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ABSTRACT 

Additive manufacturing (AM), particularly Laser Powder Bed Fusion of Metals (PBF-LB/M), enables the 

production of geometrically complex Ti-6Al-4V components with high precision and design flexibility for a 

wide range of applications in the aerospace, chemical and process engineering, energy, and biomedical 

sectors. However, rapid solidification in PBF-LB/M produces a non-equilibrium martensitic α′ microstructure 

with pronounced texture, leading to anisotropic mechanical and thermal behaviour. In particular, the apparent 

thermal expansion of PBF-LB/M Ti-6Al-4V has been found to be anisotropic due to strains induced during 

the 𝛼′ → 𝛽 phase transformation (850–1000 °C). These transformation strains lead to pronounced apparent 

expansion along the build-direction and reduced in-plane apparent expansion. In PBF-LB/M manufactured 

components, this anisotropy can lead to unexpected residual stresses during the AM process or mechanical 

integrity issues during post-manufacturing heat-treatments or operation. This study focusses on the modelling 

of the anisotropic apparent expansion of Ti-6Al-4V and its implementation for Finite Element Analysis (FEA) 

to enable simulative investigations of the residual stress and distortion evolution in AM components. 

A new model is introduced that separates isotropic thermal and transversally isotropic transformation 

strains. The model accounts for the path and temperature dependent transformation characteristics with 

varying transformation strains developing during heating (𝛼′ → 𝛽) and cooling (𝛽 → 𝛼 + 𝛽). To make this 

model available to FEA, it was implemented in the FE software Abaqus via an UEXPAN subroutine. The 

effectiveness of the apparent expansion model and its implementation is demonstrated by comparing 

simulated and experimentally measured dilatometer curves. In addition, the impact of this anisotropic 

expansion on the residual stress development is investigated using thermo-mechanical process simulations of 

1) a single laser welding track, and 2) the distortion of a cantilever following support structure removal. 

The model successfully predicted the apparent expansion in a cylinder printed at a 45° angle. Furthermore, 

significant differences in vertical stress components and induced plastic strain in a single weld track were 

found. These are attributed to the additional constraints imposed by the transversally isotropic expansion 

underpinning the relevance of accounting for the transformation strain. Predictions of distortions in a 

cantilever following support removal were, however, significantly better when considering isotropic thermal 

strain only. This could potentially be explained by differences of the PBF-LB/M microstructure in the 

presence of a support structure. Understanding these mechanisms is crucial for optimizing the mechanical 
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integrity and dimensional stability of PBF-LB/M-fabricated Ti-6Al-4V components in engineering 

applications subjected to post-processing heat-treatments or high-temperature applications. 
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INTRODUCTION 

The Laser Powder Bed Fusion process of Metals (PBF-LB/M) induces rapid solidification 

conditions with cooling rates exceeding 10⁶ K/s [1-4]. In Ti-6Al-4V ,this results in a non-

equilibrium martensitic 𝛼′ microstructure within columnar prior 𝛽 grains that grow epitaxially 

over multiple layers with their 〈001〉𝛽 direction oriented along the thermal gradient [5-13]. 

Acicular martensitic 𝛼′ laths precipitate on the prior 𝛽 grain boundaries obeying the Burgers 

orientation relationship [14-17] and growing along their invariant directions leading to a 

crystallographic and morphological texture due to crystallographic variant selection [10], [16]. 

Thus, the as-printed microstructure deviates significantly from the typically equiaxed bimodal 

𝛼 + 𝛽 grain distribution observed in Ti-6Al-4V components conventionally manufactured by 

forging [18]. These anisotropic microstructural features [19-23], directly affect the mechanical 

response of PBF-LB/M-fabricated Ti-6Al-4V [9], [24]. 

While the anisotropy of the thermal expansion of Ti-alloys caused by the hexagonal close-

packed crystal structure and the respective influence of alloy composition has been well 

studied [25-28], less attention has been paid to the effect of the particular PBF-LB/M 

microstructure and its impact to post-processing or service conditions. Recent experimental 

as well as theoretical studies of the present authors [29], have revealed that the apparent 

thermal expansion of PBF-LB/M-fabricated Ti-6Al-4V exhibits a pronounced build-direction 

dependence, particularly in the temperature range associated with the 𝛼′ → 𝛽 transformation, 

i.e. 850 – 1000 °C. Vertically built specimens show a sharp increase in the apparent thermal 

expansion, whereas horizontally built ones exhibit a dip. These macroscopic effects are not 

fully captured by phase-specific lattice parameter measurements (e.g., synchrotron X-ray 

diffraction) [30], [31]. As outlined by [29], the build-direction dependent anisotropic apparent 

expansion can be explained by the crystallographic and morphological texture of the PBF-

LB/M microstructure and the respective anisotropic transformation strains that are 

superimposed to the effectively isotropic thermal expansion. The anisotropic apparent 

expansion is expected to have an impact on additively manufactured (AM) components during 

post-processing heat-treatments or in service conditions at elevated temperatures. 

Severe temperature gradients that occur during rapid transient melting and cooling 

processes together with phase transformations and local plastification during solidification 

cause either residual stresses or distortions in PBF-LB/M components [32]. To investigate the 

development of residual stresses and distortion during the PBF-LB/M process dedicated finite 

element (FE) based thermo-mechanical process simulation (TMPS) approaches have been 

developed [33-35]. Modern TMPS models are categorized into single-layer [36-44], and 

multi-layer TMPS models [45-50].  

Single-layer models are focused on the laser beam vicinity, while multi-layer approaches 

are used to investigate temperature, stress, and distortion fields in PBF-LB/M structures. To 
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study temperatures and stresses along the laser trajectory, single-layer TMPS models typically 

use a moving Goldak heat source [51] to simplify the complex melt-pool physics [38]. Such 

models have been used to study the effect of process parameters on microstructure [42-44], 

distortion [52], and residual stress [35], [41], [46] in PBF-LB/M components. 

Modern high-fidelity multi-layer TMPS models follow a multiscale approach to analyse 

global residual stresses and distortions in AM parts [47-50]. Single-layer microscale models 

can be used to derive an equivalent heat source representing the melt pool. To account for 

scanning strategy effects, this is imposed to a hatch block in a mesoscale model [48], [49], 

[50]. The resulting temperature histories or inherent strains are further applied to a thermo-

mechanical [49], [50] or a purely static mechanical [53], [54] macroscopic model, 

respectively. Element activation is either hatch block wise [48], or layer wise (superlayer 

approach) [53], [54] with the former approach being the best compromise between accuracy 

and numerical efficiency [55]. A coupled activation and heat input approach using event series 

as recently introduced in the commercial FE software Abaqus [49], [50] demonstrated 

excellent agreement between measured and predicted residual strains in the NIST AM 

Simulation Benchmark [56].  

A simplified weakly-coupled TMPS model implemented in the commercial FE Software 

Ansys, uses a superlayer approach [57]. Thereby, superlayers, i.e. aggregates of actual powder 

layers represented by a finite element layer, are instantaneously activated layer-by-layer at 

close to melting temperature. The resulting temperature field following cooldown is applied 

in a subsequent mechanical simulation to predict the residual stresses that arise from the 

constrained thermal contraction. Despite significant simplifications of the complex physical 

phenomena on a local level, this industrially relevant approach allows to estimate residual 

stresses and distortions on a part-level at low numerical cost [58]. The accuracy of all outlined 

simulation approaches is strongly influenced by the underlying constitutive models describing 

the thermo-physical and thermo-mechanical behaviour of materials. Specifically, the thermal 

expansion has a significant impact on predicted residual stresses and distortions. 

In the present study, a comprehensive model is introduced to describe the apparent build-

direction dependent expansion strain in PBF-LB/M manufactured Ti-6Al-4V (Grade 23) in 

the as-build condition for Finite Element Analyses (FEA). Thereby, the isotropic thermal 

expansion strain 𝜀𝑡ℎ is modelled independently from the transversally isotropic transformation 

strain 𝜀𝑡𝑟
ℎ   that arises from the 𝛼′ → 𝛽 transformation during heating at > 850 °C. During 

cooldown, the transformation strain 𝜀𝑡𝑟
𝑐  resulting from the 𝛽 → 𝛼 + 𝛽 transformation is 

modelled as isotropic. In a first step, the model and its implementation as an UEXPAN 

subroutine for the FE software Abaqus are introduced. To demonstrate the effectiveness and 

relevance of the apparent expansion model and its implementation, it is applied 1) to predict 

the expansion in a 45° tilted cylinder, 2) to investigate the residual stresses in a single PBF-

LB/M laser weld-track (single-layer TMPS model), and 3) to predict the distortion of a 

cantilever following stress relief after support structure removal (multi-layer TMPS model). 

The availability of a FE simulation model able to account for the anisotropy of the apparent 

expansion is a prerequisite to investigate the impact of the experimental findings in [29], and 

to gain more detailed understanding of the underlying mechanisms generating residual stresses 

and distortion in PBF-LB/M-fabricated Ti-6Al-4V components. This is crucial for optimizing 

the mechanical integrity and dimensional stability of PBF-LB/M-fabricated Ti-6Al-4V 
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components in engineering applications subjected to post processing heat treatments or high-

temperature applications. 

METHODS 

MATERIAL & EXPERIMENTS 

The apparent expansion model established in this study is based on findings presented in [29] 

on the build-orientation dependent apparent thermal expansion behaviour of Ti-6Al-4V as 

manufactured by PBF-LB/M. 

Vertically and horizontally oriented cylindrical samples were printed on an Additive 

Industries MetalFAB1 PBF-LB/M system in single laser mode applying the process 

parameters summarized in Table 1. The process was conducted under Ar atmosphere using 

build plate heating at 150 °C. Plasma atomized Ti-6Al-4V (Grade 23) powder was supplied 

with a chemical composition according to Table 2, an aspect ratio of 𝐷𝑚𝑖𝑛/𝐷𝑚𝑎𝑥 = 0.97, and 

a characteristic particle size distribution of 𝐷10 = 21 µm, 𝐷50 = 35 µm, and 𝐷90 = 49 µm. 

Table 1 PBF-LB/M process parameters: Ti-6Al-4V (Grade 23). 

Laser  

Power 𝑷 

[W] 

Scan  

Velocity 𝒗 

[mm/s] 

Laser Spot  

Diameter 𝒅 

[mm] 

Layer  

Thickness 𝒕 

[mm] 

Hatch  

Spacing 𝒉 

[mm] 

Hatch  

Angle 𝜶 

[°] 

365 1025 0.10 0.06 0.05 67° (rotating) 

Dilatometry was further conducted on cylindrical (D8 mm × L120 mm) samples with 

vertical and horizontal build-orientation in the as-built condition. A NETZSCH DIL402 

Expedis® Supreme dilatometer was used to measure the total thermally induced elongation 

under quasi-static conditions with a heating-rate of 5 K/min in an Ar atmosphere up to  

1100 °C. Slow cooling to 450 °C was subsequently applied at a cooling-rate of 5 K/min. 

During the experiments a controlled measuring force of 0.2 N was maintained and a W 

standard material was used to correct for the thermal expansion of the measuring system. 

Table 2 Chemical composition [%w]: Ti-6Al-4V (Grade 23, ASTM F3001) powder by AP&C. 

Ti Al V Fe O C N H Y 
Others 

(each) 

Others 

(total) 

bal. 6.32 4.03 0.21 0.10 0.01 0.01 0.002 <0.001 <0.1 <0.4 

To verify the effectiveness of the thermal expansion model in the multi-layer thermo-

mechanical process simulation, six cantilevers – i.e. three oriented along and three transverse 

to the Ar gas flow – were manufactured under the same conditions as the dilatometry samples. 

Subsequently, the support structure of the cantilevers was EDM wire-cut 1 mm above the 

substrate to release residual stresses according to the cut compliance method (CCM), see 

Fig. 1. The resulting distortion was measured along three lines (middle, left, right) at the top 
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of the cantilever using a tactile coordinate measurement machine. Finally, an overall average 

was calculated for all measurements of the two respective cantilever orientations, i.e. along 

and transverse to the gas flow. 

 

Fig. 1 Cantilever for validation of multi-layer TMPS according to the cut compliance method. 

Green: cutting plane. Red: measurement paths for distortions 

MODELLING OF APPARENT EXPANSION 

As outlined in [29], the apparent expansion 𝜀𝑒𝑥𝑝 observed in the dilatometer experiments of 

as-printed Ti-6Al-4V varies significantly with the underlying build-orientation, Fig. 2. While 

the actual thermal expansion strain 𝜀𝑡ℎ is independent of the build-orientation, the 

transformation strain 𝜀𝑡𝑟
ℎ   arising from the 𝛼′ → 𝛽 transformation during heating at 

approximately 850 °C to 1000 °C varies strongly with the build-orientation, i.e. it is positive 

for vertically and negative for horizontally built samples. During cooldown from the fully 

transformed 𝛽 phase to 𝛼 + 𝛽, the resulting transformation strain 𝜀𝑡𝑟
𝑐   can be considered as 

isotropic. 

 

Fig. 2 Apparent expansion for three build-orientations as determined from dilatometry [29] 
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Following these experimental observations, a model to describe the total apparent 

expansion needs to account for 

1) path-dependency, i.e. differing behaviour during heating and cooling 

2) isotropic thermal expansion 

3) transversally isotropic transformation strain during heating, and 

4) isotropic transformation strain during cooling. 

Consequently, the total apparent expansion strain 𝜀𝑒𝑥𝑝 in longitudinal (L) and transverse 

(T) direction is additively decomposed into an isotropic thermal expansion strain 𝜀𝑡ℎ and a 

transversally isotropic transformation strain during heating (h) – i.e. 𝜀𝑡𝑟,𝐿
ℎ  and 𝜀𝑡𝑟,𝑇

ℎ , 

respectively – and an isotropic transformation strain during cooling (c) – i.e. 𝜀𝑡𝑟
𝑐  according to 

Eq. (1). 

Heating (d𝑇 > 0) 𝜀𝑒𝑥𝑝,𝐿
ℎ (𝑇) = 𝜀𝑡ℎ(𝑇) + 𝜀𝑡𝑟,𝐿

ℎ (𝑇) (1a) 

 𝜀𝑒𝑥𝑝,𝑇
ℎ (𝑇) = 𝜀𝑡ℎ(𝑇) + 𝜀𝑡𝑟,𝑇

ℎ (𝑇) (1b) 

Cooling (d𝑇 < 0) 𝜀𝑒𝑥𝑝,𝐿
𝑐 (𝑇) = 𝜀𝑡ℎ(𝑇) + 𝜀𝑡𝑟

𝑐 (𝑇)    (1c) 

 𝜀𝑒𝑥𝑝,𝑇
𝑐 (𝑇) = 𝜀𝑡ℎ(𝑇) + 𝜀𝑡𝑟

𝑐 (𝑇)    (1b) 

Longitudinal 𝜀𝑡𝑟,𝐿
ℎ  and transverse 𝜀𝑒𝑥𝑝,𝑇

ℎ  transformation strains are determined from 

dilatometry on vertically and horizontally oriented PBF-LB/M samples, respectively. To 

discriminate between heating and cooling paths, the temperature increment d𝑇 is evaluated, 

indicating heating if positive and cooling if negative. For constant temperatures, i.e. d𝑇 = 0, 

the increment of the apparent expansion strain is neutral d𝜀𝑒𝑥𝑝 = 0. 

The isotropic thermal expansion strain 𝜀𝑡ℎ is modelled using a third-order polynomial 

 𝜀𝑡ℎ(𝑇) = 𝑝3(𝑇 − 𝑇0)
3 + 𝑝2(𝑇 − 𝑇0)

2 + 𝑝1(𝑇 − 𝑇0) (2) 

Therein, 𝑇0 denotes the reference temperature which is defined as 20 °C throughout this study. 

𝑝1 to 𝑝3 describes the polynomial coefficients. 

The transversally isotropic transformation strain 𝜀𝑡𝑟  is modelled using two state functions, 

i.e. 𝜙ℎ(𝑇) and 𝜙𝑐(𝑇) ∈ [0, 1], which reflect the progress of the 𝛼′ → 𝛽 transformation during 

heating and the 𝛽 → 𝛼 + 𝛽 transformation during cooling, respectively. Inspired by the 

experimental characteristic of the apparent expansion 𝜀𝑒𝑥𝑝, the temperature dependent 

transformation strain is modelled as the product of a constant transformation strain 𝜀0  and the 

respective temperature dependent state function acting as a weighting function. 

 𝜀𝑡𝑟
ℎ (𝑇) = 𝜀0

ℎ𝜙ℎ(𝑇) (3a) 

 𝜀𝑡𝑟
𝑐 (𝑇) = 𝜀0

𝑐(𝜙𝑐(𝑇) − 1) (3b) 

Eq. (3) is valid both for L and T components, whereas 𝜀0  differs for the L and T components 

during heating assuming transversal isotropy – i.e. 𝜀0,𝐿
ℎ ≠ 𝜀0,𝑇

ℎ  – while it is assumed isotropic 
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during cooling – i.e. 𝜀0,𝐿
𝑐 = 𝜀0,𝑇

𝑐 . The different transformation characteristics during heating 

and cooling are thereby accounted for by separate state functions – i.e. 𝜙ℎ(𝑇) ≠ 𝜙𝑐(𝑇). 

 

Fig. 3 Schematic illustrating the state functions ϕ(T) and their temperature derivative 

In agreement with the experimental dilatometry [29], a sigmoid function, specifically a 

generalized 𝑡𝑎𝑛ℎ-function, is adopted for the state functions 𝜙(𝑇) showing the best agreement 

between model and experimental data. 

 𝜙(𝑇) = 𝜙𝑠 +
1

2
(𝜙𝑒 − 𝜙𝑠) (tanh(

𝑇−𝜂

𝛾
) + tanh(

𝜂

𝛾
)) (4) 

Considering, that the 𝑡𝑎𝑛ℎ-function can be interpreted as a cumulative density function 

(CDF), i.e. the integral, of a 𝑠𝑒𝑐ℎ probability density function (PDF), the model parameters 

can be readily interpreted, see Fig. 3: 

• 𝜂 corresponds to the temperature at the peak of the PDF or the turning point of the 

CDF [°C] 

• 𝛾 is associated with the width of the peak of the PDF (FWMH – Full Width at Mean 

Height) or the maximum slope of the transition from 0 to  1 in the CDF [°C] 

• 𝜙𝑠 corresponds to the value of the state variable at 𝑇 ≪ 𝜂, i.e. the lower asymptote of 

the CDF [-] 

• 𝜙𝑒 corresponds to the value of the state variable at 𝑇 ≫ 𝜂, i.e. the upper asymptote of 

the CDF [-] 

The temperature characteristic of the transformation strain is fully described by 𝜙(𝑇) in 

Eq. (4). Both for heating and cooling, the lower and upper asymptotes of the state functions 

were defined as 𝜙𝑠 = 0 and 𝜙𝑒 = 1, respectively. Due to the different characteristics of the 

transformation during heating and cooling, the model parameters 𝜂 and 𝛾 differ - i.e. 𝜂ℎ, 𝛾ℎ, 

for 𝜙ℎ and 𝜂𝑐, 𝛾𝑐 for 𝜙𝑐. For simplicity, the directional dependence of the transformation 

strain is fully described by different 𝜀0  values for L and T. 

To make this model available for FE simulations, an user-subroutine UEXPAN has been 

developed for the commercial FE software Abaqus. The UEXPAN needs to provide the 

increment of the apparent expansion strain ∆𝜀𝑒𝑥𝑝 (i.e. EXPAN) over a time increment and for 

  

  

 

  

  

  

    

=   n  +  
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all relevant directional components. Thereby, it can be accounted for dependencies of the 

expansion strain both on temperature and internal state functions. In addition, UEXPAN 

allows to model orthotropic thermal expansion, when increments of the expansion strain are 

provided in three orthogonal directions of a material coordinate system, i.e. ∆𝜀𝑒𝑥𝑝,11, ∆𝜀𝑒𝑥𝑝,22, 

and ∆𝜀𝑒𝑥𝑝,33. By defining two components as equivalent, e.g. ∆𝜀𝑒𝑥𝑝,11 = ∆𝜀𝑒𝑥𝑝,22 = ∆𝜀𝑒𝑥𝑝,𝑇 

and different to a third component ∆𝜀𝑒𝑥𝑝,33 = ∆𝜀𝑒𝑥𝑝,𝐿, a transversally isotropic expansion can 

be realized. 

In addition to the incremental form of the expansion model defining EXPAN, the user 

subroutine also allows to define differential strains as temperature derivatives (DEXPANDT). 

 
d𝜀𝑒𝑥𝑝

d𝑇
(𝑇) =

d𝜀𝑡ℎ

d𝑇
(𝑇) +

d𝜀𝑡𝑟

d𝑇
(𝑇) (5a) 

 
d𝜀𝑡ℎ

d𝑇
(𝑇) =  𝑝3(𝑇 − 𝑇0)

2 + 2𝑝2(𝑇 − 𝑇0) + 𝑝1 (5b) 

 
d𝜀𝑡𝑟

d𝑇
(𝑇) = 𝜀0

d𝜙

d𝑇
(𝑇) =

𝜀0

2𝛾
(𝜙𝑒 − 𝜙𝑠 ) sech

2 (
𝑇−𝜂

𝛾
) (5c) 

Model Parameter Identification 

Due to the readily interpretable form of the expansion model, the model parameters can be 

directly determined from an analysis of dilatometer data. Thereby, dilatometer measurements 

on vertically built samples are used to determine the parameters for the L-components, while 

data from horizontally built samples yield the parameters for the T-components of the 

expansion model. The following data analysis routine was implemented in MATLAB to 

determine the nine remaining model parameters. 

• Data Preparation 

All apparent expansion strain measurements were resampled every 1 °C at equal 

temperatures. First and second temperature derivatives were calculated and smoothed 

using local quadratic regression (loess) and a 10% span of the data vector. 

• Background Subtraction 

Based on the first derivative of the apparent expansion strain, d𝜀𝑒𝑥𝑝/d𝑇, the peak was 

identified and removed between 780 °C and 1050 °C (heating) and between 805 °C 

and 940 °C (cooling), respectively. The remaining data was then fitted with a second 

order polynomial and shifted to form an overall mean curve, i.e. the background 

(d𝜀th/d𝑇). The background is subtracted from the d𝜀𝑒𝑥𝑝/d𝑇 curve leaving the first 

derivative of the transformation strain d𝜀𝑡𝑟/d𝑇. 

• Peak Analysis 

The peaks of the d𝜀𝑡𝑟/d𝑇 curve (𝑠𝑒𝑐ℎ-PDF) are identified, characterising the turning 

points in the state functions 𝜙(𝑇) (𝑡𝑎𝑛ℎ-CDF). The temperature at the peak defines 

the model parameter 𝜂, while 𝛾 is determined from its 𝐹𝑊𝑀𝐻 =  𝛾  n( + √ ), and 

the transformation strain 𝜀0 = 2𝐻𝛾 from the peak height 𝐻. 
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• Parameter Optimisation 

Following a first analytical identification of the model parameters an overall model 

fit using the MATLAB optimizer fmincon was applied to improve overall accuracy. 

Fig. 4 shows a comparison of the respective model predictions using analytically 

determined model parameters (green line) with measured apparent expansion data (black 

circles) and the optimized model (red line). In addition, the first derivatives of the thermal and 

the transformation strains are shown, underpinning the already good agreement of the 

analytical approach. The optimized model parameters are listed in Table 3 and Table 4. 

 

Fig. 4 Comparison of measured apparent expansion strain (black circles) with model predictions 

using parameters 1) as analytically determined (green) and 2) as optimised (red). The right column 

shows the first derivative of the transformation strains 𝑑𝜀𝑡𝑟/𝑑𝑇 after background subtraction. 
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Table 3 Optimised model parameters for thermal strain model 𝜀𝑡ℎ(𝑇), cf. Eq. (2). 

𝑝3 𝑝2 𝑝1 

-1.3170e-12 3.9358e-09 8.6217e-06 

Table 4 Optimised model parameters for transformation strain model 𝜀𝑡𝑟(𝑇), cf. Eq. (3) and (4). 

 𝜀0
ℎ 𝜂ℎ 𝛾ℎ 𝜀0

𝑐 𝜂𝑐 𝛾𝑐 

L 2.5141e-03 956.39 36.12 3.8683e-04 893.50 23.7937 

T -9.6401e-04 956.39 36.12 3.8683e-04 893.50 23.7937 

SIMULATION MODELS 

To demonstrate the effectiveness and relevance of the presented expansion model, three 

simulations have been implemented, Fig. 5. All simulations were conducted using 

Abaqus/CAE 2024. The Fortran based UEXPAN user-subroutine was implemented in 

Microsoft Visual Studio 2022 and compiled using the Intel Fortran Compiler 2019 following 

the guidelines in [59], [60]. 

First, the correct implementation of the UEXPAN has been verified by simulating the 

dilatometer experiment for vertically and horizontally oriented cylinders as used for the model 

parameter identification. Additionally, the predictive performance of the model is shown for 

a specimen tilted at 45° with respect to the vertical and horizontal directions used for model 

calibration. 

To further demonstrate the relevance of an anisotropic expansion model accounting for 

thermal and transformation strains, a weakly-coupled single-layer thermo-mechanical process 

simulation (TMPS) model of a single PBF-LB/M laser weld track was implemented. 

Simulated stresses from a model assuming isotropic thermal expansion only are compared to 

a model assuming the presented expansion model which accounts for transversally isotropic 

transformation strains. 

Finally, a weakly-coupled multi-layer TMPS model was implemented to compare 

simulated and experimentally determined distortions in a PBF-LB/M printed cantilever after 

stress relief following support structure removal. It is investigated if the presented expansion 

model reasonably predicts the residual stresses introduced during the PBF-LB/M process. 
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Fig. 5 Simulation models 

Dilatometry Model 

To simulate the apparent expansion as measured in the dilatometer experiment conducted 

in [29], a cylinder with 8 mm diameter and 120 mm length was subjected to a thermal heating 

and cooling cycle (20°C - 1100°C - 20°C) in an implicit static/general procedure. 

The 3D cylinder was meshed using 1200 linear hexahedral elements with reduced 

integration (C3D8R), see Fig. 5 (left). 

A local rectangular coordinate system was created to define the material orientation with 

the 3-direction corresponding to the L orientation and the 1- and 2- directions referring to the 

T orientation of the expansion model. By orientating the cylinder either along the 3-direction, 

the 1- or 2- direction, or along the space diagonal, vertical, horizontal, and 45° tilted build 

orientations were realized. 

The mechanical boundary conditions were defined such that an unconstrained expansion 

was ensured both in longitudinal and transverse directions. Thereby, the build-up of stresses 

during the thermal cycle was prevented. 

Time incrementation was chosen such that the maximum temperature increment was 

limited to 5 °C. Like this it was ensured that pronounced change of transformation strains 

during the 𝛼′ → 𝛽 transformation was appropriately resolved. 

Single-Layer TMPS Model (Weld Track) 

To investigate the relevance of the presented expansion model, a weakly-coupled single-

layer TMPS model of a single 1.2 mm PBF-LB/M weld track was set-up using a volumetric 

Gauss-Goldak heat input model [51] following the approach and using the model parameters 

outlined by [61], [62] with a trajectory-based event-series implementation provided by Abaqus 

[50]. 

 ilatometr   odel  ingle  a er       odel  ulti  a er       odel
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Fig. 6 Schematic illustrating geometric Gauss-Goldak parameters 

For simplicity, only bulk material was considered, and material activation was neglected. 

This reflects a situation in which an already solidified AM part is exposed to laser irradiation, 

assuming powder layer properties to be equivalent to bulk properties. The substrate was 

meshed using 60000 linear (D)C3D8R elements with lateral dimensions of 20 µm × 20 µm 

and a vertical bias ranging from 20 µm to 200 µm over a depth of 1 mm, see Fig. 5 (middle). 

In a first transient heat transfer simulation, the heat input introduced by a scanning laser 

source (laser power 250 W, laser spot diameter 100 µm) was modelled using a volumetric 

Gauss-Goldak heat flux which is scanned with a speed of 600 mm/s in 1-direction (T). The 

geometric Gauss-Goldak parameters, see Fig. 6, were defined as 𝑎 = 50 µm (half width), 𝑏 = 

30 µm (depth), 𝑐𝑓 = 50 µm (frontal half axis along laser path), and 𝑐𝑟 = 117 µm (rear half axis 

along laser path) with energy fractions of 𝑓𝑓 = 0.6 and 𝑓𝑟 = 1.4 [61], [62]. The laser absorptivity 

was defined as 𝜂 = 0.55 and the HTC on top of the plate as 0.02 W/m2K. The resulting 

instantaneous temperature distribution at the end of the 1.2 mm single PBF-LB/M weld track 

is illustrated in Fig. 7. As the process parameters and heat-source was adopted from literature 

and thus not directly calibrated to experimental data, the resulting maximum temperature of  

> 7300 °C is significantly above melting temperature and thus not considered as realistic. The 

goal of the present simulation is, however, to provide a relative comparison of residual stresses 

in the near-field beyond the melt pool as predicted by a model using a simple isotropic thermal 

expansion coefficient and one that uses the expansion model presented in this study. Thus, the 

adopted model is judged as sufficient for this purpose. 

Following the thermal simulation, the temperature field is imposed to two different 

mechanical models, i.e. one using a simple thermal expansion coefficient CTE (Fig. 10, right) 

representing isotropic thermal strain only, and another using the UEXPAN expansion model 

presented here that accounts for the transversely isotropic transformation strains. 

Both, the thermal and the mechanical simulation models used a minimum time increment 

Δ𝑡𝑚𝑖𝑛 of 5∙10-7 s and a maximum time increment of Δ𝑡𝑚𝑎𝑥 of 10-5 s for the simulated time 

period of  ∙10-3 s. 
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Fig. 7 Instantaneous temperature distribution in single-track PBF-LB/M weld after 1.2 mm 

Multi-Layer TMPS Model (Cantilever) 

To model the build-up of residual stresses in a cantilever manufactured by PBF-LB/M, a 

multi-layer TMPS model was implemented in Abaqus using event-series for the layer-wise 

element activation [50] following the industrially well-established superlayer approach by 

Ansys [57]. Thereby, a finite element layer, i.e. superlayer (500 µm), represents multiple 

powder layers (60 µm). Conventionally, these are activated successively at a temperature close 

to the melting temperature, e.g. 1100 °C, followed by a cooldown phase. Further assuming a 

reference temperature for the thermal expansion/contraction at the same activation 

temperature, residual stresses are introduced by constrained shrinkage only. As the build 

orientation dependent transformation strains occur during heating, a modified approach was 

additionally adopted within this study: 

• Activation of superlayer at room temperature within 4. ∙10-5 s (quasi-instantaneous) 

• Heating of superla er to 1100 °C within 4. ∙10-4 s (i.e. time to scan superlayer) 

• Cooling of superlayer within 91.7 s (i.e. dwell and recoating time for superlayer) 

This allows to account for additional residual stresses that arise from the transversally 

isotropic transformation strains as well as from constrained heating. Following the cooldown 

of the last layer, the support structure of the cantilever is cut at a height of 1 mm using a model 

change that deactivates a pre-defined element set. The resulting deflection of the cantilever 

after stress relief following support removal reflects the extent of the residual stresses 

introduced in the PBF-LB/M process. 

Four model variants are compared within this study: 1) conventional approach + thermal 

strains, 2) conventional approach + thermal and transformation strains, 3) modified approach 

+ thermal strains, and 4) modified approach + thermal and transformation strains. Thereby, 

the process parameters defined in Table 1 are assumed for the calculation of superlayer 

heating- and cooling-times. 

The cantilever was meshed using 44255 linear (D)C3D8 elements with dimensions  

500 µm × 500 µm × 500 µm, see Fig. 5 (right). It was tied to a 400 mm × 400 mm × 45 mm 
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substrate plate which was discretized using 25745 (D)C3D8 elements with an approximate 

size of 7 mm × 7 mm × 7 mm. 

Following the thermal simulation, the temperature field is imposed to the mechanical model 

following a weak-coupling approach. Both, the thermal and the mechanical simulation models 

used a fixed time increment Δ𝑡 of 4.9∙10-6 s in the heating phase allowing to resolve 

temperature changes in the order of 10 °C per increment, i.e. 1% of the maximum temperature. 

Material Properties 

Following [62], [63], all simulation models used thermo-physical data by [64] and thermo-

mechanical data by [65]. Thermal expansion coefficients (CTE) considering thermal strains 

only were derived from the dilatometry data in [29] using the model given by Eq. (2) with the 

optimised parameters listed in Table 3. The simulation models considering the combined 

thermal and transformation strains used the UEXPAN subroutine with the optimised model 

parameters listed in Table 4 instead. 

Fig. 8 shows the heat capacity, thermal conductivity, and density for bulk Ti-6Al-4V. To 

model the effect of the phase transformations on the temperature evolution, latent heats were 

defined as follows [62], [63], [64]: 

• solid-solid (𝛼′ → 𝛽) phase transformation (𝑇𝑠 =   980 °C, 𝑇𝑒 = 1010 °C) 4.8∙J/g 

• solid-liquid phase transformation (𝑇𝑠 = 1604 °C, 𝑇𝑒 = 1660 °C) 268∙J/g 

• liquid-vapor phase transformation (𝑇𝑠 = 3290 °C, 𝑇𝑒 = 3390 °C)  83∙J/g 

 

Fig. 8 Thermo-physical properties used for simulation model as adopted from [64] 

Fig. 9 shows the temperature dependent elastic modulus and Poisson ratio as well as the 

yield stress for bulk Ti-6Al-4V according to [65]. Plasticity was implemented using a 

multilinear kinematic hardening model to appropriately account for the Bauschinger affect. 

To ensure numerical stability, low non-zero mechanical properties were defined beyond the 

melting temperature at 1600 °C. 

As required by Abaqus, the UEXPAN subroutine presented in this study provides 

expansion strain increments which consist of thermal and transformation strain increments. 
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To demonstrate the impact of the expansion model, the respective simulation results were 

compared to simulations using isotropic thermal expansion according to Eq. (2) only. As 

Abaqus requires the definition of temperature dependent mean CTEs in this case, these were 

derived from the measured thermal strains, see Fig. 10 (left), using the difference quotient 

according to [66]. Fig. 10 (right) compares the mean CTE of this study with data used by [63]. 

 

Fig. 9 Thermo-mechanical properties used for simulation model as adopted from [65] 

 

Fig. 10 Measured and modelled thermal strain (left) and mean CTE (right) used for the simulation 

models accounting for thermal strain only in this study. Comparison to literature data [62], [63] 

RESULTS AND DISCUSSION 

Anisotropic Apparent Expansion 

The expansion model described by Eq. (1) to (4) was fitted to experimental apparent 

expansion data of vertically and horizontally built PBF-LB/M samples [29], yielding the 

optimised model parameters for the longitudinal (L) and transverse (T) directions in Table 3 

and Table 4. Recalculation of the dilatometry experiments using the expansion model 
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implemented as UEXPAN demonstrates excellent agreement between simulation and 

experimental data verifying the correct implementation of the model, see Fig. 11 (left, middle). 

The expansion model was further applied to predict the apparent expansion in a PBF-LB/M 

sample printed under a 45° tilt angle which was not used for model calibration. Fig. 11 (right), 

shows again excellent agreement between the (unseen) experimental data and the model 

prediction, underpinning the solid predictive performance of the presented expansion model. 

 

Fig. 11 Comparison of measured apparent expansion strain with UEXPAN model predictions for 

vertically, horizontally, and 45° oriented cylindrical dilatometer samples 

The findings in [29] show that the apparent difference in the expansion behaviour of 

vertically and horizontally built samples originates from the morphological and 

crystallographic texture of Ti-6Al-4V manufactured by PBF-LB/M. Prior 𝛽 grains grow 

epitaxially with their 〈001〉𝛽 direction along the thermal gradient, i.e. effectively along the 

build-direction. During cooldown, 𝛼′ laths precipitate on the prior 𝛽 grain boundaries obeying 

the Burgers orientation relationship and growing along the invariant directions 〈  5〉𝛽 to 

minimise internal energy. This results in a particular acicular martensitic morphology with 𝛼′ 

laths being oriented at a 35 to 55° angle to the prior 𝛽 grain boundaries. During the 𝛼′ → 𝛽 

transformation, crystallographic transformation strains occur that macroscopically manifest 

themselves in positive transformation strains along the major axis of the prior 𝛽 grains, and 

negative transformation strains along the minor axis. 

The investigation by [29] has shown that the transformation strain for the 𝛼′ → 𝛽 

transformation (heating) is 0.271% in L (vertical) direction and -0.084% in T (horizontal) 

direction, while it is -0.037% in L (vertical) direction and -0.013% in T (horizontal) direction 

for the 𝛽 → 𝛼 + 𝛽 transformation (cooling). This is in excellent agreement with the optimized 

model parameters 𝜀0,𝐿
ℎ  = 0.251% and 𝜀0,𝑇

ℎ  = -0.096% for heating, and 𝜀0,𝐿
𝑐  = 𝜀0,𝑇

𝑐  = -0.039% for 

the cooling phase, see Table 4. The minor differences arise from the simplified 𝑡𝑎𝑛ℎ-approach 

adopted for the state functions 𝜙ℎ  and 𝜙𝑐 . 

Furthermore, the model parameters for the polynomial model to describe the thermal strain 

appear to differ significantly from the results presented in [29]. Both parameter sets represent 

the experimental data very well, however, and the differences are merely a consequence of the 

overall model fit in this study vs. the simple data analysis conducted in [29]. 

       

       

                 

     

                       



Mathematical Modelling of Weld Phenomena 14 

In conclusion, the UEXPAN implementation of the presented expansion model is verified, 

and its robust predictive performance is shown. Furthermore, the optimized model parameters 

are in excellent agreement with the experimental observations in [29]. 

Comparison of Residual Stresses in a Single PBF-LB/M Weld Track 

While the expansion model presented in this study well represents the apparent expansion 

observed in dilatometry experiments, the question arises as to its relevance for practical 

applications relative to the adoption of a simpler approach accounting for thermal strains only. 

To study the development of residual stresses during the PBF-LB/M process, both expansion 

models are compared using a single-layer TMPS simulation of a single PBF-LB/M weld track. 

Such a simulation model can for instance be used to analyse stresses in the near-field of the 

melt pool and optimise scan strategies that minimize residual stresses and distortions. 

Fig. 12 shows a comparison of the normal stress components and the accumulated plastic 

strain of a single-layer TMPS model accounting for isotropic thermal strains 𝜀𝑡ℎ only (left 

column), and one that accounts for both isotropic thermal 𝜀𝑡ℎ and transversally isotropic 

transformation strains 𝜀𝑡𝑟 (right column). The model considering thermal strains only can be 

interpreted to reflect the situation in a conventionally manufactured Ti-6Al-4V material 

volume, while the model accounting for the anisotropic transformation strains represents the 

situation in a solidified material volume after PBF-LB/M processing. While the stress 

distributions are qualitatively comparable with relative differences in the in-plane longitudinal 

and transverse stresses < 4 %, the maximum and minimum vertical stresses are predicted to 

be approximately 9 % smaller and 9% larger, respectively, by the isotropic 𝜀𝑡ℎ model than by 

the transversally isotropic 𝜀𝑡ℎ + 𝜀𝑡𝑟 model, see Table 5. The maximum compressive vertical 

stresses are very localised to the starting point of the weld track and may arise from the 

enhanced expansion in build-direction and reduced in-plane expansion during the 𝛼′ → 𝛽 

transformation given the severe initial temperature gradients. Despite these localized 

differences, the accumulated plastic strain is approximately 90% larger in the 𝜀𝑡ℎ model than 

in the 𝜀𝑡ℎ + 𝜀𝑡𝑟  model along the whole weld track. 
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Fig. 12 Comparison of stress components and accumulated equivalent plastic strain in a single-

track PBF-LB/M weld in longitudinal, transverse, and vertical (i.e. build-direction) directions 

with respect to the scanning direction as predicted by models accounting for thermal strain only 

(left column) and considering thermal and transformation strains using an UEXPAN subroutine 

(right column). Paths (blue, red) indicate evaluation region for stresses shown in Fig. 13 
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Table 5 Comparison of simulated max/min normal stress components as predicted by models 

accounting for 𝜀𝑡ℎ and 𝜀𝑡ℎ + 𝜀𝑡𝑟 , respectively. 

Stress 𝜺𝒕𝒉 model 

𝜺𝒕𝒉 + 𝜺𝒕𝒓 

model 

(UEXPAN) 

Relative 

Difference 

Longitudinal 
 665 MPa  663 MPa  -0.3 % 

-524 MPa -526 MPa   0.3 % 

Transverse 
 549 MPa  543 MPa   1.1 % 

-435 MPa -417 MPa  -4.3 % 

Vertical 

(Build-Direction) 

 185 MPa  170 MPa  -8.8 % 

-266 MPa -292 MPa   8.6 % 

To better understand these findings, the stress-temperature characteristics have been 

investigated at three depths - i.e. 75 µm, 115 µm, and 160 µm - along a vertical path in the 

centre of the weld track, see Fig. 12, that can be considered to be in steady-state. Considering 

a melting temperature of approximately 1650 °C, these points are located just below the 

anticipated melt pool. Fig. 13 shows that in-plane (longitudinal, transverse) and vertical 

normal stress components appear to be well comparable for the locations closest to the melt 

pool at a depth of 75 µm reaching temperatures > 1500 °C, and furthest away at 160 µm 

reaching < 500 °C. At the intermediate depth of 115 µm, however, the in-plane stresses 

predicted by the 𝜀𝑡ℎ model are transitioning from compression to tension during a complete 

heat-up and cooldown cycle, while the stresses predicted by the 𝜀𝑡ℎ + 𝜀𝑡𝑟  model remain in 

compression. In contrast, the vertical stresses predicted by the 𝜀𝑡ℎ model first peak in 

compression before becoming tensile after reaching the peak temperature, while the peak 

compressive stress predicted by the 𝜀𝑡ℎ + 𝜀𝑡𝑟  model is significantly smaller and the stress at 

the final temperature becomes neutral. 

Initial compressive stresses during heat-up arise from the thermal expansion which is 

locally constrained by the surrounding material volume at lower temperatures, i.e. further 

away from the melt pool. As the temperature equilibrates, the hotter surrounding material, i.e. 

closer to the melt pool, starts pulling on initially colder material up to a point where stresses 

become tensile. As the transient temperature history has been considered the same for both 

models, the difference must be due to the transversally isotropic transformation strain 

considered in the 𝜀𝑡ℎ + 𝜀𝑡𝑟  model. Apparent in-plane expansion strains are reduced with 

respect to the mere isotropic thermal expansion strains. Thus, the pull exerted by the 

surrounding material during temperature equilibration in the longitudinal and transverse 

directions is reduced leading to a reduced tendency of the stresses at a depth of 115 µm to turn 

tensile. Due to the increased apparent expansion in vertical direction, on the other hand, 

warmer surrounding material tends to keep the material volumes below under compression as 

predicted by the 𝜀𝑡ℎ + 𝜀𝑡𝑟  model. 



Mathematical Modelling of Weld Phenomena 14 

 

Fig. 13 Comparison of stress-temperature paths at three depths, i.e. 75 µm, 115 µm, and 160 µm 

along a vertical path (see Fig. 12) in the centre of a single-track PBF-LB/M weld 

While not being experimentally validated, these results clearly show that accounting for the 

transversal isotropy induced by the transformation strains leads to relevant impacts on 

predicted stress distributions which need to be considered to better understand the residual 

stresses induced during the PBF-LB/M process. 

Comparison of Distortions in Cantilever 

In the following, distortions as measured in a cantilever after support removal (cutting) are 

compared to model predictions using a multi-layer TMPS approach. Besides comparing two 

expansion models, i.e. one accounting for thermal strains 𝜀𝑡ℎ only, and a model accounting 

for both thermal and transformation strains 𝜀𝑡ℎ + 𝜀𝑡𝑟  using the UEXPAN subroutine, two 

variants of the multi-layer TMPS approach are investigated, i.e. a conventional approach 

considering cooldown only, and a modified approach considering heat-up and cooldown. 

The multi-layer TMPS approach has been widely adopted in industry for a first-level 

estimation of residual stresses and distortions of critical PBF-LB/M parts due to its numerical 

efficiency. Conventionally, finite element layers representing several powder layers are 

instantaneously activated directly at close to melting temperature. Residual stresses are 

thereby introduced during cooldown through constrained thermal shrinkage. The heating 

phase is neglected as justified by its much shorter duration and the exceeding of the melting 

temperature which would erase residual stresses that arise during heat-up. As the complex 

melt-pool physics and the respective transient thermal history are not accounted for, the 

activated layer can basically be regarded as a means of introducing thermal loading to the 

solidified layers below. 

Fig. 14 shows that with the conventional approach (dashed lines) and for both expansion 

models, the predicted maximum vertical distortion is significantly larger with 5.7 mm than the 

measured values of 2.6 mm. The simpler isotropic 𝜀𝑡ℎ model and the transversally isotropic 

𝜀𝑡ℎ + 𝜀𝑡𝑟  model deviate by only 0.01 mm. As the two models merely differ by the isotropic 

transformation strain of the 𝛽 → 𝛼 + 𝛽 transformation during cooldown, this can be 

concluded to be negligible. 
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Fig. 14 Comparison of measured (black) and simulated distortions in a cantilever after support 

removal. Expansion models considered isotropic thermal strain only (blue, cyan) and thermal and 

transversally isotropic transformation strains by using the UEXPAN subroutine (red, orange) 

To improve the model prediction, a modified multi-layer TMPS approach was implemented 

which considers activation at room temperature, followed by heating within ca. 0.5 ms, and 

cooling for ca. 90 s. Fig. 14 shows a significant improvement in both model predictions with 

the modified multi-layer TMPS approach. While the 𝜀𝑡ℎ + 𝜀𝑡𝑟 model predicts a maximum 

vertical deflection of 3.9 mm, the 𝜀𝑡ℎ model is unexpectedly more accurate with a deflection 

of 2.9 mm (+11 %). This result was verified using both finer spatial and temporal 

discretisations. 

 

Fig. 15 Comparison of predicted stress-temperature characteristics at the centre of the cantilever, 

2.5 mm below the top surface for initial heating (1st cycle) and two successive re-heating cycles 

(2nd and 3rd cycle) 
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Fig. 16 Comparison of normal stress distributions in a cantilever prior to cutting for a model 

considering thermal strain only (left column) and a model considering thermal and transformation 

strains using a UEXPAN subroutine (right column). The top side-view image refers to a 

longitudinal cut through the cantilever centre, while the bottom image refers to the top view. 

Fig. 15 shows the stress-temperature characteristics at the centre of the cantilever, 2.5 mm 

below the top surface. The impact of the transversally isotropic transformation is clearly 

visible in the first and second heating cycle at 900 °C to 1100 °C. In this temperature regime 

the enhanced apparent expansion in vertical direction leads to a minor reduction of the small 

vertical stresses, while the reduced in-plane thermal expansion leads to slightly less 

compressive longitudinal and transverse stresses. This difference in the compressive regime 

leads to higher tensile stresses after cooldown which is inherited for the following re-heating 

cycles. 



Mathematical Modelling of Weld Phenomena 14 

Fig. 16 shows the longitudinal, transverse, and vertical stress distributions in a longitudinal 

cut through the cantilever centre and a top view prior to support removal. All normal stress 

components predicted by the 𝜀𝑡ℎ + 𝜀𝑡𝑟  model exceed the predictions of the 𝜀𝑡ℎ model. The 

distortion after cutting is predominantly determined by the residual longitudinal stress prior to 

the removal of the supports. These are strongly tensile and significantly larger and more 

extended in the 𝜀𝑡ℎ + 𝜀𝑡𝑟 model prediction, which explains the larger deflections upon stress 

relief following support removal. Furthermore, the vertical stresses are significantly smaller 

than the in-plane stresses which is likely due to the relatively small thickness of the cantilever. 

It is argued, that with increasing wall thickness, the vertical stresses would increase, leading 

to a stronger impact of the anisotropic transformation strain. 

As the simplified multi-layer TMPS approach using a 𝜀𝑡ℎ model yields excellent agreement 

with measurements in a cut cantilever, it is hypothesized that the textured PBF-LB/M 

microstructure developing in the rather thin cantilever may be altered by the underlying 

support structure significantly enough that the anisotropic apparent expansion behaviour is 

lost. This could be explained by the reduced heat flux through the support structure leading to 

higher average temperatures in the cantilever and thus reduced cooling rates and a 

consequently lower tendency for prior 𝛽 grains to grow epitaxially over multiple layers. This 

needs to be further investigated in future work. Besides, it needs to be considered that the 

layer-wise heat input represents an oversimplification for general part geometries. In case of 

a small cantilever, the time to print a layer is rather short which supports this simplification. 

In larger parts, however, severe in-plane temperature gradients may arise that would challenge 

this modelling approach. 

CONCLUSIONS 

Following the experimental investigation of an anisotropic apparent expansion in PBF-LB/M-

fabricated Ti-6Al-4V [29], an expansion model has been developed assuming isotropic 

thermal strains and transversally isotropic transformation strains. This model has been 

implemented in an UEXPAN subroutine in the commercial FE software Abaqus enabling first 

simulative studies on the impact of anisotropy on the residual stress and distortion evolution 

during the PBF-LB/M process. 

The UEXPAN model was successfully applied to predict the apparent expansion in a 

cylinder printed at a 45° angle. 

The UEXPAN model has predicted significant differences in the vertical stress components 

and the induced plastic strain in a single PBF-LB/M weld track with respect to model 

accounting for isotropic thermal expansion. These differences are argued to originate from the 

varied mechanical constraints imposed by the transversally isotropic expansion. 

A modified multi-layer TMPS model is presented that leads to significant improvements in 

the prediction of distortions in a cantilever following support structure removal. The 

expansion model accounting for isotropic thermal strains only was shown to yield better 

results than the UEXPAN model, which accounts for isotropic thermal and transversally 

isotropic transformation strains. Besides the simplified modelling approach neglecting in-
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plane temperature gradients, the actual microstructure of the cantilever may differ from the 

cylindrical samples used for the dilatometric experiments which form the basis of the 

expansion model. Such differences could be justified by the support structures which reduce 

the heat flux away from the process zone in the cantilever leading to a reduced temperature 

gradient for the formation of a typical PBF-LB/M microstructure. This will be investigated in 

more detail in future work. 

The developed UEXPAN model may further be used to simulate the impact of post-process 

heat-treatments or transient operating conditions on the residual stress state. In addition, it can 

be applied to investigate and optimise scan strategies in order to minimize residual stresses 

and distortion in PBF-LB/M components. 
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