurations before 

clamps removal: a) WAAM without rolling, b) WAAM + IL rolling with the flat roller, 

c) WAAM + IL rolling with the slotted roller (a deformation scale factor of 5 is used 

to aid visualisation). 
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For the WAAM + IL rolling model with the flat and slotted rollers, a minor 

redistribution of longitudinal RS occurred in the long model under the clamped 

condition, after the steady-state solution was mapped from the short model, 

Figure 7-5 b) and c). For the IL rolling with the flat roller, the clamps removal 

caused the component to slightly bend upwards and the compressive RS in the 

region under the rolled surface increased in magnitude (from − 328 to − 494 

MPa), Figure 7-6 b). In contrary, the component that was IL rolled with the slotted 

roller slightly bent downwards. As a result, the magnitude of compressive RS 

under the rolled surface reduced (from −470 to −370 MPa) (Figure 7-6 c). 

Figure 7-6 Longitudinal RS distributions and deformed configurations after 

clamps removal: a) WAAM without rolling, b) WAAM + IL rolling with the flat roller, 

c) WAAM + IL rolling with the slotted roller (a deformation scale factor of 5 is used 

to aid visualisation). 
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7.3.2 Comparison with experimental results 

Figure 7-7 a) shows a comparison of the longitudinal RS obtained from the long 

mechanical models after clamps removal, of which the steady-state solution was 

mapped from the coupled and uncoupled short WAAM + IL rolling models. The 

predictions are compared with experimental measurements [5]. The final RS 

distribution predicted by the coupled model is in overall good agreement with the 

experimental measurement. However, discrepancy was observed between the 

prediction and measurement in the region within a distance of 10 mm to the top 

of the wall. The mapped coupled model predicted compressive RS in this region, 

while tensile RS was obtained experimentally. The long mechanical model 

associated with the uncoupled short model significantly underpredicted the final 

RS, as compared to the experimental data. This indicates that a coupling model 

is essential for the simulation of the inter-layer rolling. 

Figure 7-7b shows the longitudinal RS distribution predicted by the long 

mechanical model associated with the coupled model using the slotted roller, 

which is also compared to the experimental measurement [5]. The long model 

demonstrated a good correlation in the region from 10 to 28 mm through the wall 

height. However, the model underpredicted RS in the wall closer to the substrate 

and predicted local peaks of compressive and tensile RS near the top of the wall, 

while such peaks were not observed in experimental measurements [5].  

The discrepancy between the prediction and measurement (Figure 7-7) could be 

partially attributed to the limitations of the neutron diffraction measurement 

technique [49]. It is well known that neutron diffraction measurement is sensitive 

to microstructure and its resolution is limited to the gauge volume adopted. 

Martina et al. [7] using the contour method obtained in the top layers of Ti-6Al-4V 

WAAM + IL rolled component RS distribution similar to predicted by model, Figure 

7-7b. Given the complexity of the hybrid process, the accuracy of the model is 

deemed sufficient for the purpose of this study.  
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Figure 7-7 Longitudinal RS distributions predicted by the long mechanical models 

after clamps removal, as compared to experimental measurements [5]. The flat 

roller a) and slotted roller b) were used in the rolling simulations, and the long 

model was based on the steady-state solution mapped from the short WAAM + IL 

rolling model. 
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Figure 7-8 shows the deformed configurations of the wall on the cross-section. 

The predictions of the width and height of the rolled wall by the short IL rolling 

models are in good agreement with the observation in the macrographs [5]. The 

discrepancy between the predicted and measured widths of the rolled wall is 2.7 

% and 0 % for the rolling with the flat roller and the slotted roller, respectively. 

Figure 7-8 Comparison of the predicted configurations of the rolled wall with 

experimental observations in macrograph [5]: a) rolled with profiled roller in the 

experiment and flat roller in simulation, and b) rolled with slotted roller in both 

experiment and simulation. The predicted wall width and transversal displacement 

after rolling are also shown.  

The predictions of rolled wall height also agree well with the experiments [5]. For 

the flat roller model, the predicted height is 28.48 mm, while the measured height 

is 28.0 ± 0.2 mm. The IL rolling with the slotted roller barely changed the wall 

height compared to the as-built condition. The height of the rolled wall is 39.8 mm 

predicted by the model, while it is 40 mm found experimentally.  

Figure 7-9 shows the distortion predicted by the mapped long mechanical model 

after removal of clamps. In the experiment [1], only the magnitude of the distortion 

was measured; hence, the experimental measurement is not included in Figure 

7-9. The long mechanical model underpredicted the magnitude of the distortion. 

For instance, the maximum out-of-plane distortion predicted by the long 

mechanical model in the as-built condition is 2.4 mm, compared to 6.7 mm in the 

measurement [1]. The maximum distortion predicted by the WAAM + IL model 

with the flat roller is 0.78 mm, while it is 2.6 mm found experimentally. For the 

slotted roller, a downward distortion of − 0.27 mm was predicted, while the 
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experiment showed an upward distortion of 1.2 mm. Despite the discrepancy in 

the magnitude of the distortion (potential causes of the discrepancy are discussed 

in Section 7.4.4), the IL rolling model correctly captured the trend observed in the 

experiment, i.e., the rolling reduced the WAAM distortion, and the slotted roller 

was more effective than the flat roller. 

Figure 7-9 Predicted distortion of the WAAM component after removal of clamps 

in as-built condition without rolling, after IL rolling with the flat roller and after IL 

rolling with the slotted roller. 

7.3.3 Stress and PS evolution during WAAM deposition and inter-

layer rolling 

Figure 7-10, Figure 7-11 and Figure 7-12 show the concurrent evolution of 

temperature, longitudinal stress and PS in layer 6 during the hybrid process of 

the WAAM deposition of layers 6-14 and the IL rolling with the flat roller. The layer 

6 was selected for inspection since it is representative and subject to the minimal 

influence of the constraint caused by the substrate on the evolution of the 

inspected stress and PS in the WAAM wall.  
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Figure 7-10 Concurrent evolution of temperature and longitudinal stress a), and 

longitudinal PS b), in layer 6 during WAAM deposition of layers 6-8 and IL rolling 

with the flat roller. The data were collected at the top of layer 6 in the inspection 

plane and the rolling phases are highlighted in the yellow shaded areas. 

It is clearly seen from Figure 7-10 that tensile RS (550 MPa) formed in layer 6 

after the layer was deposited, which accompanied the generation of compressive 

PS in the deposit. The subsequent rolling of layer 6 induced tensile PS and 

compressive RS (−280 MPa), and overall, the stress magnitude was lowered by 

the rolling. Figure 7-11 and Figure 7-12 show that the alternating deposition and 

rolling of layers 8-14 led to cyclic tensile stress re-formation and reduction in layer 

6, which was caused by the WAAM deposition and rolling, respectively. As the 

peak temperature in layer 6 dropped from 2422 °C to 400 °C, the deposition of 

the layer 13 and subsequent layers did not further generate PS in layer 6. In other 

words, the subsequent alteration of stress became fully elastic. Similarly, the 

response of layer 6 to the IL rolling also became elastic after layer 09 was rolled, 

earlier than the termination of the deposition effect.  
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Figure 7-11 Concurrent evolution of temperature and longitudinal stress a), and 

longitudinal PS b), in layer 6 during WAAM deposition of layers 9-11 and IL rolling 

with the flat roller. The data were collected at the top of layer 6 in the inspection 

plane and the rolling phases are highlighted in the yellow shaded areas. 

A trend in the change of the RS magnitude after each run of rolling is identified 

from Figure 7-10, Figure 7-11 and Figure 7-12 (refer to green dashed line for the 

trend). The magnitude of RS in layer 6 gradually increased after rolling of the 

layers 9-11. During rolling of layers 12-14, the magnitude of RS in layer 6 

remained steady. Thanks to IL rolling with the flat roller, the initially formed tensile 

RS in layer 6, reduced from 550 MPa to 200 MPa.  
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Figure 7-12 Concurrent evolution of temperature and longitudinal stress a), and 

longitudinal PS b), in layer 6 during WAAM deposition of layers 12-14 and IL rolling 

with the flat roller. The data were collected at the top of layer 6 in the inspection 

plane and the rolling phases are highlighted in the yellow shaded areas. 

A similar evolution of longitudinal stress and PS in layer 6 was also found during 

the hybrid process of the WAAM deposition of layers 6-13 and the IL rolling with 

the slotted roller (Figure 7-13). The WAAM deposition and rolling processes 

caused alternating plastic flow in layer 6 during layer-by-layer deposition and 

rolling of layers 6-13. However, thanks to the rolling with the slotted roller, tensile 

RS in layer 6 was reduced from 500 MPa to −29 MPa.  

Moreover, the IL rolling with the slotted roller was more effective to mitigate the 

WAAM RS than flat roller. The IL rolling with the slotted roller caused plastic flow 

in layer 6 during rolling of layers 6-13, while the IL rolling with the flat roller virtually 

did not affect PS in layer 6 during rolling of layer 10 and the subsequent layers. 
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Figure 7-13 Concurrent evolution of longitudinal PS and stress in layer 6 during 

WAAM deposition of layers 6-13 and IL rolling with the slotted roller. The data were 

collected at the top of layer 6 in the inspection plane and the rolling phases are 

highlighted in the yellow shaded areas.  

7.3.4 Comparison between different rolling strategies  

To examine the potential improvement of manufacturing efficiency through 

reducing rolling runs, additional simulations were performed for rolling after 

WAAM deposition of several layers. Figure 7-14 compares the predicted 

longitudinal RS distributions after WAAM deposition without rolling, WAAM 

deposition plus IL rolling, stacked-layers rolling and post build (PB) rolling using 

the flat roller. These results were obtained from the inspection planes in the short 

mechanical models of multi-layer deposition and rolling.  

The stacked 4L and 10L rolling strategies led to RS magnitude similar to IL rolling, 

and the effectiveness of mitigating WAAM deposition RS is also similar. The 

stacked 10L rolling generated local peaks of tensile RS in the middle of the wall 

and in the substrate. The PB rolling reduced the magnitude of WAAM deposition 

RS at the top of the wall. However, compared with the in-process rolling 

strategies, after the PB rolling more significant tensile RS remained in lower half 

of the wall and in the substrate immediately underneath the wall. It was also found 

that the more runs of rolling, the lower height of the rolled wall (Table 7-6). 
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Figure 7-14 Comparison of longitudinal RS distributions in clamped condition: a) 

WAAM deposition without rolling, b) WAAM deposition + IL rolling, c) WAAM 

deposition + stacked 4L rolling, d) WAAM deposition + stacked 10L rolling, e) 

WAAM deposition + PB rolling. The flat roller was used in the rolling simulations.  

Table 7-6 Wall height after WAAM deposition and rolling with the flat roller. 

Rolling 
strategy 

WAAM 
without 
rolling 

WAAM + 
IL 

WAAM + 
stacked 4L 

WAAM + 
stacked 10L

WAAM + 
PB 

Rolling runs 0 20 5 2 1 

Height of 
the wall 
[mm] 

40 28.48 33.49 37.36 38.36 

Figure 7-15 compares longitudinal RS distributions in the inspection plane 

between WAAM without rolling, WAAM + IL rolling, WAAM + stacked-layers 

rolling and WAAM + PB rolling when the slotted roller was used in the rolling. All 

examined rolling strategies were found effective to mitigate the tensile RS in the 

WAAM deposited wall. The rolling with the slotted roller produced a more 

extensive compressive RS region than the flat roller (Figure 7-14). Only a minor 
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difference is seen when comparing the RS distributions in the IL and stacked 4L 

rolled WAAM walls. The stacked 10L rolling generated RS distribution overall 

similar to the IL rolling, but it gave rise to a peak of tensile RS (470 MPa) in the 

middle of the wall. After the PB rolling, the wall region close to the substrate 

remained being subjected to pronounced tensile RS (388 MPa). The height of the 

rolled wall changes marginally with increasing the number of rolling runs (Table 

7-7). 

Figure 7-15 Comparison of longitudinal RS distributions in clamped condition: a) 

WAAM deposition without rolling, b) WAAM deposition + IL rolling, c) WAAM 

deposition + stacked 4L rolling, d) WAAM deposition + stacked 10L rolling, e) 

WAAM deposition + PB rolling. The slotted roller was used in the rolling 

simulations.  
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Table 7-7 Wall height after WAAM deposition and rolling with the slotted roller. 

Rolling 
strategy 

WAAM 
without 
rolling 

WAAM + 
IL 

WAAM + 
stacked 4L 

WAAM + 
stacked 10L

WAAM + 
PB 

Rolling runs 0 20 5 2 1 

Height of 
the wall 
[mm] 

40 39.84 39.64 39.32 39.63 

7.4 Discussion 

7.4.1 RS and distortion 

7.4.1.1 Multi-layer deposition and rolling in clamped condition 

The 50 kN IL rolling with the flat and slotted rollers effectively mitigated the 

longitudinal RS in the WAAM deposited wall under clamped condition (Figure 

7-4). The RS mitigation can be attributed to the rolling-induced change in PS 

distribution. Figure 7-16 and Figure 7-17 show PS distributions after WAAM 

without rolling, WAAM + IL, WAAM + stacked 4L, WAAM + stacked 10L and 

WAAM + PB rolling with the flat and slotted rollers. The rolling induced tensile PS, 

which overall reduced or eliminated the WAAM-induced compressive PS and 

affected the RS distributions after the applied different rolling patterns.  

As shown in Figure 7-14 and Figure 7-15, compared to the flat roller, the slotted 

roller produced smaller tensile RS in the lower part of the wall and larger 

compressive RS in the upper part of the wall. This difference can be attributed to 

the ability of the slotted roller to induce larger tensile PS in the wall (Figure 7-16 

and Figure 7-17). The constraining effect of the slot sides on the wall eliminates 

transversal deformation and promotes longitudinal deformation during the rolling. 

This finding is in agreement with previous experimental [5] and numerical studies 

presented in Chapter 6 and Ref. Gornyakov et al. [37]. Conversely, the flat roller 

produced larger transversal deformation (Figure 7-8). 

The RS distribution produced by the IL rolling with the slotted roller is more 

beneficial for the WAAM component than that produced by the IL rolling with the 

flat roller. The lower magnitude of tensile RS in the wall leads to lower distortion 
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after removal of clamps (Figure 7-9). Furthermore, the larger compressive RS 

near the top of the wall improves fatigue performance of the built component 

[50,51].  

Figure 7-16 Comparison of longitudinal PS distributions in clamped condition: a) 

WAAM deposition without rolling, b) WAAM deposition + IL rolling, c) WAAM 

deposition + stacked 4L rolling, d) WAAM deposition + stacked 10L rolling, e) 

WAAM deposition + PB rolling. The flat roller was used in the rolling simulations.  
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Figure 7-17 Comparison of longitudinal PS distributions in clamped condition: a) 

WAAM deposition without rolling, b) WAAM deposition + IL rolling, c) WAAM 

deposition + stacked 4L rolling, d) WAAM deposition + stacked 10L rolling, e) 

WAAM deposition + PB rolling. The slotted roller was used in the rolling 

simulations.  

7.4.1.2 Deposited and rolled wall after removal of clamps 

IL rolling with flat and slotted rollers reduced the distortion caused by the release 

of WAAM deposition RS after removing clamps (Figure 7-6). Large distortion of 

the as-built component was driven by large unbalanced longitudinal tensile RS in 

the wall under clamped condition, which created a net bending moment on the 

clamps. After removal of clamps, a significant redistribution of RS caused large 

bending distortion (Figure 7-6a). The IL rolling reduced tensile RS and induced 

compressive RS in the wall. This change in RS state significantly reduced the net 

bending moment exerted on the clamps than the as-built component. Indeed, 

much lower nodal forces at the clamping points were predicted by the IL rolled 

model under clamped condition, as compared to the model of WAAM deposition 

without rolling. The final RS state in the IL rolled component was close to balance 
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and a new equilibrium was reached shortly. A minor redistribution of RS occurred, 

resulting in a relatively small distortion (Figure 7-6 b and c, and Figure 7-9).  

Interestingly, the IL rolling using the slotted roller caused the component to bend 

in the opposite direction compared to the IL rolling with the flat roller (Figure 7-6 

and Figure 7-9). This is because of the larger magnitude and extent of tensile PS 

induced by the slotted roller compared to the flat roller (Figure 7-16b and Figure 

7-17b). As a result, tensile RSs converted to compressive RSs in the larger region 

at the top of the wall (Figure 7-5c). Consequently, after clamps removal, 

compressive RS relaxed and caused the component to bend downwards (Figure 

7-6 c and Figure 7-9).  

7.4.2 Deformation mechanism during WAAM deposition and inter-

layer rolling 

Deposition and rolling have a certain depth of influence, i.e., the plastic 

deformation in underlying deposited layers of the wall was changed by the arc or 

by the roller, and the influence covered certain depth or number of layers. The 

process (deposition or rolling) with a larger depth and magnitude of influence 

dominates the final RS.  

The RS formation during WAAM deposition is mainly driven by the accumulated 

plastic deformation at high temperatures. The mechanisms of WAAM RS 

formation have been explained in Ref. [18]. The deposition process induced 

compressive PS in layer 6 during the deposition of layers 6-12 (Figure 7-10, 

Figure 7-11 and Figure 7-12). During the deposition of layer 13 and subsequent 

layers, the peak temperature became insufficient (400 °C and lower) to initiate 

plastic deformation in layer 6 (Figure 7-12). Therefore, the distance equivalent to 

the height of 7 layers from the heat source can be considered as the depth of 

deposition influence for cyclic plasticity, below which the material solely 

undergoes elastic deformation during reheating.  

Rolling alone can introduce tensile PS in the wall, which can counteract the 

WAAM-induced compressive PS for a hybrid process [37]. The tensile PS 

induced by the IL rolling with the flat roller also exhibits an influence depth. For 
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instance, the rolling-induced PS in the layer 6 reduced after new layers were 

deposited. The rolling after deposition of layer 10 virtually did not affect the PS in 

the layer 6, which means that only the 4 layers below the rolled surface were 

yielded by the IL rolling process (Figure 7-11 and Figure 7-12). Therefore, the 

distance over the height of 4 layers can be considered as the depth of rolling 

influence for cyclic plasticity, below which the material solely undergoes elastic 

deformation during rolling.  

As the deposition influence depth is larger than the rolling influence depth for the 

flat roller, the compressive PS generated by WAAM still dominated over the 

tensile PS induced by the IL rolling (Figure 7-16b). Nevertheless, the rolling 

reduced the tensile RS, as the overall magnitude of compressive PS was 

lowered. For instance, the rolling of the newly deposited layer 6 converted the 

tensile RS to compressive RS (Figure 7-10). However, during deposition of 

subsequent layers, further re-formation of RS in layer 6 gradually converted the 

compressive RS back to tensile RS and increased the RS magnitude gradually. 

Considering the whole process, the IL rolling reduced the rate of tensile RS 

development driven by the multi-layer deposition after the rolling of the current 

deposited layer. Thereby, as a consequence of IL rolling, the final longitudinal RS 

in layer 6 reduced from 550 MPa to 200 MPa (Figure 7-10, Figure 7-11 and Figure 

7-12). 

In contrast, the IL rolling with the slotted roller demonstrated twice larger the 

influence depth than the rolling with the flat roller (Figure 7-13). This difference 

arises because the slotted roller imposes restriction in transversal direction and 

promotes longitudinal plastic deformation (Figure 7-17b). The WAAM deposition 

had comparable to the rolling process influence depth (8 layers), but lower than 

the rolling process magnitude of influence. Consequently, the rolling with the 

slotted roller more significantly influenced the underlying material than the WAAM 

deposition. Thus, the longitudinal RS in layer 6 reduced from 500 MPa to −29 

MPa after the WAAM deposition and IL rolling with the slotted roller (Figure 7-13).  
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7.4.3 Optimisation of rolling strategy  

The RS profiles produced by the stacked 4L and 10L rolling using the flat and 

slotted rollers were found similar to the IL rolling (Figure 7-14 and Figure 7-15). 

This can be attributed to the increased influence depth for the stacked-layers 

rolling compared to IL rolling (Figure 7-16).  

Figure 7-18 shows the evolution of longitudinal PS in layer 6 during WAAM 

deposition and stacked 4L rolling with the flat roller. It was found that the PS was 

influenced with a depth of 7 layers below the rolled surface for the stacked 4L 

rolling, while for the IL rolling only 4 layers below the surface were influenced. On 

the other hand, the influence depth of deposition was 4 layers for the stacked 4L 

rolling ( 

Figure 7-18), compared to 7 layers for the IL rolling (Figure 7-12).  

Figure 7-18 Evolution of longitudinal PS in layer 6 during WAAM deposition and 

stacked 4L rolling with flat roller. The rolling phases are highlighted in the yellow 

shaded areas.  

During the IL rolling, the penetration of the flat roller was resisted by the strain 

hardened material in the previously deposited and rolled layers. The increase in 

the width of the rolled wall also enhances the resistance (Figure 7-14 b). By 

contrast, during the stacked 4L rolling, larger roller penetration was achieved at 

the identical rolling load due to the fewer strain hardening and less increase in 

wall width. As a result, the PS was influenced in deeper regions of the wall during 

the stacked 4L rolling, as compared to the IL rolling (Figure 7-16). Figure 7-19 
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illustrates the mechanism of the cyclic variation of longitudinal RS during WAAM 

+ stacked 4L rolling with the flat roller. Deposition generated tensile RS in layers 

1-4. As the rolling influence depth was 7 layers, the rolling of layer 4 reduced the 

longitudinal tensile RS in the layers 1-4 and in the substrate under the wall. As 

the deposition influence depth was 4 layers, deposition of layers 5-8 caused 

formation and re-formation of tensile RS in layers 2-8. Subsequent rolling of layer 

8 reduced tensile RS in layers 2-8. Same variation of RS occurred during 

deposition of layers 9 – 12 and rolling of layer 12. After the final rolling of layer 

20, tensile RS in all layers was reduced by the rolling.  

Figure 7-19 Schematic of cyclic variation of longitudinal RS during WAAM + 

stacked 4L rolling with the flat roller. The boxed blue and red layers are those 

influenced by rolling and WAAM deposition, respectively. 

The schematic representation in Figure 7-19 captures the RS distributions shown 

in Figure 7-14c, where tensile RS in the whole wall reduced by the rolling process. 

The interaction between the stacked 4L rolling and WAAM deposition also 

determined the RS in the wall rolled using the slotted roller, but the RS distribution 

is distinctive due to the difference in the specific interaction associated with 

increased efficacy of the rolling process with the slotted roller, as compared to 

the flat roller rolling. 

The stacked 10L rolling with both the flat and slotted rollers demonstrated a peak 

of tensile RS in the middle of the wall (Figure 7-14d and Figure 7-15d). This is 
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because the rolling of 2 layers only (L10 and L20) is insufficient to reduce 

compressive PS in the whole WAAM wall (Figure 7-16d and Figure 7-17d). 

Similarly, a large tensile RS region close to the substrate was observed in the PB 

rolled wall (Figure 7-14e and Figure 7-15e). In this case, the rolling of layer 20 

only is inadequate to reduce the compressive PS (Figure 7-16e and Figure 7-17e) 

and tensile RS in the whole wall. 

The stacked-layers and PB rolling with flat and slotted rollers have the prospect 

to improve manufacturing efficiency by reducing the number of rolled layers. 

However, using WAAM components built with stacked 10L rolling is not 

recommended with respect to fatigue sensitive applications. The high tensile RS 

in the middle of the wall can negatively affect the service life of the component 

[50,51]. The PB rolling can be efficiently employed for RS mitigation in relatively 

low height WAAM components (Chapter 6 and Ref. [37]). However, PB rolling 

with flat and slotted rollers at 50 kN rolling load appear insufficient to mitigate 

tensile RS in the whole 20 layers high WAAM component studied here. Despite 

the lower efficiency of the in-process rolling with the slotted roller (lubricant is 

needed before each rolling run), the rolling strategies based on the slotted roller 

reduced tensile RS in the whole wall to a greater degree and achieved lower 

distortion, as compared to the flat roller.  

Another consideration for the evaluation is the reduction of WAAM wall height 

after rolling, which also influences manufacturing efficiency. Larger reduction in 

height requires more deposited layers to achieve a designed height of the wall. 

Rolling with the slotted roller is more beneficial because it caused marginal 

reduction in the wall height (Table 7-7), while rolling with the flat roller caused 

more marked height reduction (Table 7-6). In addition, the reduced wall surface 

irregularity of components built with the slotted roller minimises post-build 

machining (Figure 7-15).  

Based on the previous evaluation with regard to both mitigation effectiveness and 

manufacturing efficiency, it is recommended that the stacked 4L rolling with the 

slotted roller is potentially an optimal process for future application. 
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7.4.4 Further improvement of model accuracy 

The long mechanical models mapped from the short WAAM model and the short 

WAAM + IL rolling model underpredicted distortion after removal of clamps, 

mainly due to the limitations of the efficient modelling method (Chapter 5 and Ref. 

[36]). Due to the length reduction, the short mechanical models of WAAM 

deposition and IL rolling assumed rigid clamping through constraining all the 

nodal displacements on the substrate bottom. However, in the experimental setup 

by Colegrove et al. [5], six clamps were applied to small regions in the substrate, 

which are anticipated to exhibit considerable compliance. As a result, in-process 

distortion is expected to occur which cannot be captured by the short model under 

fully rigid clamping. The influence of the clamping system on final distortion was 

also discussed by Colegrove et al. [5].  

The accuracy of distortion prediction can be improved by increasing the 

component length in the short mechanical model and using more realistic 

clamping simulation. A longer model will be able to capture the accumulation of 

in-process distortion accompanied by the movement of the substrate with the less 

rigid clamps. However, the computational efficiency will be reduced. 

7.4.5 Limitations of the modelling approach 

Proposed modelling approach has several limitations. The solution mapping 

technique do not account transient processes during deposition and rolling at the 

ends of the long WAAM parts, which usually occurred during experiments. RS 

and PS are assumed evenly distributed in deposition direction of the long WAAM 

part.  

Despite the model predicted largest tensile RS at the border between the wall 

and the substrate, which often responsible for delamination/ tearing of produced 

wall from the substrate [52], models does not aim to predict in process failure of 

the WAAM parts observed during experiments.  

Model cannot account defects induced during deposition, which could initiate 

crack growth during manufacturing and result in delamination/ tearing between 

layers or separation of the deposited wall from the substrate.  
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7.5 Conclusions 

Efficient models for inter-layer rolling, stacked-layers rolling and post-build rolling 

were developed to investigate the rolling-enabled mitigation of residual stress and 

distortion in a WAAM deposited wall component. The models were validated 

using previous experimental data. The concurrent evolution of temperature, 

longitudinal stress and plastic strain during WAAM deposition and inter-layer 

rolling was revealed to understand the mechanism. Optimisation of the rolling 

strategy was also conducted to reduce manufacturing time without compromise 

of the mitigation effectiveness. The following conclusions are drawn:  

1. The rolling frequency and the roller design affect the influence depth of 

WAAM deposition and rolling. The influence depth is manifested as the 

reaching depth of the plastic flow induced by the deposition or rolling of 

each layer. The larger the influence depth and the magnitude of induced 

PS, the more extensive the impact on the residual stress. The difference 

in influence depth is associated with histories of strain hardening and layer 

deformation, but the difference in magnitude related to the roller design. 

Such a difference affects the interaction between the deposition and rolling 

in the hybrid process, and the interaction determines the final residual 

stress and distortion in the WAAM-built component. 

2. Cyclic re-formation of tensile stress occurred during WAAM deposition. 

The rolling with the flat roller had smaller influence depth compared to the 

deposition. Therefore, the inter-layer rolling with the flat roller only reduced 

the increase rate of the WAMM-generated tensile residual stress during 

the consecutive deposition of layers. Thanks to the lateral constraint of the 

slotted roller, the rolling with the slotted roller promoted longitudinal tensile 

plastic deformation and had greater influence on the underlying material 

than the deposition process. Consequently, the inter-layer rolling with the 

slotted roller significantly reduced the tensile residual stress, and it also 

produced compressive residual stress in a large region.  
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3. Stacked-layers rolling can be used as an alternative of inter-layer rolling to 

reduce the manufacturing time of the hybrid process. Stacked 4L and 10L 

rolling has larger influence depth, as compared to inter-layer rolling, 

thereby leading to longitudinal residual stress distributions similar to those 

produced by the inter-layer rolling but with much fewer runs of rolling. The 

stacked-layers rolling with slotted roller has higher effectiveness of stress 

mitigation and additional benefits such as minor reduction of the wall 

height, and hence it is potentially optimal for the hybrid process.  

4. Post-build rolling has relatively large influence depth, but it is not as 

effective as the inter-layer and stacked-layers rolling to mitigate the 

residual stress and distortion in the WAAM wall studied here, since the 

influence depth only covers the upper half of the wall. Nevertheless, it 

could be efficiently applied to lower height WAAM components. 

5. As the rolling mitigates the WAAM-generated tensile residual stress in the 

clamped component, the distortion due to the stress relaxation after 

removal of clamps is reduced by the rolling. The slotted roller is more 

effective in distortion mitigation since it can more significantly mitigate the 

WAAM residual stress. 
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8 Conclusions 

8.1 Summary of research 

8.1.1 Efficient modelling  

Efficient rolling and WAAM models were developed as tools to support the study 

of post-build rolling (Chapter 6), inter-layer and stacked-layers rolling (Chapter 7). 

These models have shown a significant improvement in computational efficiency 

(Table 5-4 and  
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Table 5-5). In the first step of the research, different efficient modelling methods 

of rolling were evaluated in terms of accuracy and computational time (Chapter 

4). The model with reduced component length demonstrated significantly 

improved computational efficiency than the conventional full-scale rolling model, 

due to the largely reduced number of nodes and reduced process time required 

for simulation. Importantly, the length of the deformable component was 

adequate to reach steady-state rolling. The short model has been proved to be 

capable of providing consistent and stable solutions comparable to the 

conventional large-scale rolling model.  

Among other models, the reduced length 2D rolling model has the lowest number 

of nodes with reduced degrees of freedom, so the model required the lowest 

computational time. However, due to the plane-stress assumption the 2D model 

cannot predict plastic strain (PS) and residual stress (RS) distributions with the 

same accuracy as the 3D model because the rolling of WAAM parts is a complex 

3D phenomenon.  

The study demonstrated that the explicit analysis method is less efficient and less 

accurate than the implicit analysis method for the relatively simple contact 

problems with rigid bodies involved using comparable computational resources. 

The mass scaling technique reduced the computational cost of the 3D short 

explicit transient model via increasing the deformable component’s density and, 

as a consequence, it increased the size of stable time increment. However, the 

increased density raised the influence of artificial inertia, which affected the 

accuracy of the solution. The steady-state detection feature, as implemented in 

the 3D Eulerian model, stopped analysis as soon as steady-state rolling was 

detected. Due to this, the model’s cost was similar to other developed 3D rolling 

models, despite a triply larger number of nodes involved in FE analysis. 

Unfortunately, the accuracy of the predicted results was impaired by physically 

inaccurate representation of the rolling process. The 3D short implicit transient 

model is best among all the examined models, when both computational 

efficiency and solution accuracy is considered, and it can obtain steady-state 
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solution equivalent to the control model which simulates the rolling in the full-

scale component.  

In the second stage of the research, an efficient solution mapping technique was 

developed (Chapter 5). Using this technique, steady-state solution is taken from 

the clamped short efficient model, and then spatially sequentially mapped to the 

long mechanical model. The final RS, PS distribution and distortion are calculated 

from the long mechanical model so that the effect of clamping conditions can be 

taken into the consideration. Since short models are used for computing the 

steady-state thermal-mechanical behaviours of the WAAM and rolling process, 

significant time saving was achieved. The RS distribution and distortion predicted 

by the long WAAM mechanical model are in good agreement with the 

experimental measurements after removal of clamps. 

The efficient modelling method is universal and can be applied to other 

manufacturing processes in which a steady state is present. However, the length 

of the short models should be properly considered to maintain a balance between 

the computational cost and the model’s ability to reach a steady state. In addition, 

the definitions of the longitudinal constraints of the short model are crucial and is 

dependent on the process being simulated. For example, full longitudinal 

constraints are required for the short mechanical WAAM model, while only two 

ends of the component need to be restricted for the short rolling model. The 

reason is that different plastic flow mechanism occurs during WAAM deposition 

and rolling. Compressive plastic flow, caused by WAAM deposition, occurs due 

to the low yield strength of the material at high temperatures and full longitudinal 

constraints are more representative for the long component built in reality. 

However, full longitudinal constraints prevent the longitudinal deformation caused 

by the roller during rolling simulation, while constraining only the two ends of the 

deformable component is more realistic to compensate for the underestimated 

longitudinal stiffness due to the reduction of the component length in the short 

model. 
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8.1.2 Mechanism of RS mitigation by high-pressure rolling in WAAM 

parts under clamped condition 

WAAM process induces an approximately uniform longitudinal compressive PS 

distribution in the deposited wall, which results in constant longitudinal tensile RS 

in the wall under clamped condition. After post-build rolling with flat and profiled 

rollers, large tensile PS occurred under the rolled surface, but compressive PS 

with reduced magnitude remained in the core of the wall. In the area where the 

compressive PS was reduced or converted to be tensile, the WAAM tensile RS 

decreased. The profiled and flat rollers exhibited a similar mechanism of PS 

generation in the WAAM wall at a friction coefficient of 0.5 or a higher value. The 

edge of the profiled roller constrained the lateral deformation on the rolled surface 

and promoted longitudinal deformation. Similarly, friction limited lateral 

deformation in the contact region with the flat roller and enhanced longitudinal 

deformation.  

In contrast, the slot of the slotted roller virtually eliminated the lateral deformation 

during the rolling process. It produced much greater longitudinal deformation 

compared to the flat and profiled rollers. As a result, the slotted roller produced a 

lower tensile deformation under the rolled surface but induced a significantly 

larger tensile PS in the core of the wall and more effectively mitigated the tensile 

WAAM-induced RS. In addition, the friction between the roller slot and the side 

of the wall helped the roller plunge deeper into the wall, which also promoted 

longitudinal deformation. 

However, the combination of WAAM deposition and inter-layer rolling exhibits 

more complex RS and PS formation mechanism. The multi-layer deposition 

process results in the cyclic formation of longitudinal tensile RS in the WAAM 

wall. This cyclic formation of RS occurred due to uneven compressive plastic 

deformation as long as peak temperatures were high enough to promote the 

plastic flow of the material. Nevertheless, as the number of deposited layers 

increased, the peak temperatures reduced, and further cyclic alteration of tensile 

RS occurred fully elastically. Inter-layer rolling with the flat roller induced tensile 

PS in the 4 layers below the rolled surface and mitigated WAAM tensile RS, but 
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the deposition of the subsequent layer promoted compressive deformation and 

re-formed tensile RS in the 7 layers below. Even through the WAAM deposition 

had more significant influence on underlaying material, still the IL rolling with the 

flat roller reduced the rate of tensile RS re-formation during WAAM deposition 

and as result mitigated tensile RS in the wall.  

By contrast, the WAAM deposition and the rolling had similar depth of influence 

during WAAM + IL rolling with the slotted roller. However, due to the larger 

magnitude of the rolling process influence, WAAM tensile RS was mitigated to a 

greater degree than with the flat roller.  

8.1.3 Influence of the high-pressure rolling on RS and distortion in 

large-scale WAAM parts after removal of clamps 

The deformation of the WAAM parts after removing the clamps is caused by the 

redistribution/ relaxation of the large tensile RS in the wall, which causes the parts 

to bend upward. After removing the clamps in the rolled WAAM parts, new RS 

equilibrium can be reached shortly. A minor redistribution of RS occurred, 

resulting in relatively small distortion.  

The walls that were inter-layer rolled with flat rollers showed little concave upward 

distortion. By contrast, the parts rolled with a slotted roller exhibited slight 

concave downward distortion. During rolling, the slotted roller induced a larger 

region of longitudinal compressive RS at the top of the WAAM wall than the flat 

roller. Relaxation of compressive RS in this large region after clamps removal 

caused expansion of the wall, which resulted in convex downward distortion. For 

post-build rolling, the distortions were reduced and the RS is mitigated in low 

height WAAM parts in a similar way. 

The predicted RS distributions in the inter-layer rolled large-scale WAAM parts 

after clamps removal are in good agreement with the experimental results. 

However, the final distortions are underpredicted, mainly due to the incapability 

of the short models to capture the in-process distortion during inter-layer WAAM 

deposition and rolling. To improve the prediction accuracy, longer component and 
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more realistic simulation of clamping are needed in the short model, which, 

however, may significantly increase the computational cost. 

8.1.4 Optimisation of the high-pressure rolling for WAAM parts  

The manufacturing time of WAAM + rolling can be reduced by minimising the 

number of rolled layers (e.g. using stacked-layers rolling method). Rolling with 

the flat roller and the slotted rollers for every 4 deposited layers created a 

longitudinal RS distribution similar to inter-layer rolling. The rolling with the flat 

roller reduced tensile RS with more layers than the number of layers affected by 

the deposition process. At the end of WAAM deposition + stacked 4 layers rolling, 

the WAAM tensile RS in all deposited layers was reduced by the rolling process. 

The efficacy of the slotted roller to reduce tensile RS during stacked 4 layers 

rolling associated with increased magnitude of rolling process influence. 

However, rolling every 10 deposited layers was not sufficient to mitigate RS in 

the whole WAAM wall, the region subjected to WAAM-induced tensile RS 

remained in the middle of the wall. Post-build rolling with flat and slotted rollers 

can replace inter-layer rolling for relatively low height WAAM components (<10 

deposited layers). However, a single rolling run was insufficient to introduce 

required tensile PS and mitigate RS in 20 layers height WAAM wall. 

In terms of the process optimisation, the slotted roller is preferable to the flat roller 

as it caused marginal height reduction of the wall. In addition, the reduced surface 

roughness of components produced with slotted roller requires less post-build 

machining. Also, rolling with the slotted roller reduced tensile RS in the whole wall 

to a greater degree than the other rollers.  

The efficacy of the rolling process to mitigate WAAM tensile RS within greater 

depth can be improved. With the increase of rolling load at the flat, profiled, and 

slotted rollers larger amount of material is affected by the rolling process. Tensile 

plastic strain with greater magnitude can be induced in the wall, resulting in the 

mitigation of tensile WAAM RS further away from the rolled surface. The largest 

practical rolling loads provides the highest effectiveness of RS and distortion 

mitigation. However, it should be noted that the excessive rolling load could be 
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detrimental. On the one hand, as induced by the rolling, the compressive 

longitudinal RS could lead to inverse/convex deformation of parts after clamps 

removal. On the other hand, excessive rolling load could cause plastic collapse 

of tall wall. 

An increase of friction coefficient between the roller and the wall suppressed 

tensile plastic deformation of the material on the contact surface but caused a 

larger tensile deformation in the wall’s core. The friction coefficient had a 

significant impact on RS distribution produced by the slotted roller. With the 

increase of friction coefficient, a larger amount of material in the wall’s core was 

affected by the compressive RS. However, this effect is insignificant for the flat 

and the profiled rollers. As demonstrated by the rolling models, applying rolling 

with a slotted roller without lubrication or increased friction could significantly 

improve the rolling effectiveness. However, in practice, rolling with the slotted 

roller without lubricant was unsuccessful since the slotted roller can be stuck on 

the WAAM wall, due to the increased resisting force and the insufficient horizontal 

moving traction. 

8.2 Contribution to knowledge 

The research gaps presented in Chapter 1 have been filled by this PhD project. 

Computationally efficient models were developed, and a modelling technique for 

determining steady-state solution and transferring solution between various 

length models was introduced. Post-build and inter-layer rolling processes for 

WAAM parts were investigated, and optimisation of the rolling strategy was 

conducted with recommendations made for future industrial applications. This 

study provided the following intellectual contribution to knowledge and 

demonstrated efficient models and methods for use by the scientific community:  

1. A computationally efficient modelling method for rolling of WAAM 

components was developed and demonstrated. The increased efficiency 

was achieved by the reduction of the length of the deformable component 

and the saving of the time of the simulated event. The reduced length was 

sufficient to reach steady state and to obtain stable and consistent 

solutions equivalent to conventional long rolling models. A solution 
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mapping technique has been developed to transfer steady-state solution 

from short models to long models so as to investigate mechanical 

response to clamps removal. The method is universal and can be also 

applied to other manufacturing process where a steady state is present.  

2. Based on the simulations, the mechanism about how the rolling process 

reduces the RS has been revealed and different rolling strategies were 

evaluated, including post-build rolling, inter-layer rolling and stacked-

layers rolling.  

3. The effects of different roller designs and rolling parameters on the 

reduction of RS have been investigated. Post-build rolling with flat, profiled 

and slotted rollers at the largest tested rolling loads induced tensile PS to 

a greater depth to promote relaxation of WAAM tensile RS in the larger 

region of the wall. At all investigated rolling loads, the slotted roller 

demonstrated the greatest efficacy to mitigate RS and distortion. The 

slotted roller with increased friction demonstrated improved mitigation 

effectiveness of the rolling process.  

4. An optimised rolling strategy has been developed, which can be used to 

achieve the minimum rolling operations while maintaining the sufficient 

mitigation of RS and distortion. This is based on the understanding of the 

PS and RS evolution during the hybrid process of WAAM deposition and 

stacked-layers rolling. 

8.3 Future work 

More research in following directions can be extended in future work to further 

improve efficiency and accuracy of proposed models, allowing practical industrial 

application of developed models for numerical design of hybrid WAAM and rolling 

manufacturing techniques. WAAM process gaining popularity in aerospace 

industry for manufacturing of large cylindrical components like rocket fuel tanks. 

Proposed hybrid WAAM and rolling models can be efficiently applied for this type 

of problems. While, scientific community will obtain efficient tool for future 

research and optimisation of microstructure and mechanical properties of WAAM 

plus inter-layer rolled parts.  
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8.3.1 Exploration of short explicit transient rolling model  

The short explicit transient rolling model demonstrated lower accuracy due to the 

artificially increased material density used to reduce computational cost (Chapter 

4). However, an explicit analysis still has the potential to handle better complex 

contact problems and large deformations, better suited to parallel computation 

than an implicit analysis. Furthermore, the short explicit transient model reached 

a steady state faster than the short implicit transient models. This allowed further 

reduction of the deformable component length, resulting in a considerable 

decrease number of nodes involved in the analysis.  

Subsequent development of the short explicit transient rolling model should be 

conducted. The short explicit rolling model can potentially improve the solution’s 

accuracy and reduce the computational cost by further reducing the modelled 

component length, identifying the optimal artificial density of a material, and 

employing parallel computation with a larger number of CPU cores. 

8.3.2 Improvement of distortion prediction accuracy  

The short thermal-mechanical and rolling models assume rigid clamping of a 

deformable component during deposition and rolling processes (Chapter 5). The 

model’s limitations mainly arise from this simplification. The model did not capture 

the accumulation of the deformation during the deposition and rolling process, 

which happened in the experiments. This leads to underprediction of the final 

distortion. Further development of the short thermal-mechanical models should 

be conducted to simulate non-fully rigid clamps and improve the distortion 

prediction accuracy. 

8.3.3 Experimental measurements of RS for post-build rolled WAAM 

components 

Measurements of RS in post-build rolled WAAM parts using the designed rollers 

and the rolling loads considered in the presented study (Chapter 6) were not 

found in the literature. Therefore, experimental measurements could be carried 

out for further validation of the post-build rolling models. 
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8.3.4 Experimental measurements of RS for stacked-layers rolled 

WAAM components 

Significant manufacturing time saving can be achieved with the aid of stacked-

layers rolling instead of inter-layer rolling for WAAM parts (Chapter 7). However, 

measurements of RS in stacked-layers rolled WAAM parts were not found in the 

literature. Therefore, further experimental work could be conducted to obtain such 

important information. 
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