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1 Abstract
Complex thin-walled components find numerous applications in aerospace, automotive
and marine domains to meet the demands in design, manufacturing, durability, relia-
bility, fuel efficiency and sustainability due to their superior properties. Although thin-
walled components offer several advantages, their manufacturing presents significant
challenges, especially when it comes to achieving the required geometric character-
istics, uniform distribution of tolerances, surface integrity, consistency and accuracy.
Laser Powder Bed Fusion (LPBF) has created interest for the industries, in particular,
aerospace sectors to produce metallic components with complex geometries directly
from the CAD model. In the LPBF process, a thin layer of material is selectively melted
and solidified, resulting in the creation of a dense and precise geometric structure. How-
ever, the high temperature gradient developed in this process due to the rapid heating
and cooling cycles leads to thermal distortions which cause dimensional inaccuracies
and significant variation in the mechanical performance of the parts. Therefore, the
present work is focused on the development of a systematic approach based on the in-
herent strain method, viz. Ansys Additive Print (AAP) software to predict the residual
stresses and thermal distortion induced in thin-walled Ti6Al4V components and to im-
prove the quality of parts produced in LPBF. During the development of the work, a
single cantilever beam was initially considered. Subsequently, the study was extended
to the aero-engine compressor, as these components are a suitable representation of
thin-walled parts. The process parameters, such as laser power, scan speed, and hatch
distance, were varied extensively in this study. It can be noted that 20.4% deviation
in residual stress and 5% deviation in maximum distortion were seen between numeri-
cal predictions and the experimental measurements. Additionally, it was found that the
lower energy density resulted in a significant reduction in residual stress and thermal
distortion in the selected components.

Microstructure and mechanical property are significantly affected by the input process
parameters, therefore, the study was extended further on this investigation. Ti6Al4V
specimens were fabricated using EOS M280 machine, considering three different en-
ergy densities as similar to the residual stress and distortion study. Increase in energy
density may result in increase in width (129 µm to 165 µm) of the prior β-grain bound-
aries. No significant change in yield strength was observed in specimens built with
lower energy densities. Furthermore, thin-walled components will experience extreme
dynamic loading conditions during its service operations. Due to this, the material
will undergo severe large deformations. Hence, the study was conducted to assess
the dynamic compression behaviour of Ti6Al4V alloys at high strain rates using Split-
Hopkinson Pressure Bar (SHPB) experiments. SHPB tests were performed for the vary-
ing strain rates ranging from 1100 s−1- 3300 s−1. LPBF-built samples exhibited high
strain rate sensitivity, m > 0 under dynamic compression, which means that the flow
stress increases as the strain rate increases. It was also observed that there is no signifi-
cant change in yield strength for samples built with low energy density. At low energy
density, the formation of a hierarchical structure of relatively fine α′-martensite, sepa-
rated from each other by a high dislocation density, leads to increase in yield strength.
Dynamic compression of as-built and heat treated samples were compared and found
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that heat treated samples exhibited 12% lower yield strength than the as-built samples,
as expected; this yield strength reduction is due to the transformation of α′ martensite
to α, lamellar α + β and retained β as confirmed by microstructure and SEM studies.
Based on the above findings, it can be concluded that the usage of low energy density
in LPBF process exhibits superior yield strength with significant reduction in residual
stress and thermal distortions in the thin-walled Ti6Al4V components.

2 Research gab and the objectives
In LBPF process, particularly during the manufacturing of thin-walled parts, a high
residual stresses and distortions are induced due to high thermal gradients involved in
the process as reported in recent studies (Bartlett and Li (2019)). The high residual
stresses and distortions lead to part failures and affect the mechanical properties of the
built components (Parry et al. (2016)). The successful realization of Ti6Al4V compo-
nents using LPBF technique requires consideration of multiple factors, including laser
powder interaction, melt pool dynamics, thermal gradients and phase transformations
during the process. It was observed from the published literature that the selection
of input process parameters are very crucial for the LPBF process, especially for the
fabrication of Ti6Al4V thin-walled components. Many researchers have attempted to
understand the relationship between input process parameters and the residual stress, as
well as thermal distortions developed in LPBF built parts using numerical simulation
such as thermo-mechanical analysis or an inherent strain approach with experimental
validations Wu et al. (2017); Bompos et al. (2020); Chen et al. (2019)). The high-
fidelity thermo-mechanical modelling approach currently faces challenges in the analy-
sis of complex industrial-size components due to the requirement of extensive compu-
tational resources and time. Despite the tremendous progress in LPBF simulation, the
inherent strain method is more efficient and cost-effective for analysing complex parts
with reasonable accuracy. Most researchers have validated the numerical predictions
by comparing the experimental measurements. The calibration of inherent strain is an
important step in this analysis which determines the accuracy of numerical predictions;
however, no clear guideline is available to extract the inherent strain values and to pre-
dict the residual stress and distortion, specifically for the complex thin-walled structures
such as aero-engine compressor blade, turbine blade and rotor components.

In addition, most of the studies were conducted to optimize the process parameters for
minimizing residual stresses and distortion in the material without considering its mi-
crostructure changes and the mechanical characteristics. The microstructure of Ti6Al4V
alloy is very sensitive to the thermal history and is susceptible to inherent phase trans-
formations during the LPBF process, and the resultant mechanical properties are mainly
depends on the micro structural behaviour of printed components (Sun et al. (2019); Ali
et al. (2018)). Also, the aero-engine parts may undergo severe large deformation due to
its service life operations and the nonlinearity of the materials, but a limited number of
studies were done on the effect of material behaviour at high strain rates. Therefore, the
present research is focused on the development of a systematic numerical simulation
framework using inherent strain method to study the effect of process parameters on
residual stress and distortions in the thin-walled Ti6Al4V components and to investi-
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gate the influence on microstructure and mechanical behaviour under quasi-static and
high strain rate conditions, specifically suitable for the manufacturing of thin-walled
aero-engine components.

The following objectives are arrived to fulfil the above research gaps.
(i) To develop a systematic numerical simulation strategy for predicting the residual

stress and distortion in the Ti6Al4V-based LPBF built thin-walled components,
with consideration of most influencing input process parameters such as laser
power, scanning speed, hatch distance and layer thickness;

(ii) To perform experimental measurements of residual stress and thermal distortions
in the LPBF built specimens.

(iii) To understand the microstructure behaviour of the LPBF built parts that are man-
ufactured using the optimized process parameters;

(iv) To understand the mechanical properties of the LPBF built specimens that are
fabricated using the process parameters optimized in objective 1.

(v) Finally, to deploy a validated numerical simulation guideline along with the suit-
able process parameters for manufacturing of thin-walled Ti6Al4V aero-engine
components such as compressor blades.

3 Methodology
The methodology adopted for the present study is given as a flow chart in Figure 1.11
to illustrate the various steps to meet the research objectives.

Figure 1: Work flow diagram

3



4 Most Important Contributions

4.1 Numerical frame work to predict the residual stress and distor-
tions

In Chapter 2, a systematic guideline using Ansys Additive Print (AAP) software has
been developed for predicting the residual stress and thermal distortions in the single
cantilever specimens made of aerospace grade Ti6Al4V alloy. AAP uses inherent strain
approach and the calibration of inherent strain coefficient is the key parameter to predict
the residual stress and distortion in the part level. A step by step procedure for the
calibration of inherent strain coefficients have been developed with an aid of numerical
simulation and experimental building of test coupons. The calibrated inherent strain
coefficient values were used for the prediction of residual stresses and distortions in the
thin-walled representative geometry viz. single cantilever beam. The laser power (P),
scan speed (vs) and hatch distance (h) were found to be most influencing parameters and
these parameters varied (as a function of energy density as given in Eq. (1)) from Ev

= 27.78 J/mm3 to Ev = 79.17 J/mm3 within the LPBF Ti6Al4V vs space Promoppatum
et al. (2017), whereas as a constant layer thickness (t) of 30 µm have been considered
in the present work.

Ev =
p

v × h × t
(1)

The residual stress and distortion values at different locations of the cantilever specimen
were predicted using numerical simulation for the wide range of energy density. In
order to validate the numerical predictions, the cantilever specimens were fabricated
using EOS INT M280 machine for the selected energy density cases (Ev=36.27 J/mm3,
45.33 J/mm3 and 75.56 J/mm3) and the residual stresses and distortion were measured
experimentally using XRD and 3D optical scanner.

Figure 2: Effect of energy density on residual stress with in calibrated region
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The numerically predicted residual stress and distortion were found to be match-
ing well with the experimental measurement values. The effect of energy density on
residual stress and distortion was studied using AAP and it was noted that the lowering
of energy density helps to reduce residual stress and distortion in the part with in the
calibrated region as shown in Figure 2.

4.2 Residual stress and distortion in thin walled aero engine com-
pressor blade

In Chapter 3, the developed numerical framework using AAP (section 4.1) has been
adopted to predict the residual stress and distortion in the aircraft engine compressor
blade. Three different energy densities in the low energy density range of the safe op-
erating window (P - vs space) were selected such as (i) Case 1: Ev = 41.67 J/mm3, (ii)
Case 2: Ev = 45.33 J/mm3 and (iii) Case 3: Ev = 52.78 J/mm3.The inherent strain coef-
ficient was calibrated for the above selected energy density cases using the cross-walled
geometry, which is a representative geometry for thin-walled structures. The calibrated
inherent strain coefficients were used to simulate the compressor blades to predict the
residual stresses and thermal distortions. In addition, the compressor blade was manu-
factured using the EOS INT M280 machine considering the manufacturing conditions
defined in the numerical simulation. The residual stress and distortion were measured
using experimental means, utilizing an XRD and 3D optical scanner respectively.

(a) Residual stress distribution (b) Experimental results of distortion

Figure 3: Comparrison of numerically predicted residual stress and experimental dis-
tortion of compressor blade

The numerical prediction of residual stresses was found to be matching well (20 % de-
viation) with the corresponding experimental results within the calibrated regime. The
maximum residual stress is developed on the leading and trialing edges of the blade for
all the energy density cases considered. The residual stress value increases as the build
height progress. The distortion distribution is consistent with residual stress distribution
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as shown in Figure 3 and the maximum value of distortion occurs, where the residual
stress values are high. Minimizing the thermal gradients and cooling rates, which have
a greater impact on thin-walled sections than the thicker parts. Therefore, the careful
selection of process parameters including laser power, hatch spacing, scanning speed,
layer thickness and scanning strategy is found to be useful to control the residual stress
and the thermal distortion in the thin-walled components.

4.3 Quasi-static tensile and microstructure behaviour
Residual stresses and thermal distortions are always present in the manufactured parts
using LPBF process due to high thermal gradients and rapid changes in heating and
cooling rates, which cannot be completely eliminated. Several researchers have at-
tempted to minimize the residual stresses and distortions in the LPBF-built components
by controlling its input process parameters. However, the microstructure and mechani-
cal properties of the components manufactured in LPBF are very sensitive to the thermal
history, especially, the Ti6Al4V-dual phase alloy, which means that there is a direct re-
lationship between the input process parameters and the microstructure as well as the
mechanical behaviour of the built parts. Microstructure and mechanical properties of
the as-built LPBF components are highly anisotropic and exhibit poor ductility due to
the existence of a‘ -near full martensitic phase; hence, these properties are significantly
different from the conventionally processed Ti6Al4V parts. Therefore, the effect of
process parameters on microstructure analysis and the mechanical property characteri-
zation of Ti6Al4V alloy was carried in Chapter 4. The tensile specimens (three speci-
mens in each process parameter set) were fabricated to determine the tensile properties
for three different energy densities as investigated in section 4.2 for the aero-engine
compressor blades. Fractography and microstructural analysis were performed to un-
derstand the influence of input parameters on the internal grain structure, as it directly
affects the mechanical behaviour of the material. The study reveals that, the increase
in energy density from 41.67 J/mm3 to 52.78 J/mm3 may result in an increase in width
(129 µm to 165 µm) of the prior β-grain boundaries; A typical hierarchical structure
of acicular α′ martensite found within the coarse prior β grains. Furthermore, the self-
accommodation of α′ during rapid cooling makes the α′-needles to incline at specific
orientation to each other Huang et al. (2015). This accommodation follows Burger’s
Orientation Relationships (BOR) between the β and α/α′ a given in Eq. (2) Vrancken
et al. (2012).

{110}β∥{0001}α and < 111 > β∥ < 1120 > α (2)

No significant change in ultimate tensile strength was observed in specimens built with
energy densities of 41.67 J/mm3 and 45.33 J/mm3 as shown in Figure 4. However, the
samples prepared with low energy density exhibit higher tensile strength than samples
with high energy density due to the formation hierarchical structure of fine α′ martensite
laths. A cleavage facet with dimple networks in the fracture surface indicates that the
sample exhibits the combination of brittle and ductile failure mechanism of the as-built
LPBF samples. A shallow dimple becomes deeper and larger with increasing energy
density, which improves ductility. Based on the findings from microstructure and tensile
behavior, it is obvious that the usage of low energy density in LPBF process yields
highest tensile strength of the Ti6Al4V aero-engine components.
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Figure 4: Comparison of tensile stress - strain behavior under different conditions
Galindo-Fernández et al. (2018); Pathania et al. (2023); Li et al. (2022)

4.4 High strain rate compression behaviour
Thin-walled aero-engine compressor components will experience extreme dynamic load-
ing conditions during its service operations. Due to this, the material will undergo se-
vere large deformations. Hence, the study was conducted to understand the dynamic
behaviour of Ti6Al4V alloys at high strain rates using Split-Hopkinson Pressure Bar
(SHPB) experiments were detailed in Chapter 5. The cylindrical samples were built
using EOS INT 280 machine and machined using wire EDM of 6 mm diameter with
4 mm height. The SHPB tests were conducted at varying strain rates (1178 s−1, 2170
s−1 and 3260 s−1) to investigate the dynamic compression behavior of LPBF Ti6Al4V
alloy built using the lower energy density case 1: Ev = 41.67 J/mm3. And the effect
of energy density on the dynamic compressive behaviour of LPBF built Ti6Al4V al-
loy was explored for samples built with different energy densities, such as (i) case 1:
Ev = 41.67 J/mm3, (ii) case 2: Ev = 45.33 J/mm3, and (iii) case 3: Ev = 52.78 J/mm3

which are similar to the study conducted for the compressor blade and microstructure
and mechanical behaviour (refer section 4.2 and 4.3). Further the dynamic compres-
sion behavior of as-built samples (case 1: Ev = 41.67 J/mm3) were compared with heat
treated samples to account the effect of heat treatment. The SHPB experiments were
performed for the varying strain rates ranging from 1100 s−1 - 3300 s−1. The general
parameter that quantifies the material behaviour at different strain rates is the strain rate
sensitivity, which is denoted by m in Eq. (3) Alkhatib and Sercombe (2022).

m =

(
∂ lnσ

∂ ln ε̇

)
=

ln
(

σ2

σ1

)
ln
(

ε̇2
ε̇1

) (3)

where, σ2 and σ1 are the true stress values at a certain strain, at strain rates ε̇1 and ε̇2
respectively.
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LPBF-built samples exhibited high strain rate sensitivity, m>0 under dynamic compres-
sion, which means that the flow stress increases as the strain rate increases. It was also
observed that there is no significant change in yield strength for samples built with en-
ergy density of Case 1: Ev = 41.67 J/mm3 and Case 2: Ev = 45.33 J/mm3 as shown in
Figure 5a. At lower energy density case, the formation of a hierarchical structure of
relatively fine α′ martensite, separated from each other by a high dislocation density,
which effectively hinders the movement of dislocations during deformation and leads
to higher strength. Additionally, dynamic compression of as-built and heat treated sam-
ples were compared and found that heat treated samples exhibited 12% lower yield
strength than the as-built samples(see Figure 5b), as expected; this yield strength reduc-
tion is due to the transformation of α′ martensite to α, lamellar α + β and retained β as
confirmed by microstructure and SEM studies.

(a) Different energy density cases (b) As-built and heat-treated samples

Figure 5: Dynamic responses of LPBF-built Ti6Al4V samples

5 Conclusions
The following conclusions can be drawn from the present research which are:

(i) A systematic numerical simulation guideline has been developed for predicting
the residual stress and thermal distortions using the single cantilever specimens.
The numerically predicted results were compared with the experimental measure-
ments and it was observed that the numerical results agreed with the experimental
results up to a 20.4% deviation in residual stress and a 5% deviation in maximum
distortion. Additionally, the effect of energy density (Ev =27.78 J/mm3 to 79.17
J/mm3) on residual stress and distortion was studied; lowering of energy density
shows an significant reduction of residual stress and distortion in the parts.

(ii) Guidelines developed for the single cantilever beam was adopted for predicting the
residual stress and thermal distortions in the LPBF-built thin-walled aero-engine
compressor blade component. Residual stresses were found to match with 20%
deviation with the corresponding experimental results within the calibrated regime

8



and the distribution of distortion is almost identical to the experimental measure-
ments. Therefore, the developed approach can be considered as a guideline for
predicting and compensating the part distortion for the thin-walled Ti6Al4V based
components in many engineering applications.

(iii) From the microstructure and tensile behaviour study it was observed that the
increase in energy density from 41.67 J/mm3 to 52.78 J/mm3 may result in in-
crease in width (129 µm to 165 µm) of the prior β-grain boundaries.No significant
change in ultimate tensile strength was observed in specimens built with energy
densities of 41.67 J/mm3 and 45.33 J/mm3. It is obvious that the usage of low en-
ergy density in LPBF process exhibits higher yield strength of the Ti6Al4V alloy
used in the manufacturing of thin-walled aero-engine components.

(iv) The dynamic compression results reveals that the LPBF built samples exhibited
high strain rate sensitivity i.e. m > 0, which means that the flow stress increases as
the strain rate increases. It was also observed that there is no significant change in
yield strength was observed for samples built with energy density of Case 1: Ev =
41.67 J/mm3 and Case 2: Ev = 45.33 J/mm3. At lower energy density case, the for-
mation of a hierarchical structure of relatively fine α′ martensite, separated from
each other by a high dislocation density leads to higher strength. Additionally, dy-
namic compression of as-built and heat treated samples were compared and found
that heat treated samples exhibited 12% lower yield strength than the as-built sam-
ples, as expected; this yield strength reduction is due to the transformation of α′

martensite to α, lamellar α + β and retained β as confirmed by microstructure and
SEM studies.

6 Future work
In the present research work, a systematic approach has been developed for predicting
the residual stresses and thermal distortions using ANSYS Additive Print. Addition-
ally, an extensive study was conducted on the effects of LPBF process parameters on
microstructure and mechanical behavior under both quasi-static and high strain rate
conditions. However, there are few more aspects to be studied further to fulfil the needs
of the aerospace industry in manufacturing of thin-walled components, which are dis-
cussed as follows:

(i) The effect of pre-heating of the build plate, dwell time, scan strategy, varying
layer thickness and support structure on residual stress and distortion need to be
included in the developed simulation guideline for improving the fidelity and ac-
curacy of predictions.

(ii) Simplified Machine Learning (ML) techniques can be adopted for reducing the
computational time for analyzing the effect of process parameters on various as-
pects including residual stress, distortions, microstructure and mechanical proper-
ties.
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7 Organization of the Thesis
The present thesis is organised into seven chapters and the summary of each chapter is
given here:

Chapter 1 : Introduction
Chapter 2 : Numerical study of a single cantilever beam
Chapter 3 : Numerical study of a aero-engine compressor blade
Chapter 4 : Study of microstructure and mechanical behaviour
Chapter 5 : Study of High strain rate behaviour
Chapter 6 : Conclusions and future work
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