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Abstract

Qualification of metallic structures produced by additive manufacturing technologies requires a fast-
track strategy to accelerate their acceptance in the aerospace industry. One of these strategies is 
the use of constitutive numerical models to make predictions of the material characteristics, such 
as yield strength and flow stress, for given chemical compositions and microstructures obtained upon 
post processing.  This paper presents a brief review of various modelling approaches that can be 
used to predict the mechanical properties of Ti6Al4V, one of the alloys commonly fabricated via 
additive manufacturing. The limitation of these models are also discussed and possibilities of 
formulating of more accurate constitutive models postulated.

1. INTRODUCTION

Additive manufacturing (AM) technology has been used to manufacture prototypes for many years. 
Besides, the ability to manufacture final product rather than prototype parts with this technology is 
a breakthrough and is the most significant part of AM’s current and future use [1]. Among many AM 
techniques that have been developed Selective Laser Sintering (SLS), Selective Laser Melting (SLM), 
Laser Metal Deposition (LMD), Electron Beam Melting (EBM), Direct Metal Deposition (DED) and Direct 
Metal Laser Sintering (DMLS), are presently the most versatile processes to produce complex 
functional metallic components to meet requirements for the aerospace [2], defence [3], and 
biomedical [4] industries.

Ti6Al4V, which accounts for more than 50% of total titanium usage in industry has been the most 
extensively studied alloy of titanium for AM [5]. In the past few years, great efforts have been 
devoted to investigating, the microstructure, evolution of texture and mechanical properties of AM 
Ti6Al4V [5-7]. The relationship between the processing parameters, microstructure and mechanical 
properties of SLM Ti6Al4V was investigated by Sun et al. [8]. The research optimized the process 
parameters to maximize the densification of the parts using methods of statistical analysis and 
obtained fully densified parts under optimal process parameters. Moreover, the percentage 
densification of as-built and stress relieved DMLS Ti6Al4V parts was measured in Muiruri et al. [9] as 
99.99%.

AM processes and particularly DMLS/SLM processes, are characterised by a highly concentrated 
energy source and extremely short interaction time, and therefore a high temperature and cooling 
rate are normally generated in the molten pool. Due to the high cooling rates, resi
martensitic microstructure dominate the AM fabricated Ti6Al4V parts [9]. Thus, the as-built Ti6Al4V 
alloy has a higher tensile strength compared to the hot-worked material, but a lower ductility [5, 
6]. Consequently, in order to enhance mechanical performance of these AM parts, various heat 
treatments have been attempted to eliminate the residual stress and regulate the microstructure 
[10, 11]. Heat treatment alone cannot bring pores to closure, but combining it with hot isostatical
pressing (HIP) has been found to have a positive effect on reduction of porosity [12]. Kasperovich 
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and Hausmann [11] revealed the reduction of porosity from 0.077% to 0.012% after subsequent HIP 
treatment for SLM specimens produced by optimised parameters. However, it is not clear that HIP
treatment can further lower the porosity of DMLS parts below 0.01% [9], and therefore its 
effectiveness in improving the mechanical properties of Ti6Al4V. Further research focusing on HIP 
treatment of high density DMLS parts is therefore needed to clarify this.

For structural applications such as in landing gear beams, turbine blades and engine casings, the 
dynamic mechanical properties such as fatigue resistance, toughness and high strain rate properties 
are still major concerns to many mechanical engineers. As-built parts have lower fatigue life with 
respect to wrought material, which is attributed to the inherent residual stress, internal porosity of 
above critical sizes, poor surface quality and microstructure [11]. However, after HIP processing and 
surface finishing Kasperovich et al. [11], obtained fatigue performance equivalent to that of wrought 
material. The value of impact toughness of as-built DMLS Ti6Al4V (ELI) was reported to be between 
14-16 J which is far below the recommended value (24 J) for the aerospace industry [13].

Traditionally, depending on the hot working route, three commercial microstructures of Ti6Al4V are 
available namely lamellar, bimodal and equiaxed, thus the alloy present diverse mechanical 
properties [14]. For instance, Figure 1 shows typical true stress versus true strain curves obtained 
from compression tests of ELI grade Ti6Al4V alloys with the three different microstructures at 
different strain rates and room temperature.

 

Figure 1: True stress versus true strain curves for ELI grade Ti6Al4V with equiaxed (E),
Lamellar (L), and bimodal (B) microstructures at strain rates of between 10-3 s-1 and 1s-1[

[15].

In Figure 1, the ultimate compressive strength and the yield strength of the bimodal microstructure 
are highest followed by that of the lamellar microstructure while that of the equiaxed
microstructure is the lowest, at all strain rates. The elongation to failure (El) in the figure are seen 
to increase in the order of lamellar, bimodal and equiaxed microstructure. Traditionally these 
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microstructures are obtained via heat treatment combined with work hardening, primarily for grain 
refinement of cast or wrought material. Achieving these microstructures through post processing of 
DMLS Ti6Al4V is challenging though, since the starting microstructure is martensite that is formed 
as a result of rapid cooling during the building process. Besides, as one of the advantages of the AM 
technology is its capacity to produce near net shape parts and parts with complex geometries, it is 
not desirable or possible in certain case to work the parts produced thereafter even during post 
process heat treatment [16]. The mechanical properties of these post processed DMLS Ti6Al4V parts, 
with reference to quality and durability in service, are important in deciding whether the DMLS 
process can be an acceptable alternative manufacturing technique to the traditional methods.

The exact relationships between the microstructural features and the tensile and compression high 
strain rate behaviour in DMLS Ti6Al4V (ELI) are still unknown [17, 18]. This challenge results in the 
slow acceptance of the DMLS Ti6Al4V (ELI) into various sectors of industry such as the aerospace 
sector, where definite design criteria are necessary for integrity of design [19]. Of considerable 
interest is the ability of DMLS Ti6Al4V (ELI) parts to withstand the demanding environments imposed 
on the various structural components and sections that ultimately provide energy and thrust. One 
of the major concerns for safety in a modern commercial aircraft is the failure of fan or compressor 
blades, which may resulting in damage to the airplane [20]. The Federal Aviation Authority (FAA) 
certification requires that every commercial engine line be tested to demonstrate the engine’s 
ability to contain a detached blade/blades, without catching fire and without failure and 
fragmentation of other attachments [21]. The possibility of losing a rotating fan blade from a running 
engine is a flight-safety consideration, which must be addressed during the design phase of the 
engine. A Fan blade-out event is a very complex nonlinear transient dynamic condition with large 
deflection of the released blade(s) and rigid body rotation of the trailing blades as well as progressive 
failure and fragmentation of various components [22]. It is more critical to prevent damage of other 
independent systems such as controls which could lead to loss of control of the aircraft leading to 
catastrophic losses or unsafe landing.  Due to the impact nature of this type of loading, the solution 
to the problem addresses the material behaviour such as yield stress and flow stress as a function 
strain rates and temperatures. Such design criteria are based upon large databases where statistics 
provide designers the requisite confidence for use of a new material. In order to address the 
challenge of accelerating the acceptance of DMLS Ti6Al4V (ELI) in the aerospace sector, there is a 
need to develop numerical models that can qualitatively describe the interrelationships between 
microstructure, strain rate and temperature with mechanical performance (flow stress) of DMLS 

Ti6Al4V (ELI). This would lead to an informed qualification of DMLS Ti6Al4V for aircraft applications. 

There are multiple heat treatment strategies that can be adopted for additive manufactured 
Ti6Al4V, ranging from simple stress relief annealing to extended high temperature heat treatment 

-transus temperature. Their objective is to produce 
microstructures with desired mechanical properties equivalent or even superior to those of wrought 
Ti6Al4V. A large number of experiments are required to study the influence of microstructural 
variables on mechanical properties of alloys such as Ti6Al4V. However, this is often too costly and 
such experimental work would be time consuming. This paper presents a brief review of various 
modelling approaches that can be used to predict the mechanical properties of Ti6Al4V, one of the 
alloys commonly fabricated via additive manufacturing. The challenges in prediction of the yield 
strength and subsequent flow stress of various microstructures arising from various post process heat 
treatments of DMLS Ti6Al4V (ELI) are discussed.

2. MODELLING APPROACHES

The complex two-phase microstructure of Ti6Al4V alloy has microstructural features that span a
length scale and are interconnected in a way that strongly influences the mechanical properties. 
Thus, it is imperative to control the microstructure of the alloy so as to obtain desirable mechanical 
properties for a particular application of a structural part.
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Conventionally, a large number of experiments are required to study the influence of processing 
parameters on the mechanical properties of materials. Nonetheless, materials are costly and 
experimental work time consuming [23, 24]. Modelling and simulation are alternative powerful 
methods that can be used to this end [23]. In fact, simulation is one of the key pillars of industry 
4.0 that can be used to improve the quality of parts and reduce overall production time. Various 
modelling approaches have been developed to characterise the mechanical properties of wrought 
and cast Ti6Al4V [23-38]. These models fall under the two categories of artificial neural network 
models (ANNM) and constitutive numerical models (CNM). ANNMs use machine learning algorithms 
to predict mechanical properties for different material processing histories. CNMs, on the other 
hand, describe the response of materials to different mechanical loading conditions, which provides
the stress-strain relations required to formulate governing equations [25].

2.1 Artificial Neural Network Models 

Artificial neural networks are computing systems that are comprised of a number of simple, highly 
organised processing elements that process data and information in response to external inputs [23]. 
Typically, they consist of several layers of artificial neurons. The first layer is known as the input 
layer and the last one is known as the output layer. The layers in-between are referred to as hidden 
layers. The ANNM receive input signals from the input layer, sum them according to their weight, 
then pass them through functions and thereafter produce outputs. The outputs are then compared 
with experimental values and the errors calculated and propagated backwards in order to adjust the 
weight of each of the neurons, in what is referred to as a training procedure for the ANNM. The 
input and the output nodes of the ANNMs may consist of several variables. Generally ANN modelling 
includes the following steps: (a) collection of data; (b) determination of input/output parameters;
(c) analysis and pre-processing of the data; (d) training of the ANN; (e) verification of the trained 
ANN and (f) application of the established model for evaluation and prediction [26]

Numerous research has established a relational model correlating microstructure and mechanical 
properties of Ti6Al4V using the ANN technique [23, 24, 27, and 28]. Sun et al. [23], developed an
ANNM capable of presenting the complex nonlinear relationship between the hot processing 
parameters (forging temperature, degree of deformation, annealing temperature and annealing 
time) to accurately predict the mechanical properties (yield strength YS, ultimate tensile strength
UTS, elongation El, and reduction in area) of Ti6Al4V. The structure of this neural network model is 
shown in Figure 2a.

Weidong et al. [24], developed an ANNM with the model input data consisting of quantitative 
-phase, thickness of the 

-phase and the ferret ratio, whilst the outputs of the model were ultimate tensile strength (UTS), 
yield strength (YS), elongation (El) and reduction in area. The structure of the model is shown in 
Figure 2b. The model offered an accurate correlation between microstructure and mechanical 
properties for Ti6Al4V alloy.
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Figure 2: The structure of a neural network used to correlate (a) the effect of processing 
parameters and (b) parameters of microstructural features on the mechanical properties of 

Ti6Al4V alloy [23, 24].

Recently, an ANNM was employed to describe the stress-strain relationship of SLM manufactured
Ti6Al4V in dynamic compression processes [29]. Figure 3 shows the structure of the ANNM used. The 
input data included strain, strain rate and temperature, while the output layer was flow stress. It 
was found that the stresses predicted by this model were consistent with the experimental values
as shown in Figure 4, with the value of the average absolute relative error between the prediction 
and measurement being 0.7%.

 

(a)

(b)
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Figure 3: Schematic diagram of ANNM to predict the flow stress in Ti6Al4V alloy under 
compression [30]

Figure 4: Comparison between measured and ANNM predicted values of flow stress at (a)
700 , 750 , (c) 800 (d) 850 and (e) 900 [30].

The ability to model nonlinear and complex relationships between the inputs and outputs as well as 
high speed processing of data are the key advantages of ANNM systems [23-29]. Nevertheless, the 
ANNM is a supervised system that requires input of huge amounts of data arising from experimental 
work or existing literature for training purposes. For instance, the works of Sun et al. [23] used 54 
experimental data sets while that of Tao et al. [30] used 285 experimental data sets in total to 
accurately predict the mechanical properties of Ti6Al4V. Thus, this makes the use of the ANNMs very 
expensive and unreliable, the latter in cases where required input data is scant. Moreover, ANNMs 
are not based on specific mathematic equations, thus it is difficult to integrate the ANNM into Finite 
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Element Modelling (FEM) software due to the lack of single transfer functions to characterise 
relevant phenomena.

2.2 Constitutive Numerical Models

Constitutive numerical models (CNMs) are used widely to describe flow stress of materials during 
plastic deformation and have conventionally been integrated into Finite Element (FE) techniques to 
simulate manufacturing processes such as forming and metal cutting [25, 31].There are different 
models available to predict the flow stress of Ti6Al4V alloys where macroscale uniaxial tests are 
used to determine/verify materials constants. Therefore these models can be classified into two 
broad categories: (a) the empirical/phenomenological models and (b) the analytical models. The 
empirical models are based on experimental observations rather than mathematically describable 
relationships of the phenomenon being modelled as in the case of analytical models. The models are 
developed by fitting model equations and parameters to experimental data without necessarily 
considering the physical processes causing the behaviour observed. On the other hand models that 
are based on the physical properties of material, commonly referred to as analytical models, are 
models where knowledge of the underlying physical properties and processes such as size,  
orientation and distribution of grain sizes and dislocations and their processes of growth and 
movement are used to formulate the constitutive behaviour of a material. Even though both 
categories of models can be and are used to predict the stress–strain curves of materials, empirical 
models are subject to extrapolation, which assumes specific trends of the models, which can be a 
source of inaccuracy. Analytical models that are based on the physical properties of material are 
useful as predictive tools to characterise plastic deformation using parameters such as dislocation 
density and the microstructural morphologies.

2.2.1 Empirical models

Among the different models in existence, empirical models are currently the most widely used due 
to simplicity in determining their parameters by regression analysis. In fact some of these models 
are readily available in Finite element analysis (FEA) software such as ABAQUS. The most common 
empirical models used to simulate the mechanical constitutive behaviour of Ti6Al4V in literature are
Johnson-Cook (JC) and modified Khan-Huang-Liang (KHL) models and are discussed here amongst 
others.

(i) Johnson-Cook (JC) model 

The Johnson and Cook model has been widely used to model the flow behaviour of metal and alloys 
over a wide range of strain rates. It represents in, 
strain rate and temperature. The von Mises flow stress can be written as [32]:

= [ + ] 1 + [1 ( ) ]                                                      1.

where,

=

=   

0                               <

                                

1                                   >  

                                                                                   

where is the reference strain rate used for normalisation;  the yield stress, the strain hardening 
factor, and  a dimensionless strain rate hardening coefficient. Parameters and are strain 
hardening and thermal softening coefficients, respectively. Parameters, , , and are working, 
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melting and room temperatures of the material, respectively. The temperature rise experienced 
due to adiabatic heating during shear strain can be computed using the equation:

= ( )                                                                                                      2.                                                                                         

where,  is the percentage of plastic work converted to heat, the mass density of the material 
and the specific heat of the material. The parameters of this model for Ti6Al4V obtained from 
various research works are given in Table 1.

Table 1: J.C model parameters for Ti6Al4V

JC model 
Parameter

A(MPa) B(MPa) n C m

Lee and Lin[32] 728.7 498.4 0.28 0.028 1

Lee and Lin [33] 724.7 683.1 0.47 0.035 1

Seo and Min [34] 997.9 653.1 0.45 0.0198 0.7

Calamaz et al.[35] 968 380 0.421 0.0197 0.577

Meyer et al. [36] 896 656 0.0128 0.8 0.5

Meyer et al.[36] 862.5 331.2 0.012 0.8 0.34

Lesuer et al.[37] 1098 1092 0.93 0.014 1.1

Khan et al.[17] 1104 1036 0.6349 0.0139 0.7794

Khan et al.[17] 1080 1007 0.5975 0.01304 0.7701

Khan et al.[17] 1119 838.6 0.4734 0.01921 0.6437

Khan et al.[17] 984 520.3 0.5102 0.015 0.8242

 

(ii) Modified Khan-Huang-Liang KHL model

Khan et al. [17], developed a model to characterise the deformation behaviour of Ti6Al4V over a 
wide range of strain rates and temperatures. Flow stress in the modified KHL model is expressed as:

=  +  1    3.

where   is the true plastic strain, , , the melting, ambient and the reference temperatures, 
respectively.  = 106 s-1 is the upper–bound of plastic strain rate of the model and = 0.01 s-1 the 
reference strain rate, at a reference temperature of at which material constant A, B and no are 
determined.  is the current strain rate. , , and are additional material constants. To the 
knowledge of the authors the parameters of the model for Ti6Al4V with different chemical 
compositions are only those given by Khan et al [17], presented here in Table 2. Alloy 1 had 5.97%
and 4.09 %.wt of Al and V, respectively, while Alloy 2 had 6.21% and 3.61%.wt of Al and V,
respectively. The exact composition of Alloy 3 was not given. 

Table: 2 Modified KHL-Model material constants determined for 3 different form of Ti6Al4V 
alloy [17].
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Alloy A B n0 n1 C m
1 1069 874.8 0.4987 0.5456 0.02204 1.3916
2 1097 1004.7 0.6268 0.4993 0.02219 1.4796
3 1004 325.1 0.5263 1.9015 0.02204 1.1206

A major feature in the modified KHL model, unlike the JC model, is that decreasing work hardening 
with increasing strain rate as observed in Muiruri et al. [9] can be accommodated through the 
material constant .  

The advantages of these empirical models are their ease of calibration and implementation and they 
are hence the most commonly used models to characterise the behaviour of materials over wide 
ranges of strain rates and temperatures. Nonetheless, as shown in Table 1 and 2, there exists large 
discrepancies between different sets of JC model parameters. Sun and Guo [38] concluded that the 
three potential reasons for these discrepancies include, (a) differences in the composition of alloys, 
(b) different procedures of preparation for the specimens and (c) different methods of testing. 
Reasons (a) and (b) will ultimately lead to differences in the microstructure of specimens. Khan et 
al. [17]
parameters of the JC model.

2.2.2 Analytical models

Several analytical models/physical based models have been proposed based on dislocation 
mechanisms. The Zerilli Armstrong (ZA) model [39] is one of these models that has been used to 
characterise the flow stress in Ti6Al4V alloy. Attempts have been made to implement this model 
into an FEM codes for simulation of processes such as machining and forming [40]. Mechanical 
Threshold stress (MTS) is another model that has been used modelling the flow characteristic of 
metals and alloys based on microstructures. The two models are briefly discussed here. 

i. Zerilli Armstrong (ZA) model

Initially the model addressed metal with fcc (face-centered cubic) and bcc (body-centered cubic) 
crystal structures.  For bcc crystal structures the flow stress in the model is given by;

=   +  [ +      ] +                                            4.

The flow stress of fcc crystal structures in the model is given by:

=   +   [ +   ]                                                        5.

w effective strain rate and T the temperature. C0, C1, C2, C3, C4, C5 are 
constants. Later, the authors [41] developed the localizing strength model predominantly for hcp
(hexagonal close-packed) Ti6Al4V that is somewhat different from the foregoing models for bcc and 
fcc crystal structures and of the form:

= +  +   ( ( 1 ))                                           6.

where C0, C1 and C2 are material constants, T the absolute 
temperature. is a material constant that affects the strain at which saturation of stress is 
achieved. 

The simple square root of strain in Equation 5 comes from theoretical considerations of the motion 
of dislocations during plastic deformation of crystals given by Taylor [42]. In this work Taylor 
concluded that the simple yield stress depends on the square root of strain (and other factors such 
as temperature and strain rate). The problem with a simple square root function is that stress cannot 
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saturate at high strains in a function of the form  =  . This type of strain hardening behaviour 
is detrimental if modelling of localization is desired. This is due to the fact that localization depends 
on thermal softening overtaking the strain hardening effects. Since Ti6Al4V saturates at high strains, 
Zerilli and Armstrong [39] replaced the simple strain term in the Taylor strain hardening of earlier 
models with the strain function in Equation 6 which shows stress saturation at high strains. 

The ZA model has a relatively simple expression. The main characteristic of the model is that each 
material structure type has a different expression due to the different strain rate controlling 
mechanism for the particular structure [31].  This may be a challenge in materials with different 
crystal structures/phases such as dual phase Ti6Al4V and steel.

ii. Mechanical Threshold Stress (MTS) Model

The MTS model is intrinsically a material microstructure-based flow based model, which separates
the deformation stress into athermal and thermal stresses. It is generally of the following form: 

= +  [ (  , ) +  (  , ) ]                                                                       7.

where  is the temperature-independent (athermal) stress which characterises the interactions of 
dislocations with long range barriers, and the strain rate and temperature-dependent scaling 
coefficients, and the shear modulus at ambient temperature and absolute zero temperatures 
respectively. Moreover, describes the thermal portion of the yield stress which is non-evolving 
and describes the interaction of dislocation during plastic deformation (evolving component).
The model was implemented in ABAQUS via the user hardening (UHARD) subroutine in the research 
work of Jansen and Kok [44]. The classic MTS model considers material microstructural details such 
as evolution of dislocation density. However, the grain sizes effects and phase fractions of the 
material are not explicitly included into the documented model and thus its limitation.

In all the aforementioned CNMs of flow stress, the material is considered to be homogenous. None 
of these models take into account the differences in mechanical behaviour between the different 

grain sizes and grain boundaries are also not articulated in the models. These challenges could limit
the predictive capability of these models in predicting the mechanical properties of various 
microstructures of additively manufactured Ti6Al4V (ELI) upon post processing.

3 POSTULATED PROCESS OF FORMULATING CONSTITUTIVE MODELS

The model flow chart shown in Figure 5 is proposed here as a bridge between various sub-micro scale 
and macro scale continuum deformations. The assumption in this model is that a single expression 
for stress can be developed to accurately predict the yield stress and subsequent flow stress during 
plastic deformation of DMLS Ti6Al4V (ELI) subjected to various post process heat treatment. The 
constitutive model should be based on the physical nature of the material rather than the empirical 
relationship of macro-continuum mechanics. 

The total stress in this model is be expressed as;

=  +  +                                                                                                 7

where and is the lattice friction stress and flow stresses, respectively, both of which are 
functions of temperature and strain rate and can thus be referred to as the thermal component of 
the total stress. The lattice friction stress is assumed to be due to the contribution of the respective 
phases in the material and thus follows the rule of mixtures. The flow stress ( ), which can be 
defined as the instantaneous value of stress required to continue plastic deformation, is related to 
characteristics of dislocations.
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Figure 5: Process of formulating constitutive models.

In other words, hardening and softening is related to the evolution of dislocations which is influenced 
by strain rate and temperature. is the stress due to grain boundary strengthening which can be 
formulated from the Hall-Petch (HP) relationship. Thus, the effects of variation of the thicknesses 
of -laths in the case of lamellar microstructures, and -grains in the case of equiaxed 
microstructures, are manifested in the model. In the case of bimodal microstructures, the rule of 
mixture should be used to take into account the contribution of primary grain size  and the 
secondary alpha laths size , and the relative volume fraction of the secondary alpha phase. 
Therefore, this stress is independent of temperature and strain rate and is referred to as the 
athermal component of the total stress. 

4 CONCLUSIONS

The capability of the existing models in predicting mechanical performance (yield strength and flow 
stress) of materials is still in question as most of the constitutive models are empirical in nature and 
huge experimental data is needed to fit the model parameters. Moreover, it is very expensive to use 
the ANNM, because their training requires large sets of experimental data.

To accelerate the acceptance of DMLS Ti6Al4V (ELI) for structural applications there is a need to 
develop numerical models that can qualitatively and quantitatively describe the interrelationships 
between microstructure, strain rate and temperature with mechanical performance (yield strength 
and flow stress) of the alloy. This would lead to an informed qualification of the DMLS Ti6Al4V for 
demanding structural applications.
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