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Abstract

The microstructure and consequently the mechanical properties of titanium alloys are 
highly dependent on the temperature history experienced by the material. The 
manufacturing process of metal deposition induces repetitive cooling and heating in 
the material determining a specific microstructure. The presented study is devoted to 
developing and implementing a microstructure model for Ti-6Al-4V intended to be 
coupled to a thermo-mechanical model of the metal deposition process. 

Microstructural analysis of the metal deposited samples was first performed to 
understand the formed microstructure. A set of representative parameters for 
microstructure modelling was then selected as representative for the impact of 
Ti-6Al-4V microstructure on mechanical properties. Evolution equations for these 
parameters were implemented for thermal finite element analysis of the process. Six 
representative state variables were modelled: the phase volume fraction of total , ,
Widmanstätten , grain boundary , martensite , and the  lath thickness. Heating, 
cooling and repeated reheating involved in the process of metal deposition were taken 
into account in the model. The phase transformations were modelled based on a 
diffusional theory described by a Johnson-Mehl-Avrami formulation, as well as 
diffusionless transformations for the martensite  formation and the  reformation 
during reheating. The Arrhenius equation is applied as a simplification to model 
temperature dependent  lath size calculation. Grain growth is not included in the 
present formulation, and would have to be added for capturing  lath coarsening 
during long term heat treatment. 

The temperature history during tungsten inert gas deposition welding is simulated 
together with the microstructure. The implementation of the model handles well the 
complex cyclic thermal loading from the metal deposition process. A particular 
banded structure observed in the metal deposited microstructure is partially explained 
using the proposed microstructure model. It is concluded that although further 
calibration testing over a wider range of temperature histories must be performed to 
obtain more accurate transformation kinetics, an adequate tool has been produced for 
investigating the impact of process history on metallurgy and material properties. 

Keywords: Metal deposition, Ti-6Al-4V, Microstructure modelling, Titanium alloy, 
Finite Element Method, Johnson-Mehl-Avrami, RTMwD 
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FE(M) Finite Element (Method) 
JMA Johnson-Mehl-Avrami  
MD Metal Deposition 
RTMwD Robotic TIG Metal wire Deposition 
RVE Representative volume element 
TIG Tungsten Inert Gas welding process 
Ti-6Al-4V Titanium alloy 6% weight aluminium 4% weight vanadium 
T Temperature 
TTT Time-Temperature-Transformations (diagram) 

wid Volume fraction of Widmanstätten / basketweave  (state variable) 
gb Volume fraction of grain boundary  (state variable) 
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tn Current time increment 
t lath  lath thickness (width of  lamellae) (state variable) 

 phase or volume fraction of total  (state variable) 
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1  Introduction 

Titanium, and predominantly its alloys are particularly appreciated in the 
manufacturing of aero engine components for their attractive, combined properties 
such as lightness, good strength to density ratio, corrosion resistance (Donachie 
2000). Unfortunately the microstructure and consequently the material properties are 
highly dependent on the temperature history of the material. Understanding and 
control of the microstructure development becomes important when manufacturing 
high reliability components, such as in the aero engine industry. 

Modelling and simulation are becoming appreciated tools in the manufacturing 
design with the objectives to reduce exhaustive pre-study experiments and costs. 
Development of titanium modelling such as microstructure and mechanical properties 
modelling tools can in a longer term assist in the development of new process 
parameters and limit the use of tests (Boyer and Furrer 2004). Microstructure 
modelling is proposed to be applied for studying the recently developed fabrication 
process of Robotised Tungsten inert gas Metal wire Deposition (RTMwD), adopting 
a similar approach as Kelly et al. (2004) used for the Laser Metal Deposition (LMD) 
process. Moreover the microstructure modelling is designed to be integrated in a 
thermo-mechanical model of the process. 

The thermo-mechanical calculation is performed using the Finite Element Method 
(FEM). The modelling strategy is similar as the one used for welding (Lindgren 
2007). The microstructure model consists of diffusionally controlled phase changes 
as well as the Koistinen-Marburger formation for the martensite. Only thermally 
driven phase changes are accounted for. The microstructure features determined after 
microstructure analysis, are represented as internal state variables. FEM simulation of 
a 2D cross-section of a metal deposited sample gives first results toward a better 
understanding of the microstructure development during the process and to enable 
coupling with a constitutive model. 

1.1 Background

This research started first as part of the Project "Virtual Engineering for Robust 
manufacturing with Design Integration", VERDI (AST4-CT-2005-516046) which is 
co-funded by the European Commission within the 6th Framework Programme (2002-
2006). The long term aim of VERDI is to simulate manufacturing chain of structural 
aero engine components. The project includes process development such fabrication 
as an alternative to casting of huge pieces. The integration of the modelling of all 
manufacturing processes in a simulation chain enables the evaluation of different 
approaches with respect to robustness and reliability. 
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The processes of welding, heat treatment and metal deposition among the steps in the 
manufacturing chain are in focus. The FEM has been demonstrated to be a powerful 
technique of simulation for these processes (Alberg 2005). The material model is an 
important factor for accurate modelling. The inclusion of a model for the 
microstructure evolution coupled to a material model makes the model more flexible 
accounting for varying temperature histories (Boyer and Furrer 2004). 

1.2 Aim & scope of the thesis 

The aim of this work focuses on the selection and implementation of a model to 
predict the microstructure evolution of the titanium alloy Ti-6Al-4V in 
thermo-mechanical processes. The microstructure description has to be sufficiently 
detailed to be useful in the evaluation of the material properties and, on the other 
hand, should not increase the computing time too much. The time required to 
simulate the manufacturing process can anyhow be considerable for large 
components. 

The research question can be formulated as follow: 

Which formulation with pertaining parameters should be used for microstructure 
modelling of the titanium alloy Ti-6Al-4V considering the need for material 
properties prediction? 

The approach adopted consists of: 
Determining which microstructure features are important for the mechanical 
properties, 
deciding the modelling formulation, 
developing and implementing it, and 
applying the modelling to the process simulation. 

The research presented in this thesis is applied to Robotised Tungsten inert gas Metal 
wire Deposition for simple deposited features. 
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2 Metal Deposition of Titanium alloy Ti-6Al-4V 

Producing near-net-shape pieces by metal deposition is receiving increased interest in 
engine industry. Robotised TIG metal wire deposition, used for this study, is one of 
the metal deposition techniques under development in the aero engine industry 
notably for titanium alloy parts. 

2.1 Near-net-shape manufacturing technology 

There is a strong need for efficient and flexible manufacturing techniques. Metal 
deposition is one alternative. The main driving forces are cost reduction and 
flexibility in both manufacturing and product design. Metal is deposited as beads 
side-by-side and layer-upon-layer in a desired pattern to build a complete component 
or add features on a part. The technology is flexible in that it provides a means for 
product development, manufacturing of components or specific geometries of 
components, repair of tools and components, or for unique tailoring of standard base 
products.

A power source is needed for the metal melting, and welding technology such as laser 
welding source or arc welding is often used. The added metal can be in the form of 
powder or wire. Most equipment available today uses special nozzles to distribute 
powder into the arc or the laser beam to be melted. Direct Light Fabrication (DLF) 
(Qian, Mei et al. 2005), Selective Laser Melting (SLM) (Bertrand and Smurov 2007), 
Laser Metal Deposition Shaping (Zhang, Liu et al. 2007), and the LENS-system (Wu 
and Mei 2003; Wang and Felicelli 2006) are commercially available systems 
consisting of laser cladding (laser source together with metal powder). Robotised 
Laser Metal wire Deposition (RLMwD) (Heralic, Ottosson et al. 2008), Shaped Metal 
Deposition (SMD) (Rooks 2005) or Robotised TIG Metal wire Deposition (RTMwD) 
are example of wire metal deposition processes. The latter is presented below. The 
deposition efficiency and the cleanliness are increased considerably if wire is used 
instead of powder (Syed, Pinkerton et al. 2005). 

2.2 Robotised TIG Metal wire Deposition of Ti-6Al-4V 

Robotised TIG Metal wire Deposition (RTMwD) is a near-net-shape manufacturing 
method consisting in melting wire metal with a tungsten inert gas arc welding torch. 
Within Volvo Aero large aircraft engine structures is one of the focussed component 
specializations. These static components have for many years been manufactured 
predominantly as one-piece castings, large cylinders in which attachment parts, e.g. 
bosses and flanges, are part of the casting. There is a potential to reduce cost when 
choosing to fabricate these components. Then the structure is made up of a 
combination of small castings, forgings, and sheet metal. They are welded together 
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and features can be added by metal deposition (Jonsson 2008). See Figure 1 for 
potential applications to an aircraft engine structure. Another area where the Metal 
Deposition process is of great interest is in repair. 

Figure 1: Potential RTMwD geometries, bosses and flanges, on aero engine 
component. (Courtesy Volvo Aero Corporation) 

RTMwD development is focusing on the fabrication of simple features like the ones 
presented in Figure 2. Simulation of the process is expected to strengthen the 
understanding and thereby guide the choices for better on-line control of the metal 
deposition technology. 

Figure 2: Different geometries built with RTMwD. 

The deposition must be carried out in a protected atmosphere chamber, Figure 3, in 
order to avoid oxidation and -case formation during welding of titanium alloy. 
Single bead walls, Figure 4, were deposited on base plates made of the same alloy. 
The chemical composition of the plate and wire can be found in paper 1 or paper 3.
A number of geometries were produced by metal deposition and used as samples for 
microstructure analysis as discussed in paper 2. The temperature history during 
deposition was recorded with thermocouples spot-welded to the plate and a 
pyrometer was used to measure the temperature on the side of the wall. The 
measurement setup is described in more details in paper 1 and paper 3. The 
temperature histories are necessary for the calibration of the thermal model in the FE 
analysis of the process. Temperature measurements are also valuable as direct input 
to the temperature driven microstructure model for microstructure estimation on the 
measured area. 
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Figure 3: Metal deposition setup with a robot controlled TIG heat source and a 
chamber with a protection atmosphere. 

Figure 4: Metal deposited wall consisting of 11 layers of beads 
with thermocouples spot-welded on the base plate. 
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3 Ti-6Al-4V microstructure 

The titanium alloy Ti-6Al-4V is the most commonly used titanium alloy in the aero 
engine industry and consequently the most studied. However, the microstructure that 
forms during process route history such as with metal deposition is complex. Material 
integrity is of high concern when used in the aero engine industry. The formed 
microstructures open the need for further examination and understanding of the 
behaviour of the material, as well as how to model it. 

3.1 Microstructure Background 

Titanium alloy Ti-6Al-4V can be used in applications where the working temperature 
is less than 300ºC (Eylon, Postans et al. 1984). In pure titanium two elementary 
crystal structures are found, namely alpha ( ) and beta ( ). The  phase has a 
hexagonal close-packed (hcp) structure and is the stable phase at low temperature. 
The  phase has a body-centred cubic (bcc) structure and is stable at high 
temperatures up to the melting point. Ti-6Al-4V belongs to the /  alloy family, with 
6 weight % aluminium that is stabilizing the  phase and 4 weight % vanadium 
stabilizing the  phase. Consequently, the equilibrium microstructure of the alloy at 
room temperature consists mainly of the  phase with some retained  phase. The 

-transus defines the temperature above which the equilibrium microstructure will 
consist only of  phase. -transus is approximately 1000ºC for Ti-6Al-4V. 

Different varieties of phase morphologies form depending on the temperature history 
of the alloy. Figure 5 shows different microstructure that can be formed depending on 
the cooling rate. During fast cooling, denoted as water quenched in the Figures 5 c) 
and e), the  phase will transform into martensite ’. The martensite ’ will then 
recover to +  after longer time maintained at medium high temperature as indicated 
in the lower part of the TTT-diagram in Figure 6. While for slower cooling rates from 
high temperature, exemplified by air cooling in Figures 5 b) and d), the  phase 
forms Widmanstätten plate-like or basketweave acicular  (with transformed ) by 
nucleation and growth. Widmanstätten  takes different morphologies depending on 
the cooling rate, spanning from aligned platelets in colonies to a “basketweave” type 
of structure. The basketweave structure is assumed to be a finer form of 
Widmanstätten morphology interpreted to be colonies of -plates formed with 
specific orientations to each other (Pederson 2004). In this work, a single 
Widmanstätten/basketweave structure will be used. In particular conditions at 
moderate fast cooling rates, a so-called grain boundary allotriomorph  phase can 
form at the prior  grain boundaries, marked in Figure 7 d), as the temperature drops 
below the -transus temperature. 
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Figure 5: The microstructure of Ti-6Al-4V for different cooling processes 
adapted from Donachie (2000). 

Figure 6. Time-Temperature-Transformation (TTT) diagram for Ti-6Al-4V 
(Donachie 2000). The alloy was solution annealed at 1020ºC, and quenched to a 

given temperature where the transformation was observed. 

Water quenchedAir cooled

acicular  + transformed 
with prior grain boundariesb) ’ (martensite) with  (dark) 

and prior grain boundariesc)

primary  in a matrix of 
’ (martensite) + e)primary  in a matrix of 

transformed + acicular d)Pseudo phase diagram of 
/  titanium alloy (Ti-6Al-4V) a)
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3.2 Titanium alloy Ti-6Al-4V in RTMwD deposited material 

Microstructures of titanium alloys are usually developed and controlled by heat 
treatment or processing history as in case of welding followed by heat treatment. 
During the metal deposition process, steep temperature gradients and multiple 
thermal cycles lead to considerable microstructure changes within a very short time 
and varying with the location in the sample. The final obtained microstructure is 
analysed in more detail below. It is the result of the entire thermal history 
experienced during the fabrication process. 

Optical microscopy was used to observe and record the microstructure features 
present in metal deposited titanium alloy Ti-6Al-4V. The samples were prepared 
using conventional grinding and polishing techniques for titanium alloys and etched 
with a 2% Kroll solution. Optical microscopy was performed with the objective to 
collect and qualify the microstructure features present. This information is needed to 
determine the choice of microstructure variables to include in the model. In the centre 
of Figure 7 is shown a cross-section macrograph of the deposit, surrounded by higher 
magnification micrographs at specific locations in the sample. Variations in the 
macrostructure are clearly observable. The bead layers have large grains that cross 
their boundaries. The Heat Affected Zone (HAZ) in the base plate is clearly visible in 
Figure 7 e). Some of the microstructure features observed are described below, from 
paper 1.

Prior  grains: The presence of large columnar prior  grains in the deposit is visible 
in the macrograph in the centre. They are nearly perpendicular to the plate and cross 
multiple deposit layers. At the intersection of the first layer with the plate, the prior 
grain morphology changes from equiaxed to columnar, as can be seen in Figure 7 d). 
The prior  grains are growing through all layers of the entire sample. The  grain 
sizes can reach more than a millimetre in the height direction as can be seen in 
paper 2 for samples with higher walls. 

 morphology in the base plate: The as-received microstructure of the base plate is 
visible to the far left of the plate in Figure 7 c). It is not affected by the heat from the 
metal deposition. The microstructure consists of equiaxed  in a transformed 
matrix, typically referred to as the  +  microstructure. The  grains become larger 
and more acicular closer to the metal deposit as shown in Figure 7 e). This is the Heat 
Affected Zone (HAZ) where the microstructure has experienced solid state 
transformations and the Fusion Zone (FZ) where the metal has been molten. 

 morphology in the metal deposited: The prior  grains are outlined by the presence 
of non continuous  phase at the grain boundaries as can be seen in Figure 7 d). The 
deposited metal presents a fully lamellar microstructure showing basketweave/ 
Widmanstätten morphology inside the prior  grains. The observed banding 
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formation seems to present a difference in the  lath thickness when comparing 
Figure 7 a) and b) having the same magnification. A potential explanation for this is 
discussed in paper 2.

 martensite: Although martensitic formation is not observed by optical microscopy, 
it is reported to appear when the cooling rate is larger than 410 C/s (Ahmed and Rack 
1998). Such large cooling rates and martensite formation have been reported for TIG 
welding (Elmer, Palmer et al. 2005), and according to thermal simulation from 
paper 3, the cooling rate can reach up to 600 C/s at the beginning of the cooling for 
the upper layers deposited. More advanced experimental methods than those used in 
the current work are required in order to determine the amount of martensite in the 
samples. 

Figure 7: Macro- and micrographs of a Ti-6Al-4V metal deposited 8 layer beads wall. 

Complementary micrographs can be found in paper 2 and paper 3 from samples 
built with different number of layers or welding speed. Similar microstructures as in 
Figure 7 are observed in each of the samples built with RTMwD technique. 

base material 

 microstructure 
in the inter-band 

 microstructure 
at the band mark 

Heat Affected Zone (HAZ) 

prior grains 

2000 m

a)

e)

d)c)

b)
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3.3 Selection of microstructural parameters for modelling 

The mechanical properties of Ti-6Al-4V are affected by many variables including the 
phase fractions, their morphologies, and precipitations in the microstructure. 
G. Lütjering explored the relationship between processing, microstructure and 
mechanical properties of /  titanium alloys. The fully lamellar microstructure is 
similar to the microstructure observed in the metal deposited beads. The 
microstructures found to have the major influences on the mechanical properties are 
listed in Table 1 (Lütjering 1998).  colony sizes or width of lamellae are inversely 
related to the yield stress, 0.2 in Table 1. Another important parameter with respect 
to the mechanical properties is the existence of grain boundary , denoted gb in 
Table 1. Fully lamellar microstructures are usually good for high fatigue crack 
resistance, fracture toughness and creep resistance (Lütjering, Albrecht et al. 1995). 

Table 1: Major influences on mechanical properties (arrows) for fully lamellar 
microstructure features of /  titanium alloy (Lütjering 1998) 

Important 
Parameters

Microstructural
features

Mechanical
Properties

Temp. 
Cooling rate 

Large  Grain Size 
- -Lamellae Size 
- gb Layer
- Colony Size  

0.2

F
HCF
Da/dN, microcracks 
KIC
Creep

No quantitative tool correlating microstructure to mechanical properties of titanium 
alloys is yet available except the work by (Kar, Searles et al. 2006). Their neural 
network model is developed to predict yield and ultimate tensile strengths, which are 
used to identify the influence of individual microstructure features on tensile 
properties. The  lath thickness has been identified to have the largest effect on the 
strength properties of Ti-6Al-4V. Increasing of volume fraction of total  has shown 
also to increase the strength. They discovered that formation of basketweave 
microstructure favours strengthening of the alloy especially in case of large  grains 
(larger than 200µm). 

Based on the current understanding of the relation between microstructure and 
mechanical properties, a number of features have been identified as relevant for a 
microstructural model. They are used as state variables in the microstructure model 
which can be useful for a constitutive model. The microstructure parameters 
modelled are: 
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- volume fraction of total , denoted as 
- volume fraction of Widmanstätten / basketweave , denoted as wid

- volume fraction of grain boundary , denoted as gb

- volume fraction of martensite , denoted as mart

-  lath thickness (width of  lamellae), denoted as t lath

The total volume fraction of  is denoted total. It is the sum of the different variants, 
i.e. total = wid + gb + mart.
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4 Microstructure evaluation and quantification 

Quantitative metallographic examination of the microstructure is required in order to 
obtain useful information about the microstructure of the produced samples. 
Traditional methods such as the point count method are low in precision when 
comparing with image analysis (Dallair and Furrer 2004). Polarized light microscopy 
is an emerging method tested on titanium alloys to detect the boundaries of the 
lamellae colonies better (Chraponski and Szkliniarz 2001). Although different 
standards have been studied for characterising microstructures based on image 
analysis technology (Russ 2002; John C. and Robert T. 2005), the quantification of 
microstructure features in /  titanium alloys is still very difficult because the 
microstructure is quite complex. It involves features spanning a wide range of size 
scales. Moreover the information available from a two dimensional section of the 
microstructure image using optical microscopy is limited in terms of understanding 
three dimensional aspects. Stereology analysis procedures have been studied for 
titanium alloy Ti-6Al-4V (Tiley, Searles et al. 2004; Searles, Tiley et al. 2005). They 
suggested measuring methods for most of the microstructure features in titanium 
alloy Ti-6Al-4V using Adobe Photoshop with FoveaPro add-in, a set of functions for 
computer-based image processing and measurement in images. 

In this work, procedures including automated, semi-automated and manual 
stereological measurements were applied. Various specialised image processing 
software were tested for measurements of the Ti-6Al-4V metal deposited 
microstructure. The tools suggested by T.Searles and J.Tiley (2005), and the ImageJ 
freeware (Research Services Branch 2005) for image editing and manual or semi-
automated examination were used. The original image quality has a large impact on 
the accuracy and reliability of any stereology procedure. To obtain the highest quality 
micrographs, the microstructure was imaged at progressive magnification from x25 to 
x1000. Easier image analysis was obtained when the pictures were directly taken in 
grey scale. The methods used to measure the volume fractions and some of the  lath 
dimensions on microstructure images from deposited samples are shortly described 
below.

Volume fraction of  and : In the original grey scale picture, Figure 8 a), the dark 
colour is  phase and the light parts are  phase. The contrast in the image is 
increased by using a threshold value that separates the image into black and white 
pixels. This can be seen in Figure 8 where the left picture is the original grey scale 
image and the right picture is obtained after thresholding. Because of the small 
amounts of gb, it was unfortunately not achievable to quantify the different 
morphology fractions using the method mentioned above. It was consequently not 
possible to compile all the necessary quantification for comparison with the 
simulation results. 
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a)  lath microstructure. b) Threshold  lath microstructure: 
white =  and black = .

Figure 8: Illustration of use of Thresholding technique for 
 and  phase fraction evaluation in Ti-6Al-4V. 

 lath thickness: Using computer assisted procedures for measurement on 
microstructure pictures makes the evaluation less subjective and more repeatable. It 
also makes easier to assign quantitative values to the microstructure. Even though a 
fully automatic measurement technique is really attractive, the semi-manual method 
has been used supported by ImageJ. The measurements are highly dependent on the 
quality of the picture and the location where they are taken in the sample. 
Measurement of the thickness and the length of the  laths were made. A set of grid 
points, corresponding to the number of measurements to be done in the pictures, is 
superimposed to the picture by the software. Some of the identified laths are shown in 
Figure 9. The width and length of the lath at a grid point is automatic identified and 
measured with ImageJ. The mean value of the measured line lengths is taken as 
estimation of the  lath thickness or length in the picture. This method was used in 
paper 3 for the  lath thicknesses. 

a) Overlaid point grids drawn 
for measurement of  lath thicknesses. 

b) Overlaid lines drawn 
for measurement of  lath lengths. 

Figure 9: Illustration of the evaluation of the  lath thickness and length in 
Ti-6Al-4V.

50 µm 

50 µm 50 µm 
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5 Modelling Ti-6Al-4V microstructure 

Modelling of microstructure can be tackled by several methods at different scales. 
Fundamental electronic and atomistic methods are used at a too small scale to be 
directly integrated in industrial process simulation. In the majority of cases, 
microstructure modelling is treated as a post-processing activity taking the output of 
FE or temperature measurements and as input to a microstructural model through the 
process history. Of course coupling between microscale modelling like nucleation 
and growth of the  Widmanstätten plates (Katzarov, Malinov et al. 2002) or cellular 
automata based methods (Grujicic, Cao et al. 2001) can be performed with sub-mesh 
located at the nodes of the FEM model (Gandin and Rappaz 1997). Thiessen and 
Richardson (2006) used a dual-mesh method by placing microstructure domains at 
nodes of a macroscopic FE calculation. These approaches require a considerable 
computing time. More pragmatic for industry needs are to use a density type of 
model, also called internal state variable approach by Grong and Shercliff (2002). 
The last mentioned method is chosen for the actual study accordingly to the final aim 
of coupling with the simulation process. The model is described in section 7.2 below. 

5.1 Approaches for microstructure evaluation in metal deposition 

Three different approaches to the study the microstructure formation of Ti-6Al-4V in 
metal deposition process have been found in literature. 

The microstructures are estimated from the phase diagrams, published 
TTT-curves and microstructure knowledge using a computed thermal history 
(Qian, Mei et al. 2005). This approach gives qualitative estimate of the 
variations in microstructure within a given sample due to different cooling 
times and power used. 
Microstructure grain morphologies are mapped from experimental results 
obtained from samples with different solidification conditions. Grain 
morphologies categories such as colony, Widmanstätten or basketweave are 
mapped as function of power or weld velocity (Bontha, Klingbeil et al. 2006). 
Microstructure predictions are qualitative and the process maps, limited to the 
process window investigated, can be interpreted for a given or computed 
temperature history to estimate the microstructure (Kobryn and Semiatin 2003). 
The microstructure evolution is directly calculated from the heat transfer 
simulation couplings. Phase fraction and some microstructure morphology 
variables are included in a density type of model (Kelly, Babu et al. 2005). The 
microstructure results are useful for discussing the microstructure 
characteristics observed and is expected to improve future control of the 
microstructure formation during the process. 
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The microstructure model proposed in the present study is developed following the 
third approach. Simulation results are discussed in paper 3 to explain some of the 
microstructure particularities observed in paper 2. The representative variables are 
chosen with respect to their impact to the material properties. Coupling with the 
constitutive model (Babu 2008) is in development. 

5.2 Implemented microstructure model 

In this study, the microstructure model will be coupled with a thermo-mechanical 
transient finite element model for large components. Thus a density type of approach 
is necessary in order to be able to use large elements. Then each integration point of 
the elements corresponds to a representative volume element (RVE). This 
corresponds to the average behaviour of many grains. For example, the fraction of 
phase in an integration point then corresponds to fraction of  phase in the RVE. The 
microstructure is represented as a set of internal variables for each integration point. 
Four variables are used to represent the microstructure ( , wid, gb, mart). The sum 
of the phases equals one (i.e. total + = wid + gb + mart + = 1). One additional 
variable traced by the model is the lath thickness (t-lath).

The logic structure in the model is shown in the flowchart in Figure 10. The 
martensite test block comes first. If the temperature at the RVE is lower than the 
martensite start temperature, Tms, then the martensite formation is computed 
according to the Koistinen-Marburger equation. Otherwise, if martensite exists and 
the temperature is higher than Tms, martensite dissolution is computed. The changes 
in  phase and/or martensite have corresponding adjustments in the phase fraction. 

Figure 10: Flowchart for microstructure module logic. 



17

Next the existing amount of  phase is compared with the current equilibrium value. 
If it is larger than the current equilibrium value, then  is dissolved into gb and/or 

wid according to the diffusional transformations, as described in a TTT-diagram. If it 
is less than the equilibrium value, then volume fraction of  is corrected to the 
equilibrium value. Finally, the  lath thickness is calculated separately after the 
updated  phase fraction and the current temperature. 

The  phase decomposition could be into  grain boundary and/or 
Widmanstätten / basketweave or martensitic  depending on cooling rate (Ahmed 
and Rack 1998). The transformation to mart is modelled as a diffusionless 
transformation, and the amount of martensite is calculated according to the empirical 
formula (Koistinen and Marburger 1959), 

0.0031 e ms

mart mart

T T n nv v v     (1) 

Here
nv  is the volume fraction of  phase available for the martensitic trans-

formation at current time tn. Tms is the temperature from which the transformation 
starts. The constant 0.003 for Ti-6Al-4V is taken from (Fan, Cheng et al. 2005) after 
(Malinov, Guo et al. 2001). 

The  phase that has not transformed into mart is forming  phases by diffusion-
controlled transformations. The Johnson-Mehl-Avrami (JMA) theory (Avrami 1939; 
Avrami 1940; Avrami 1941) is valid for titanium alloy Ti-6Al-4V. The following 
modified JMA equation, derived in paper 3 after (Järvstråt and Sjöström 1993), is 
used for both the  to gb and  to Wid transformations 
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Here
nv  is the volume fraction of  phase available for the transformation and i

nv  is 
the equilibrium volume fraction of the  phase to be formed. The JMA kinetics 
constants, N and B, of the transformations are available from different sources. When 
considering only one  phase (avoiding differentiation between gb and wid), directly 
expressed JMA kinetic constants are available in the literature (Malinov, Guo et al. 
2001; Malinov, Sha et al. 2002). Although both mechanisms have been observed 
(Malinov, Markovsky et al. 2001), the results do not cover the entire temperature 



18

range. TTT-diagrams provide graphical information on the transformations that can 
be used. However, the available TTT-diagrams for Ti-6Al-4V are few and quite 
different from each other. The today second generation of phase diagram calculation 
based on physically more realistic models is interesting (Chang, Chen et al. 2004). 
The principle is based on the computational thermodynamics known as the 
CALPHAD method (Saunders 1995; Saunders and Miodownik 1998). 
Thermodynamics and diffusional phase transformation software such as ThermoCalc 
or JMatPro by Thermotech have the ability to extend the existing microstructural 
data. There are differences in the literature in the parameters used for the JMA 
equations. The B and N parameters used in the current work are based on Kelly 
(2002). TTT-diagram in Kelly (2002) is based on a Ti-6Al-4V of the composition 
that is similar to the one used in this work. 

Depending on the phases present in the material, two transformations may occur 
during heating, i.e. transformation of the gb and wid to  phase, and the recovery of 
eventual existing mart.

When present, mart can go through a recovery process during heating. In Ti-6Al-4V 
mart decomposes by tempering heat treatment. Following the hypothesis that the 

precipitation is due to a diffusion controlled process, the JMA theory is applied. The 
kinetic parameters for the transformation determined from hardness tests (Gil Mur, 
Rodriguez et al. 1996) are employed. The structure of the recovery phase makes it a 
different phase, separate from mart, gb and wid. However, in order to reduce the 
complexity of the microstructure description mart is modelled as recovering into wid 
in equation (3), similar to equation (2). 

( )1
N mart wid

cmart wid

wid mart mart wid wid wid

B t t n n eq nv v e v v v v  (3) 
1/

/
ln 1 /

mart wid

wid wid

mart wid

mart wid

Nn eq

c n n

v v
with t B

v v

Phase transformations from  takes place when the temperature is increased. The 
volume fraction of  eventually reaches 100% as the material is heated above the 

-transus temperature. The  transformation in Ti-6Al-4V is known to involve 
the nucleation and growth of the  phase. A consensus has not yet been reached for 
the mechanism of this transformation, even though extreme JMA parameters have 
been determined (Elmer, Palmer et al. 2005). The transformation is recognised to be 
very fast and is believe to follow the equilibrium curve, particularly in metal 
deposition applications (Babu, Kelly et al. 2005). Therefore, the gb + wid
transformation is modelled as instantaneous transformation according to the 

-equilibrium curve at any given temperature during heating. 
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In the titanium alloy Ti-6Al-4V mechanical properties are highly dependent on the 
microstructure features (Section 5.3). The more morphology features that are 
modelled, the better the impact from the microstructure on the mechanical properties 
are described. Grain shapes (Gandin and Rappaz 1997) have not been included in the 
current work. 

The  lath thickness parameter has been modelled by a simplified approach. The 
formation temperature is here considered dominant in determining the lath thickness. 
The empirical Arrhenius equation, equation (4), is used to express the temperature 
dependence of the  lath thickness. The incremental calculation of the  lath size has 
been implemented as expressed in equation (5). The parameters k and R have been 
estimated from width of lath versus cooling time (Gil, Ginebra et al. 2001). 
Calibration of the parameters has been done based on lath width measurements 
performed on single bead deposited walls. 

/eq R T
latht ke       (4) 

total total

total total

n n eq
lath lath n

lath lathn

t t
t t     (5) 

5.3 Finite element implementation 

The commercial software MSC.Marc was used to compute the heat transfer during 
the process of metal deposition. The microstructure and its development are modelled 
by user subroutines supplied to MSC.Marc. Five state variables are used to represent 
the microstructure at each node of the finite element mesh. The implementation 
structure in MSC.Marc is described in the flowchart in Figure 11. Transformation 
data, material properties and initial states are read by the user subroutine USDATA at 
the first increment and stored in common blocks, except the initialisation of the state 
variables, which is performed by the user subroutine INITSV. The subroutine 
USPCHT, designed to allow user defined specific heat, is used for computing phase 
changes according to the logic shown in Figure 11. USPCHT is called at each 
increment for each integration point in each element. The microstructure module is 
described in Section 5.2. 

This microstructure model was applied in a coupled thermal-metallurgical simulation 
of an 11-layer wall built by metal deposition, in paper 3.
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Figure 11: Flow chart - module implementation in MSC.Marc 
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6 Summary of appended papers 

Three papers are appended to the thesis. All the papers have been written in 
collaboration with co-authors. 

6.1 Paper A 
Finite Element Modelling of Microstructure on GTAW Metal Deposition of Ti-6Al-4V 
Corinne Charles and Niklas Järvstråt 

The first paper introduces to the process of Robotised TIG Metal wire Deposition 
(also called GTAW Metal Deposition in the discussed paper) as well as the residual 
microstructure after deposition of the titanium alloy Ti-6Al-4V. The recent 
development of the process shows a call for simulation of metal deposition. A 
microstructure modelling approach is proposed according to a point-wise logic 
integrated in a finite element analysis of the process. Metallographic parameters are 
identified for modelling the microscopic description of the material. In consistence 
with the titanium alloy Ti-6Al-4V microstructure behaviour, diffusional theory is 
discretised and suggested for the phase content model; martensite formation is 
described as instantaneous transformation. 

Author’s contribution:
The author carried out the metallurgy analysis and the microstructure parameters 
identification. The author wrote the paper together with the second author. 

6.2 Paper B 
Development of a Microstructure Model for Metal Deposition of Titanium Alloy 
Ti-6Al-4V 
Corinne Charles and Niklas Järvstråt 

The second paper presents two principal ideas. It includes a discussion on the 
particularities and diversities observed in the microstructure of Ti-6Al-4V deposited 
samples with RTMwD. A macroscopically “banded” structure, considered induced by 
the consecutive heat input from the fabrication process, reinforced the need for the 
parallel thermal analysis. The implementation strategy in a FEM thermal simulation 
is described. A simplified volume phase fraction model (total ,  and -martensite)
is tested within the simulation of a single bead wall deposition.  

Author’s contribution:
The author carried out the metallurgy analysis. The author carried out major part of 
the modelling and implemented the metallurgical model for phase transformations 
using, in part, subroutines by the second author. The author wrote major part of the 
paper.
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6.3 Paper C 
Modelling Ti-6Al-4V microstructure by evolution laws implemented as finite element 
subroutines: Application to TIG metal deposition 
Corinne Charles and Niklas Järvstråt 

The third paper proposes a test case for 2D simulation of an 11 layer metal deposited 
sample. Distinctions between three  phases are added to the microstructure model, 
as well as a temperature dependent  lath size formation. Experimental temperature 
measurements and microstructure features quantifications are compared to the 
simulations. The  phase-front progression induced by the heat transfer profile is 
identified as a possible correlation to the “banded” structure. Results of the 
microstructure simulation are applied to explain fatigue properties. 

Author’s contribution:
The author carried out major part of the microstructure modelling. The author 
implemented the model and carried out the modelling and simulation of the metal 
deposition process. The author wrote the bulk of the text in the paper. 
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7 Conclusion and future work 

The objective of the work presented in this thesis is to model the microstructure of 
titanium alloy Ti-6Al-4V. The model is designed to compute representative state 
variables for the microstructure that can be coupled to thermo-mechanical models for 
heat treatment, welding as well as metal deposition. The Finite Element Method, 
currently successfully used in manufacturing simulations, was chosen for solving heat 
transfer behaviour during the process. 

The volume phase fraction of , wid, gb, and mart are modelled, as well as the  lath 
thickness. Phase transformations and size calculation are successfully implemented. 
The cyclic thermal loading caused by the metal deposition process is well supported 
by the model. The simulation time is only slightly increased by the inclusion of the 
microstructure model. 

The microstructure kinetics parameters were extracted from the literature. The  lath 
width model was calibrated based on measurement found in the literature. However 
titanium alloys, such as the used Ti-6Al-4V has not been extensively studied until 
recently. Complementary characterisations of the transformation kinetics and growth 
laws are needed in order to develop more accurate predictions. Another important 
development is the extension of the model to include grain growth. 
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Finite Element Modelling of Microstructure 
on GTAW Metal Deposition of Ti-6Al-4V 

Corinne Charles, Niklas Järvstråt 
Department of Technology, Mathematics & Computer Science 

University West, Trollhättan, Sweden 
E-mail contact: corinne.charles@hv.se 

The titanium alloy Ti-6Al-4V is widely used in aero-engines because of its excellent strength, 
toughness, and corrosion resistance. The use of Metal Deposition (MD) technology is receiving 
increased interest due to its cost saving potential when manufacturing complex shapes. The main 
difficulty in producing high quality titanium alloys is to control the microstructure for the required 
properties. MD is essentially a multi-pass welding method, and can be used for building features 
such as bosses and flanges on fabricated components. There are different MD methods; however, 
the scope of this paper is MD with GTAW-welding and wire feeding. 
A microstructure evolution model is necessary to provide input to a more physical mechanical 
constitutive model. Further, it is necessary to accurately keep track of the temperature history when 
modelling this microstructure. The model should cover each step of the process considered: rapid 
solidification, cooling, and heating. The Finite Element Method is chosen to keep track of the 
temperature history. This work is part of the development of a complete virtual fabrication chain of 
compatible simulation models within the European research project VERDI (http://www.verdi-
fp6.org/).
A set of microstructure evolution subroutines is being adapted for use in the Finite Element 
commercial software MSC.Marc. Grain growth and phase content evolution are modelled according 
to a point-wise logic. The diffusional beta to alpha and alpha to beta phase transformations are 
described using a modified Johnson-Mehl-Avrami theory. The microstructures of a simple metal 
deposited feature are discussed in relation to this model, and some numerical approaches are 
presented.

INTRODUCTION

The aero-engine industry has shown an interest in the development and understanding of metal 
deposition processes since the beginning of the 1980s. The saving in buy-to-fly material cost is of 
great interest, especially when using advanced and expensive materials such as Titanium alloys. 
Laser Metal Deposition (LMD) has drawn much attention lately, and several LMD processes with 
metal powders have been commercialised in the last few years. However, the use of powders has 
less potential deposit output and demands a specific cleaning system. In this study, metal wire is fed 
through a conventional wire feeder and deposited as features on a metal plate using a standard 
GTAW power source. The power source is used to electrically heat and melt the metal wire, which 
then solidifies to form a fully dense layer. The addition of multiple layers produces a fully dense 
part having a near-net shape. In the current work, the most used titanium alloy (1), Ti-6Al-4V, is 
deposited to form a single linear wall structure using the MD process. 
Ti-6Al-4V is a two-phase, HCP-  and BCC- , heat-treatable alloy, which exhibits a variety of 
microstructures dependent on the conditions experienced during cooling transformation from the 
high-temperature  form to the low-temperature  form of the alloy, and for the reverse 
transformation upon reheating. During the metal deposition process, steep temperature gradients 
and multiple thermal cycles lead to considerable microstructural changes within a very short time. 
Therefore, and since physical and mechanical properties are known to be sensitive to the 
microstructure, it is necessary to consider the effects of phase transformations. 

mailto:charles@hv.se
http://www.verdi-fp6.33org
http://www.verdi-fp6.33org
http://www.verdi-fp6.33org
http://www.verdi-fp6.33org
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A first model of the microstructure is proposed based on the diffusional theory. The thermal history, 
inducing phase transformations, is calculated using the Finite Element Method (FEM) with the 
commercial software MSC.Marc. The modelling of the microstructure takes into account heating, 
cooling, as well as successive reheating involved in the process of metal deposition. In this paper, 
only the microstructure modelling strategy is presented. 

NUMERICAL STRATEGY 

The metal deposition process will be modelled in the traditional semi-decoupled thermal-
microstructural-mechanical approach, as depicted in figure 1. In this paper, only thermal and 
microstructural analyses are discussed. However, the ultimate goal of the FE-simulations is to 
achieve a fully coupled simulation where metallurgical evolutions are stored and handled in parallel 
to mechanical deformations and thermal history throughout the manufacturing chain, giving an 
accurate account of product properties after the conceived production. 

Thermal analysisThermal analysis
temperature

Thermal analysisThermal analysis
temperature

Microstructure evolutionMicrostructure evolution
Grain growth
Phases
Morphologies/textures

Microstructure evolutionMicrostructure evolution
Grain growth
Phases
Morphologies/textures

Solid mechanicsSolid mechanics
Stress/strain
Deformations

Solid mechanicsSolid mechanics
Stress/strain
Deformations

Input microstructureInput microstructure

Alloy compositionAlloy composition

Figure 1: Flowchart of the thermal-microstructural modelling

EXPERIMENTAL SETUP 

Material
The base plate, 2 mm thick and measuring 100x210 mm2, is made of Ti-6Al-4V. The microstructure 
of the as-received plate, figure 9a, was a typical mill-annealed textured plate, consisting of primary 
alpha grains surrounded by a transformed beta-structure. The chemical compositions of both the 
commercial grade Ti-6Al-4V alloys used in the plate and the feeding wire were according to 
aerospace specifications and are specified in table 1. 

Table 1: Chemical composition of the plate and wire. 

Element (wt%) Al V Fe C O N Y Ti 
Plate 6.01 3.87 0.18 0.009 0.14 0.006 <50ppm balance 
Wire 6.045 3.89 0.12 0.022 0.15 0.004 <0.001 balance 

Metal Deposition 
During the Metal Deposition, the plate was held in place by a fixture with 3 contact points on each 
side, which can be seen in figure 2b. To avoid bending of the plate, it was also supported from 
below at one centrally located point. Six thermocouples of type K (NiCr/NiAl) were spot welded on 
the top surface of the plate, positioned at a distance of 4, 4.5, 5, 6, 7, and 8 mm from the centre of 
the weld, and distanced 2 mm from each other in a direction parallel to the weld. Figure 3 shows the 
thermocouples in place after the building of the MD wall. 
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The entire GTAW metal deposition sequence was performed within a chamber, see figure 2a, to 
prevent formation of alpha-case and oxidation. A protective atmosphere of less than 20 ppm of 
oxygen was maintained by injecting Argon into the chamber. An 8-layered wall, 8 mm wide was 
built next to the thermocouples as shown in figure 3. The final wall measures 8 mm high by 120 
mm long. 

a) b)
Figure 2: Setup of the Ti-6Al-4V plate. a) Atmospheric chamber, 

b) Weld torch, fixture and plate. 

Figure 3: Position of the thermocouples close to the eight layer MD wall. 

THERMAL MODEL 

The commercial finite element software MSC.Marc is used for simulating the temperature field 
evolution during the metal deposition operation. A 3-D model is used to represent the 
experimentally investigated geometry. 
There are two alternatives for modelling the weld heat source: a complete description of the plasma 
arc and melted weld pool or a simpler model for heat transfer distribution between the torch and the 
work piece. In this study, one of the methods for the second approach listed by J.A. Goldak (2) was 
used. A circular Gaussian surface distribution has been chosen for modelling the heat source from 
the weld, because the GTAW weld pool penetration is shallow. User subroutines previously 
developed by a co-worker (3) were employed to simulate the heat source motion. The heat flux (4) 
is expressed as, 

qr EI
qwitheqq q

00

2

.
, [1]  

where q represents the heat transfer to the plate, E and I the welding parameters voltage and current, 
 the efficiency factor, q the concentration factor, and r the radial distance from the centre of the 

heat source. 

The thermal properties, specific heat and conductivity, were considered temperature dependent in 
the model, as suggested in (5). The latent heat of melting has been accounted for separately in the 
model for temperatures between the solidus (1600 C) and the liquidus (1670 C). Natural film 
convection has been retained as boundary conditions on the entire plate surface, since the work 
piece is maintained in an atmosphere controlled chamber during the Metal Deposition. The heat 
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conduction into the fixture has been neglected in these calculations due to its very small contact 
area with the plate. Consequently, the conduction of the heat within the base plate is the principal 
cooling factor considered in these simulations. 

In order to model successive material layers while building up the wall, the mesh for the plate as 
well as for the complete wall must be established before the simulation. All the wall elements are 
then initially deactivated to ensure that they do not contribute to the heat load calculation. A new 
wall layer is subsequently activated in the mesh after each heat source pass (6). Material properties 
and thermal boundary conditions are assigned to the elements at activation. 

Results
Experimentally measured temperatures variations at the 0.5 distance from the weld during the Metal 
Deposition are shown in figure 4. Each temperature peak represents the thermocouple response as 
the heat source passes the thermocouple. The rapidly decreasing temperature after the peaks is 
caused by cooling from the surrounding material when the heat source moves away from the 
thermocouple during fabrication of an individual layer. The general decreasing trend in the 
temperature peaks is the result of the distance from the heat source increasing with each new layer. 
Notice that the reheating is extremely rapid, bringing the metal to temperatures higher than the beta 
transus several times. 

The predicted top temperature is in good agreement with the measured temperature at the side of the 
weld, see figure 4b. The discrepancy between measurements and simulation appearing during the 
cooling is probably mainly due to insufficient accuracy in thermal boundary conditions of the FE-
model.

a)      b)
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Figure 4: Temperature variations at 0.5 mm from the side of the weld:
a) Experimentally measured temperature 

b) Comparison between predicted and measured temperature for the first weld pass. 

Figure 5 shows a typical heat distribution from a simulated weld pass, in this case without filler 
material from the 3-D FE model at a time of 40 seconds into the first pass. The white area in the 
centre represents temperatures larger than 1670 C (liquidus temperature) and can be interpreted as 
the weld pool. 
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Figure 5: Contour plot of predicted temperature in degrees Celsius 

METALLOGRAPHIC DESCRIPTION 

The microstructure of the Ti-6Al-4V deposited metal needs to be examined in further detail. This is 
achieved by optical microscopy of MD metal cross-sections. The following section contains a 
preliminary characterisation and comments on the MD microstructure. The samples shown were 
prepared using conventional grinding and polishing techniques and etched by a 2% Kroll solution. 

Macrostructural features 
Figure 6 represents a transversal and a longitudinal macrograph of the deposit, showing the 
presence of macroscopic banding between layers. Interestingly, the structure consists of 8 deposited 
layers but only 6 layer bands were observed. We interpret this as the band formations being caused 
by reheating during the deposition of the following layer. Also, the spacing between bands was 
measured to be 0.6 ± 0.1 mm at the weld centreline, but the last visible layer was measured to be 1.3 
mm corresponding to the sum of the last two deposited layers. 

a) b)
Figure 6: Macrographs of the Ti-6Al-4V deposited metal. 

a) Transversal section, b) Longitudinal section 

The presence of large columnar prior beta grains in the deposit is shown in figure 6. They are nearly 
perpendicular to the plate and cross multiple deposit layers and layer bands. At their maximum, the 
size of the prior beta grains almost reaches the height of the entire structure. This is probably caused 
by continued grain growth in the new weld pool due to the unidirectional heat conduction during 
cooling. At the intersection of the first layer with the plate, the prior beta grain morphology changes 
from equiaxed to columnar, as presented in figure 7. 
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Figure 7: First two layers and plate. Changes in the prior structure of the beta grains from the plate 
to the deposited layers 

In comparison with welding, a well defined Heat Affected Zone (HAZ) associated with the Fusion 
Zone (FZ) can be seen on the side of the deposit at the junction with the plate. Figure 8 shows the 
changing microstructure from the unaffected plate to the HAZ. 

Figure 8: Base plate: Heat Affected Zone (HAZ). 

Microstructure 
The plate exhibits a variety of microstructural morphologies dependent on the distance from the 
MD wall. The as-received plate microstructure is presented in figure 9a. The microstructure consists 
of equiaxed alpha in a transformed beta matrix, typically referred to as the alpha + beta 
microstructure. The alpha grains become larger and more acicular closer to the HAZ and FZ as 
shown in figure 8. The prior beta grains are outlined by the presence of a continuous alpha phase at 
the grain boundaries as can be seen in figure 9b. 

a) b)
Figure 9: a) Original plate morphology, unaffected zone. b) HAZ. 

The deposit microstructure between the layers shows a basket-weave Widmanstätten morphology as 
seen figure 10. The banding morphology presents a difference in the alpha size between the dark 
and the lighter bands. The lighter band microstructure in figure 10c presents a larger alpha-platelet 
size than the darker band morphology in figure 10b.  

2000 m
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a) b) c)
Figure 10 a) Banding structure crossed by prior beta grain boundaries, 

b) Morphology in dark band in a), 
c) Morphology in lighter band in a). 

Based on the current understanding of the as-deposited Ti-6Al-4V microstructure, microstructural 
features are identified for quantification and as parameters (state variables) for the microstructural 
model.

MICROSTRUCTURAL MODELLING 

In this work, the main aim of the microstructural modelling is to provide information capable of 
parametrising mechanical properties in order to predict mechanical behaviour, distortions, residual 
stresses, and fatigue of aero engine components based on the manufacture processes employed. As a 
result, scalar quantities assignable to integration points in an FE calculation are needed. Obvious 
choices are the constituent phase fractions and associated size quantities. It is less obvious, 
however, which level of detail should be chosen for constitutive phase selection, as is the choice of 
size quantities. Alpha and beta phases should certainly be included, and the prior beta grain size is 
known to significantly influence material properties even after complete beta to alpha 
transformation. We have, as a preliminary assumption, chosen to distinguish between several 
different alpha types, and, while retaining information about beta grain size, also adding size 
information about the alpha phases according to table 2. 

Table 2: Microstructure parameters and morphology description 
Type

gb Grain boundary Mean Ø dgb

c Intragranular, basket-weave 
Widmanstätten

Needle mean Ø, 
colony size dc

Martensitic m Massive, Martensitic Platelet thickness dm

Prior grain Mean grain size d

Size parametersPhase constituents 

Diffusional 

It has been established that phase transformations occurring during rapid cooling of titanium are of 
two principal types, namely diffusion dependent and diffusion independent (martensitic). Phase 
transformations can be described graphically in transformation diagrams, the most common being 
the so called TTT (Time-Temperature Transformation) or IT (Isothermal Transformation) diagram, 
and the CCT (Continuous Cooling Transformation) diagram. Both contain essentially the same 
information, but this information has to be transformed into equations as discussed below; for this 
purpose, the TTT/IT diagram provides more readily translatable data. 

As a first step, three different diffusional transformations (D1, D2, and D3) and one martensitic (M) 
are considered. Alpha to beta transformation will be modelled, while the back-transformation beta 
to alpha will be considered independent of the type of alpha until contrary evidence is available. 
These transformation models are summarised in figure 11. 

1000 m
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Figure 11: Schematic table of the preliminary included phase transformations. 
For notation see Table 2.

For diffusion controlled transformations, the Johnson-Mehl-Avrami equation (7) (8) is adopted, 
which for pure and isothermal transformation from phase j to phase k, can be written: 

eq
kj

tB
k
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kj

tB
j vvevwithvvev

jkN
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jkN
jk 00 1

. [2] 

Here, vj is the current fraction of phase j, vk is the current fraction of phase k, Bjk and Njk are 
temperature dependent material constants that can be determined e.g. from a TTT-diagram; t is the 
time since start of transformation, 0

jv  and eq
kv  are initial fractions of phase j and the equilibrium 

fraction of phase k, respectively. 
For the martensitic transformation, it is common practice for titanium to assume instantaneous 
transformation at cooling rates higher than around 410 C/s (9). We will, however, employ the for 
steel established Koistinen-Marburger equation (10), which for transformation of phase j into phase 
k in the absence of diffusional transformations can be written as: 

0003.00003.0 1 j
TT

kj
TT

j vevwithvev msms

 [3] 

Here, Tms is the start temperature for martensitic transformation, while T is the current temperature 
and the constant -0.003 is taken from (11), and used instead of  
-0.011 as commonly employed for steels. 

Numerical Considerations 
In order to discretise the transformation equations [2] and [3], the general case with several ongoing 
phase transformations should be considered, possibly simultaneous, and with phase contents 
changing due to other transformations and temperature variations during the process. Thus, the 
discretisation is performed using the assumption that the current fraction of the resultant phase is 
taken relative to the total content of transforming and resultant phase, rather than using the 
equations directly with the original content of the transforming phase. This assumption implies that 
transformation into other phases will remove possibly transformed material, regardless of when and 
at which temperature the transformations occur. With these assumptions, equation [2] can be 
written directly in incremental form without a detour through differential form: 
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Here, superscript n denotes values at the beginning of the increment. In the same way, martensitic 
transformation according to equation [3] can be written in incremental form as: 
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where – T is the step in increased undercooling below Tms, the martensite start temperature. When 
heating occurs, or when above martensite start temperature, no martensitic transformation is 
assumed to occur. 

DISCUSSION AND FUTURE WORK 

A strategy has been presented for modelling temperature and microstructure, with the vision of 
achieving a complete coupled model for the Metal Deposition process. Metallographic observations 
of the titanium alloy Ti-6Al-4V has been employed to determine representative parameters, such as 
alpha phase contents and associated geometrical size parameters. The prerequisite for applying the 
methodology is to determine parameters for the microstructure kinetics. Available TTT diagrams 
are not detailed and may need some elaboration for use in these models. Thermodynamics and 
diffusional phase transformation software (ThermoCalc(12), JMatPro(13)) might be able to extend 
the existing microstructural data. The Finite Element Method allows using isothermal kinetics data 
by time and space discretisation. 
In the near term, further 3D thermal simulations will be performed, and the microstructural model 
implemented as a subroutine including latent heat generation for the thermal calculations. The 
boundary conditions used will be reassessed, in particular with regards to the convection parameter, 
but possibly also including heat conduction to the fixture. Further, the microstructural evolution will 
be used in predicting the varying mechanical model parameters, e.g., by using the rule of mixtures 
on temperature dependent flow stress of each constituent phase. Finally, the model will be 
developed to address the influence of morphology parameters, such as grain size, and to predict 
product fatigue resistance. 
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Development of a Microstructure Model for Metal Deposition of 
Titanium Alloy Ti-6Al-4V 

Corinne Charles, Niklas Järvstråt 

Department of Technology, Mathematics and Computer Science, University West, SE-461 86 Trollhättan, Sweden 

Metal deposition of titanium alloys has received an increasing interest in the aero-engine industry during this decade. Deposition of melted metal 
layer by layer leads to successive thermal cycles within the material. To ensure required knowledge of the material properties, increased 
understanding and control of the microstructure are necessary. This study is devoted to the development of a microstructure model for metal deposited 
titanium alloy Ti-6Al-4V with the intention of coupling it with the constitutive models. 
In single bead walls built using Robotised TIG (tungsten inert gas) Metal-wire Deposition (RTMwD), large oriented columnar grains as well as 
basket-weave and Widmanstätten microstructures were observed using microscopy. Phase fractions and morphology size parameters, such as alpha 
platelet size, are suggested as representative variables. It is suggested to combine equations based on diffusional and thermodynamic theories with 
martensitic transformation for a full description. Heating, cooling, as well as successive re-heating involved in the process of metal deposition were 
taken into account for the modelling. 
Numerical simulations of the microstructure evolution have been performed for metal deposited samples. Microstructure observations are discussed, 
and in their light, adjustments for further improving the prediction of metal deposited material properties are suggested. 

Keyword: titanium alloys, metal deposition, microstructure, phase transformation, Ti-6Al-4V 

1. Introduction 

The structural integrity of components is essential for 
safety critical products, especially in the aerospace 
industry. The titanium alloy Ti-6Al-4V is therefore 
extensively employed in this industry because of its 
excellent mechanical properties for moderate density. 
However, the mechanical properties of titanium alloys 
are very sensitive to the microstructure. Thus, modelling 
the microstructure development during manufacturing 
processes such as welding, heat treatment and metal 
deposition will enable significant advances in the 
control and optimisation of product quality and 
reliability. 
The thermal history during such manufacturing 
processes, and in particular during weld metal 
deposition, is highly complex, including heating, 
cooling, and re-heating at different and sometimes very 
rapid temperature changes. Thus, diffusional beta to 
alpha transformation compete with martensitic 
transformation, while reverse transformation into beta 
phase is significant in reheating stages as adjacent layers 
are deposited.
Despite earlier modelling of similar behaviour in 
materials such as steel 1,2) and the considerable industrial 
interest in microstructural modelling of titanium alloys, 
however, microstructural simulation of Ti-6Al-4V for 
welding, heat treatment and metal deposition seems not 
to have been attempted until recently 3-5).
The presented modelling approach focuses on the 
development of the microstructure in solid state, 
modelling the liquid phase as homogeneous and 
solidifying into pure beta phase. Further, a point-wise 
and fully deterministic logic will be employed, 
implementing the metallurgical model as a set of 
subroutines for a commercial finite element program, 
MSC.Marc 6). This approach dispenses with the need for 
detailed geometrical description of features such as 
texture, dendritic structure and grain boundary 
interactions, at a modest cost in modelling resolution. 
The microstructure will be described by a set of scalars 
and the metallurgy is consequently considered 

homogeneous at the nodes. Choices made regarding 
the modelling of the microstructure for Ti-6Al-4V are 
presented in this paper. Observation of the Ti-6Al-4V 
microstructure over a range of process parameters 
provided a set of quantifiable state variables. The 
considered phase variables are the relative phase 
content of beta, alpha, grain boundary alpha and 
martensite. It is further suggested that one size 
parameter is associated with each of those phases. 

2. Metal Deposition of Ti-6Al-4V 

2.1. Experimental procedure of fabrication 
Within this study metal deposition refers to Robotised 
TIG Metal-wire Deposition (RTMwD). The metal 
deposited titanium alloy is wire feed deposited using a 
tungsten inert gas (TIG) heat source on a 1.2 mm 
thick plate as presented in figure 1. Each sample was 
manufactured in a chamber keeping an oxygen level 
less than 10 ppm by an argon flow to avoid alpha-case 
and oxidation. 

Figure 1. TIG-torch in argon chamber after depositing the third 
layer.

2.2. As deposited Ti-6Al-4V microstructure 
During the metal deposition (MD) process, steep 
temperature gradients and multiple thermal cycles 
lead to considerable microstructural changes within a 
very short time and depending on the position in the 
sample. Ti-6Al-4V exhibits a variety of 
microstructures depending on the conditions 
experienced during cooling transformation from the 
high-temperature  form to the low-temperature 
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form of the alloy, and for the reverse transformations 
upon reheating. 
A microscopic examination of single-walls MD metal 
cross-sections is used as a representative of the MD 
microstructures to be modelled. The samples shown 
were prepared using conventional grinding and 
polishing techniques and etched by a 2% Kroll solution. 
Figure 2 represents two optical micrographs in 
transverse cuts of metal deposited Ti-6Al-4V. Each 
sample is built in 30 layers of weld metal, each 0.9 mm 
high. The two walls were made with identical welding 
parameters, the only difference being a waiting time of 
2 minutes between layers for the sample shown in 
figure 2b. The difference in width is due to the higher 
material feed required to keep the same layer height. 

a) b)

Figure 2. Photographs of metal deposited specimen with clear banding 
and prior beta grains. The two walls are 27 mm high. a) No waiting 
time between deposition passes. b) 2 min waiting time between 
deposition passes. 

A very dense structure with no porosities or defects was 
observed. The large columnar prior beta grains start out 
perpendicular to the base plate and widens as they cross 
multiple deposit layers. Indeed, the size of the prior beta 
grains is often observed to be as large as 100 m. The 
prior beta grains are also outlined by the presence of a 
continuous alpha phase at the grain boundaries 
depending on the welding parameters. The visible 
banding feature observed in figure 2 represents a 
difference in the alpha morphology sizes. Figure 3 
shows a higher magnification of the banding structure; 
the upper part of the pictures is situated in an inter-band 
area with the lower part within the band itself. The 
deposit microstructure shows basket-weave 
Widmanstätten morphology with an irregular size 
distribution. The inter-band area shows slightly larger 
alpha platelets tending to organise in colonies. 
It is an interesting observation that a banded structure is 
visible in the lower part of the specimens, but not in the 
upper layers. This is not only consistent over the two 
samples shown here, but have also been observed in 
other specimens with fewer layers, always with a very 
similar “band-free” region at the top of the specimen. As 
each new deposited layer has the same convex shape as 
the specimen top, we conclude that the horizontal 
banding is not caused during deposition solidification, 
but later through supplementary annealing caused by the 
consecutive heat input at new layers. As further support 
for this hypothesis, the two samples, although having 

different temperature histories do not present the same 
height of the un-banded top area. 
As can be expected by considering that a waiting time 
between weld passes provides a cooler substrate and 
thus a quicker quench of the liquid metal, sample b) 
presents thinner features than sample a). (see figure 3) 
The 2 minutes waiting time between passes during the 
manufacturing of sample b) allowed the sample to 
cool quicker, thus reducing the exposure time at 
higher temperatures. 

a) b)

Figure 3. Banding area, black bar is 200 m. a) No waiting time 
between deposition passes. b) 2min waiting time between 
deposition passes. 

No martensite was observed with certainty in our 
samples, although that could be argued regarding the 
structure in the top area. A more detailed analysis 
would probably reveal trace amounts within this area. 

3. Metallurgical model 

Based on the current understanding of the as-
deposited Ti-6Al-4V microstructure presented above, 
micro-structural features are identified for 
quantification and as parameters (state variables) for 
the microstructural model. 
The aim of the microstructure modelling is important 
when selecting representative state variables. In this 
work, the main aim of the microstructural modelling 
is to provide information capable of parametrising 
mechanical properties (thus providing a more 
physically based constitutive model) in order to 
predict mechanical behaviour. Initially, the alpha and 
beta phase fraction has to be followed upon 
temperature changes in the metal. Also, a distinction 
between the different alpha morphologies is an 
important issue for the modelling of the mechanical 
properties. Although martensitic formation is not 
observed with certitude in this sample, martensitic 
transformation is previously reported in Ti-6Al-4V 7)

for cooling rates higher than 410 C/s. This is close to 
what is experienced in RTMwD, and will probably be 
exceeded in laser metal deposition 8), and is therefore 
considered important for inclusion in the model. Then, 
associated geometrical or dimensional parameters 
such as the grain sizes will participate in the 
determination and calculation of the mechanical 
properties. As a result, a set of scalar quantities 9)

assignable to integration points in a finite element 
calculation, are needed. 
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3.1. Diffusional phase transformations 
For diffusion controlled transformations, the Johnson-
Mehl-Avrami equation 10, 11) is adopted, which for pure 
and isothermal transformation from phase j to phase k, 
can be written as in equation 1. 

      01 exp
N jk

jkB t eq
k j kv v v  (1) 

Here, vj is the current fraction of phase j, vk is the current 
fraction of phase k, Bjk and Njk are temperature 
dependent material constants that can be determined e.g. 
from a TTT-diagram; t is the time since start of 
transformation, 0

jv  and eq
kv  are initial fractions of phase 

j and the equilibrium fraction of phase k, respectively. 
The Finite Element Method allows using isothermal 
kinetics data by time and space discretisation, so the 
equation 1 is easily used for both the  to  and  to 
transformations. Some of the necessary parameters are 
available in the literature 12-16). However, often only 
some temperature ranges have been studied. As a first 
approximation, considering the divergence between the 
available parameters in the literature, a set of arbitrary 
temperature independent parameters was used, awaiting 
more accurate parameter determination. The accuracy in 
the simulation results will of course increase 
considerably by the future use of properly determined 
temperature dependent parameters. 

3.2. Martensitic transformation 
For modelling the martensitic transformation, it is 
common practice for titanium to assume instantaneous 
transformation at a specific temperature for any cooling 
rate higher than approximately 410 C/s 7). We will, 
however, employ the for steel established Koistinen-
Marburger equation 17), which for transformation of 
phase j into phase k in the absence of diffusional 
transformations can be written as: 

      0.003 01 exp msT T
k jv v  (2) 

Here, Tms is the start temperature for martensitic 
transformation, while T is the current temperature and 
the constant -0.003 is taken from 3), and used instead of 
-0.011 as commonly employed for steels. 
According to Gil Mur et al. 18) m is decomposed into 

 and/or  depending on the temperature and the 
heating time. The decomposition of m is controlled by 
diffusion and considered complete at the temperature of 
800 C 18).

4. Numerical simulations 

A set of microstructure evolution subroutines has been 
adapted for use in the Finite Element commercial 
software MSC.Marc 6) supporting the computation of 
the thermo-metallurgical evolution. 

4.1. Implementation strategy 
The modelling of the microstructure takes into account 
heating, cooling, as well as successive reheating 
involved in the process of metal deposition. The thermal 

history driving the phase transformations is calculated 
using Finite Element Method with the commercial 
software MSC.Marc. Since this method employs a 
continuum formulation with properties and state 
variables represented as values in integration points, it 
is necessary to represent phase transformations and 
size parameter evolution according to a point-wise 
logic.
The implementation structure is described in the 
flowchart, figure 4, as elaborated in a previous 
paper 19). Transformation data, material properties and 
initial states are read by the user subroutine USDATA 
at the first increment and stored in common blocks. 
During the simulation, the temperature and the time 
step are supplied by MSC.Marc. The phase contents 
are calculated in the user subroutine USPCHT, 
returned to MSC.Marc and stored at each material 
point between time steps. 

Figure 4. Flowchart of the implementation in MSC.Marc. 

4.2. Discretisation of phase transformation 
The incremental form, equation 3, used in our model 
was derived according to Järvstråt & Sjöström 1):

The diffusion process is assumed to depend on 
the temperature trough the kinetics parameters B
and N.
The phase fraction at the beginning of the time 
step is denoted by superscript n. The length of the 
time step is t and the concentration time, tc, is 
defined as the time it would have taken to reach 
the current concentration at the current 
temperature. 
The sum of original and resultant phase fraction 
(vj+vk) is employed to correct for the case of 
more than one transformation product. 

      
( )1

N jk
jk cB t t n n eq n

k j j k k kv v e v v v v

      
1/

/ln 1 /
jkN

n eq
k k

c jkn n
j k

v vt B
v v

 (3) 

4.3. Numerical test case simulation 
As a proof of concept for the simulation tool, a single 
bead wall metal deposition was modelled employing a 
reduced model with alpha phase representing a one 
state variable with one beta to alpha transformation 
law and one “reverse” alpha to beta transformation 
law. The simulation provided thermal histories at all 
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points of the structure and phase content maps, 
continuously during the process. 

Figure 5. Contour plot of beta to alpha phase content (black to white 
colour) during deposition of the third layer. 

A snapshot of alpha phase / beta content can be seen in 
figure 5, while a typical temperature and phase history 
plot is shown in figure 6. It can be noted that for this 
temperature history, reverse (  into ) transformation 
only occur once. 
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Figure 6. History plot of temperature and phase content history at a 
node of the FE-model. 

5. Concluding remarks 

A strategy is presented for modelling the microstructure 
of Ti-6Al-4V, separating phase transformation models 
from grain growth models for the different phases. A 
preliminary implementation in the FE-code MSC.Marc 
shows promising results, and will also enable simulating 
metal deposition of more complex geometries, such as 
multiple-weld walls, flanges or bosses on real aero 
engine components. 
A banded structure is observed in the lower part of MD-
specimens that is not present in the upper part. These 
bands must form late in the thermal history, because 
they are straight horizontal lines which agree with 
isotherms only at a certain distance from the curved 
weld front. Further, the lack of banding in upper parts of 
the structure indicates that the reheating caused by 
successive layer additions plays a significant role. More 
detailed investigations are needed to find out whether 
the bands are caused by beta formation on reheating or 
just annealing effects by extended exposure to 
intermediate temperatures. 
Although further experimental data is needed for a 
complete characterisation of the transformation kinetics 
and growth laws of MD microstructure, the present 
observations provide an initial insight in the evolution of 
a microstructural mixture of Widmanstätten, basket 
weave and grain boundary alpha. The coupling of 
experimental quantification to numerical simulation 
seems a promising approach for gaining deeper 
understanding of microstructure evolution mechanisms 
of Titanium alloys. 

For this paper, no distinction was initially made 
between alpha types in the simulations. However, two 
types of alpha precipitates are planned for 
consideration: the grain boundary gb appearing at the 
prior beta grain boundaries; and the Widmanstätten w

developing in the matrix 20). The difference in kinetics 
will be modelled by using two different diffusion 
parameter sets. 
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Abstract

In this paper, microstructure evolution laws for the 
titanium alloy Ti-6Al-4V have been formulated and 
adapted for use in finite element simulations of 
Robotised TIG Metal-wire Deposition (RTMwD). 
State variables representing the relative phase contents 
are included, as well as the  lath thickness. Phases 
considered are the  and  phases, the  phase being 
further subdivided in colony/grain boundary ,
Widmanstätten  and martensite. Heating, cooling, as 
well as successive re-heating involved in the repetitive 
process of metal deposition are treated, taking care of 
the different phase interactions. Diffusional 
transformations implemented according to the 
traditional Johnson-Mehl-Avrami and instantaneous 
formulations are discretised. The metallurgical model 
is implemented as a set of subroutines, employing a 
point-wise and fully deterministic logic. The 
microstructure subroutines are coupled to thermal 
history simulation of the RTMwD process. The model 
is applied to TIG metal deposition of Ti-6Al-4V 
component-like features to provide further 
understanding of the underlying metallurgical process. 
The simulation of phase fractions and  lath thickness 
are exploited to explain observed banding features, and 
fatigue endurance variations between different 
manufacturing process settings. 

Introduction

Titanium alloy Ti-6Al-4V is extensively used in 
aerospace applications because of its very good 
material properties combination, its mechanical 
properties, however, are very sensitive to the 
microstructure [1, 2]. When meeting a recently 
developed fabrication process such as RTMwD it is 
hence important to consider the microstructure 
development during the process to support the final 
material quality evaluation. 

Metal deposition, from a process view similar to multi-
pass welding, is considered for repairing parts but also 
as an alternative in component fabrication [3]. The 
aero-engine industry has shown an interest in the 
development and understanding of metal deposition 
processes since the beginning of the 80s. The saving in 
buy-to-fly material cost is of great interest, especially 
when using advanced and expensive materials such as 
Titanium alloys. Laser Metal Deposition has drawn 

much attention lately [4], and several laser processes 
with metal powders have been commercialised in the 
last few years. However, the use of wire shows a 
higher deposition rate and lower waste ratio [5]. In the 
present study, metal wire is fed through a conventional 
wire feeder and deposited as features on a metal plate 
using a standard Tungsten Inert Gas (TIG) power 
source. During the RTMwD process, steep temperature 
gradients and multiple thermal cycles lead to 
considerable microstructural changes within a very 
short time which in turn determines the final material 
properties. Modelling and simulation are intended for 
understanding and future control of the metal 
deposition process. 

Consequently to the rapid increase of computing 
capacities and the last 50 years in research and 
development of manufacturing processes [6], 
simulations are considered a powerful tool in modern 
design including productivity capabilities associated to 
quality focus. The material model is an important 
factor in welding simulations [7] and thus in metal 
deposition simulations. Simulation of the 
microstructure is a method to understand the complex 
metallurgy of a deposited metal. Kelly et al. [8] already 
simulated the thermal history and phase 
transformations of Ti6Al4V in Laser Metal Deposition 
(LMD). In association to the purpose of evaluating the 
final microstructure of the simulated part, the model 
provides information capable of parametrising 
mechanical properties in the simulation of the 
manufacturing process. The density-type 
microstructure model developed is suitable for large-
scale simulations and thus pertinent to real-case 
applications. 

Model for Ti-6Al-4V microstructure 

The model is based on the Finite Element Method 
supported by the feature of the software Msc.Marc [9] 
used for the temperature history simulations. The 
microstructure model will thus be introduced through 
user-subroutines according to Msc.Marc rules. It 
follows that the modelling is oriented to Finite Element 
Method and the theoretical model for the 
microstructure is written in FORTRAN language as 
Msc.Marc user sub-routines. The description of the 
microstructure follows a point-wise homogeneous 
description. As a result state variables representing the 
microstructure at each node will be described through 
scalar quantities. Such representation of the 
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microstructure also facilitates future coupling of the 
microstructure model with the mechanical behaviour. 
Based on the current understanding of the RTMwD 
metal deposited Ti-6Al-4V microstructure [10, 11], 
microstructural features are identified for 
quantification as state variables for the microstructural 
model. A typical cycling temperature history as 
experienced by the material is shown in Fig. 1, 
representing a temperature measurement of an 
11 layers deposited wall. Heating, cooling, and 
successive re-heating have to be modelled throughout 
the metal deposition process, driven by the temperature 
history. 

Fig. 1 Temperature measurements – with pyrometer 
spot low on the side of the built wall, as described in 
the Temperature measurements section. (The first four 
cycles are inaccurate due to the heat emitted from the 
welding torch.) 

Thus, diffusional  to  transformation compete with 
martensitic transformation, while reverse 
transformation into  phase is significant in reheating 
stages as adjacent layers are deposited. The five state 
variables identified for the representation of the 
microstructure in the model are: Widmanstätten 
fraction ( W), Colony/Grain boundary  fraction ( gb),
Martensite  fraction ( M),  fraction ( ) and  lath 
thickness (t -lath). Diffusional and instantaneous 
transformations are used in the calculation of the phase 
fractions according to the logic presented in Fig. 2. 

Fig. 2 Microstructure and morphology modelling logic 

The selection of the transformations which are active 
in the simulation is determined by comparison with the 
equilibrium of the  and martensitic phases at the 
present temperature. The interaction between the four 
considered phases is thus taken into account. 
Consequently, the phases that are assumed to be 
interacting with the active transformations are 
considered in the equilibrium described in equation 1 

and 2 below. In the diffusional Widmanstätten and 
grain boundary transformations, except in the back 
transformation to  phase, martensite is considered 
inert, and removed from the equations. Thus, the 
fraction of  that will approach the equilibrium state is 
defined in equation 1. 

)(
1

Teq
MgbW

 (1) 

On the other hand, in the martensite transformations, 
formation and recovery to Widmanstätten, the 
Widmanstätten and grain boundary  are considered 
inert, and removed from the equations. Thus, the 
fraction of martensite that will be used in calculations 
is:

)(
1

TeqM
gbW

M

M

M  (2) 

The presented modelling approach focuses on the 
development of the microstructure in solid state, 
modelling the liquid phase as homogeneous and 
solidifying into pure  phase. The evolution equations 
have been discretised for the finite element 
implementation. 

Diffusional phase transformations: 
 to gb and  to W

The classic diffusional Johnson-Mehl-Avrami 
formulation (JMA) [12-14] has been selected and 
adapted to the Widmanstätten and grain boundary 
phase transformations. For pure and isothermal 
transformation from phase j (  in the present case) to 
phase k ( W or gb in the present case), the 
transformation can be written according to equation 3: 

01 e
N jk

jkB t eq
k j kv v v  (3) 

Here, vj is the current fraction of phase j, vk is the 
current fraction of phase k, Bjk and Njk are temperature 
dependent material constants which are determined 
from TTT-diagram; t is the time since start of 
transformation, j

0 and k
eq are initial fractions of phase 

j and the equilibrium fraction of phase k, respectively. 

The Finite Element Method allows using isothermal 
kinetics data by time and space discretisation, so 
equation 3 is easily used for both the  to gb and 

 to W transformations. As a first choice, considering 
the divergence in parameters found in the literature, a 
set of temperature dependent parameters, Bjk and Njk,
were calculated using interpolation over the 
TTT-diagram made for a specified Ti64 and published 
in [15]. Also the equilibrium curve of total  fraction 
has been implemented going from a maximum of 90% 
at low temperature and decreasing to 0 at high 
temperature. The incremental form presented in 



53

equation 4 was derived according to the logic used by 
Järvstråt & Sjöström [16]: 

The diffusion process is assumed to depend on the 
temperature trough the kinetics parameters B and 
N.
The phase fraction at the beginning of the time 
step is denoted by superscript n. The length of the 
time step is t and the concentration time, tc, is 
defined as the time it would have taken to reach 
the current concentration at the current 
temperature. 
Normalisation with respect to the sum of original 
and resultant phase fraction (vj+vk) is employed to 
correct for the case of more than one 
transformation product, considering phases not 
involved as inert. 

( )1
N jk

jk cB t t n n eq n
k j j k k kv v e v v v v

1/
/ln 1 /

jkN
n eq
k k

c jkn n
j k

v vwith t B
v v

  (4) 

M recovery to W

According to Gil Mur et al. [17] M is decomposed 
into reformed  and/or  depending on the temperature 
and the heating time. The decomposition of M is 
assumed to be a diffusion process and considered 
complete at a temperature of 800 C. As a 
simplification, avoiding an extra state variable with 
unknown properties, the recrystallized or precipitated 
fraction from martensite will be considered equivalent 
to Widmanstätten  and added to the state variable W.
Thus, the JMA-formulation in equation 3 presented 
above is used in the implementation of this 
transformation and the values for the Avrami constants 
determined from hardness measurements in [17] are 
applied. 

Instantaneous transformations: 
 to M

For modelling the martensitic transformation, it is 
common practice for titanium to assume instantaneous 
transformation at a specific temperature for any 
cooling rate higher than approximately 410 C/s [18]. 
For improved accuracy and consistency, however, we 
will employ the Koistinen-Marburger equation [19], 
used extensively for martensitic transformation in steel. 
For transformation of phase j (  in the present case) 
into phase k ( M in the present case) in the absence of 
diffusional transformations, the equation can be written 
as:

0.003 01 e msT T
k jv v  (5) 

Here, Tms is the start temperature for martensitic 
transformation, while T is the current temperature and 

the constant -0.003 is taken from [20], and used instead 
of -0.011 as commonly employed for steels. 
Martensitic transformation according to equation 5 can 
be written in incremental form as: 

n
k

n
j

T
jk vvevv 003.01

 (6) 

where – T is the step in increased undercooling below 
Tms, the martensite start temperature. When the 
temperature increases, or when above martensite start 
temperature, no martensitic transformation is assumed 
to occur. 

 Back transformation to 
S.S.Babu et al. [21] have shown by time-resolved x-ray 
diffraction investigation with synchrotron radiation 
that the transformation during heating, at a rate of 
20ºC/s, closely follows the equilibrium phase diagram. 
Consequently, the back transformation +  under 
re-heating is approximated and implemented as 
instantaneous according to the  equilibrium phase 
fraction. 

Morphology parameter: Alpha lath size 

Fig. 3 lath thickness state variable

The alpha lath thickness, as defined in Fig. 3, is 
calculated as temperature dependent formation size, 
using the classic Arrhenius energy formulation for the 
calculation of the equilibrium size at temperature T.

TReq
lath ket /

 (7) 

And the incremental calculation of the alpha lath size 
has been implemented as follow: 

total total

total total

n n eq
lath lath n

lath lathn

t t
t t (8)

The parameters k and R in equation 7, have been 
estimated using quenches from 1050/1100°C [22] 
disregarding the higher starting temperatures because 
slower cooling rates give long hold times at high 
temperature that do not agree with metal deposition 
conditions. Consequently, the parameters k = 18433 
and R = 10044, after calibration against single-bead 
deposited walls, are considered reasonable first 
approximations.

For proper modelling of post-deposition heat 
treatment, a grain growth model should be included. 
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However, during metal deposition, the alpha formation 
temperature is considered dominant in determining the 
lath thickness, and thus grain growth is not modelled in 
the present version of the software. 

Model
The microstructure model takes into account heating 
and cooling, as well as successive reheating involved 
in the RTMwD process. The thermal history, driving 
the phase transformations, can either be given or 
measured (for point results) or calculated (for more 
complex geometry or phase field results) using Finite 
Element Method. The implementation structure of the 
model subroutine is described as a flowchart in Fig. 4. 
The microstructure evolution user subroutine is called 
by Msc.Marc at each temperature and time increment, 
thus allowing nonlinear evolution laws and access to 
the state variables including the temperature. The 
martensite transformation criterion is tested first. The 
choice regarding  phase dissolution ( ) or 
phase nucleation and growth ( ) is done by 
comparison with the equilibrium  phase level, as seen 
in Fig. 4. If the fraction of  phase is greater than 
equilibrium,  is dissolved into gb and/or W

according to the current temperature range.  lath size 
is, finally, calculated separately using the calculated 
change in  content and the current temperature. As 
mentioned in the model description, the evolution laws 
are written in incremental form. 

Fig. 4 Flow chart – Microstructure module logic 

Experimental work 

Robotised TIG Metal-wire Deposition 
The Tungsten Inert Gas power source is used to 
electrically heat and melt the metal wire, which then 
solidifies to form a fully dense layer on the clamped 
base plate as can be seen in Fig. 5. The addition of 
multiple layers produces a fully dense part having the 
near net shape. Both base plate and filler metal are 
aerospace grade titanium alloy Ti6Al4V. The chemical 
composition of the plate and the feeding wire were 
according to the specifications in Table 1. 

Table 1 Chemical composition of the plate and wire. 
Element (wt%) Al V Fe C O N Y Ti
Plate 6.01 3.87 0.18 0.009 0.14 0.006 <50ppm balance 
Wire 6.045 3.89 0.12 0.022 0.15 0.004 <0.001 balance 

Therefore, the entire RTMwD sequence including the 
final cooling was performed within a chamber to 

prevent formation of -case or oxidation. A protective 
atmosphere of less than 20 ppm of oxygen was 
maintained by injecting argon into the chamber. Single 
bead walls as shown in Fig. 6, were built on 3.2 mm 
thick base plates. A two minute hold time between 
each layer was employed, allowing the deposited 
material to cool down before the deposition of the next 
layer. Fig. 6 shows the finished specimen, a 7.6 mm 
wide wall, 11 layers high, which is analysed and 
simulated for this study. 

Temperature measurements 
The microstructure is evolving during the temperature 
changes throughout the deposition process and in 
particular the cooling and heating rates are determining 
the microstructure. RTMwD as well as multipass 
welding involves a complex metal temperature history 
as seen in Fig. 1 and Fig. 10. The metal is heated up 
each time a pass is made, which means that the 
microstructure transformations are reversed by each 
passage of the weld torch until the peak is below 
transition temperature. The temperature ranges as well 
as the heating and cooling rates depend on the process 
parameters used. 

Consequently, the temperature was experimentally 
measured during the deposition process. Four 
thermocouples of type K (NiCr/NiAl) were spot-
welded on the base plate; two on the top surface of the 
plate as close as possible to the deposited weld (5 mm 
from the centre of the weld), and two on the back face 
of the plate positioned at the centre of the weld (see 
Fig. 6). In addition pyrometer measurements, Fig. 1, 
were used systematically throughout the deposition 
experiments. The pyrometer, forehand calibrated on 
heated Ti6Al4V, measured on a 1 mm diameter area 
spot with focus low on the side of the built wall as 
shown in Fig. 5. Because of the position of the 
measurement area, radiation from the passing welding 
torch produces an unphysical high temperature peak to 
be registered for the first 4 layers - the disturbances are 
marked in Fig. 1. Fig. 5 shows the thermocouples and 
pyrometer in place after the deposition of the second 
layer.

Fig. 5 Experimental setup for single-string wall 
deposition with pyrometer and thermocouples after the 
second layer deposited 
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Fig. 6 Deposited 11-layer wall with thermocouples 
mounted 

RTMwD metal deposited microstructure 
Ti-6Al-4V is a two-phase, HCP-  and BCC- , heat-
treatable alloy, which exhibits a variety of 
microstructures dependent on the conditions 
experienced during cooling transformation from the 
high-temperature  form to the low-temperature 
form of the alloy, and for the reverse transformation 
upon reheating [1]. Microscope examinations of 
single-wall MD cross-sections as seen in Fig. 7 are 
used as a representative of the MD microstructures to 
be modelled. The samples were prepared using 
conventional grinding and polishing techniques and 
etched by a 2% Kroll solution. In all observed MD 
cases, the large columnar prior beta grains start out 
perpendicular to the base plate and widens as they 
cross multiple deposit layers as it can be seen in Fig. 7. 
Indeed, the size of the prior beta grains is often 
observed to be as large as the wall height, or 100 µm. 
A more or less coarse W microstructure is observed 
depending of the thermal history of the sample. The 
lower part of the wall, left hand side of Fig. 7, presents 
a layering structure observable on the optical 
micrograph of the area, which appears to be caused by 
a difference in the  lath thickness. On the other hand, 
the upper part of the wall does not present such 
observable variation in the  lath sizes. 

Fig. 7 Microstructure exploration of two zones on a 11 
layers wall 

In order to get useful information on the microstructure 
of the produced samples to be used for comparison 
with the simulation results, quantitative metallographic 
examination of the microstructure has been performed. 
Stereology procedures to measure the microstructural 
features from micrographs were considered and used in 
the evaluation of the model parameters quantities. 
Although different standards have been developed for 

characterizing microstructures based on images 
[23-25], the quantification of microstructural features 
in /  Ti alloys is still very difficult because the 
microstructure is quite complex and involves features 
spanning a wide range of size scales. The stereology 
procedures used for Ti64 microstructure analysis have 
been inspired from previous publications on the subject 
by T. Searles, J. Tiley et al. [26, 27]. The information 
available from cross-sections of the microstructure 
imaged using optical microscopy was processed with 
the image processing software ImageJ [28] in semi-
automated mode. Statistical numeric values extracted 
from the optical pictures could thus be assigned to the 
observed microstructure. Table 2 includes the results 
from stereology measurements of the  lath thicknesses 
corresponding to the optical pictures edited in Fig. 7. 
The variation in measured  lath thicknesses within the 
sample has been interpreted to be a layering structure 
formed during metal depositions by the thermal cycling 
after a certain number of layers as previously discussed 
in [11]. 

Table 2 Stereology measurements of alpha lath 
thickness using ImageJ [28] 

Fig. 7  lath thickness(µm) 

Picture 1 1.14 (SD: 0.32, Min: 0.53, Max: 2.34) 

Picture 2.1 0.97 (SD: 0.32, Min: 0.30, Max: 1.66) 

Picture 2.2 1.38 (SD: 0.36, Min: 0.68, Max: 0.2.9) 

Experimental fatigue life 
The manufacturing route has major impact on the 
fatigue endurance of metal deposited material. Low 
cycle fatigue tests were thus performed at Volvo Aero 
Corporation [29] on samples manufactured from 3x30 
layer deposited walls. The welding parameters and the 
heat treatment were varied to induce changes in the 
final microstructure. Indeed, Fig. 8 shows a difference 
of an order of magnitude in life between different 
manufacturing conditions. The major influence seems 
to be from the use of different process parameters, and 
in particular, allowing the metal to cool before 
depositing the next layer seems highly beneficial for 
fatigue life. 

Fig. 8 Experimental fatigue life for different process 
parameters and different post-deposition heat 
treatment 
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Metal deposition simulation 

The commercial finite element software MSC.Marc is 
used for the simulations of the temperature field 
evolution during the RTMwD operation. The thermal 
and microstructural analyses of the process are 
discussed in this paper. 

The temperature history simulation 
A 2D model is used to represent the experimentally 
investigated geometry. In order to model successive 
material layers while building up the wall, the mesh for 
the plate as well as for the complete wall, must be 
established before the simulation. The Altair 
Hypermesh finite element pre-processor was used for 
meshing the geometry with quadratic (base plate) and 
triangular (deposited metal) full integration element 
types. The mesh used, shown in Fig. 9, is rather dense 
in order to capture the microstructure changes within a 
single layer of the wall. This explains the choice of 
2D-simulation, equivalent to a cross-section in the 
middle of a long wall providing huge savings in 
element numbers and computation time. 

Fig. 9 Mesh over the 11 layers 

The welding process is modelled by applying spatially 
varying temperature boundary condition following the 
deposition of each layer, including a pre-set formation 
temperature of the created elements representing each 
deposited new layer. All the wall elements are initially 
“quiet”, i.e. with 10-10 scaled down material properties 
to ensure that they do not contribute to the load 
calculation. As a new wall layer (c.f. fig 9) is created, 
the properties of the elements in the new layer are fully 
restored and boundary conditions are assigned to the 
created elements. A predefined deposition temperature 
of 1800ºC is employed, higher than melting 
temperature to include the full energy provided by the 
heat source. The thermal properties were implemented 
as temperature dependent as suggested in [30]. The 
latent heat of melting has been accounted for 
separately in the model for temperatures between the 
solidus (1600ºC) and the liquidus (1670ºC). Film 
convection has been retained as boundary conditions 

on the entire plate surface and deposited layer surfaces, 
since the work-piece is maintained in a controlled 
atmosphere chamber during the Metal Deposition. The 
heat conduction into the fixture has been neglected in 
these calculations since it was designed to have very 
small contact area with the plate. 

Fig. 10 Calibration heat transfer simulation against 
thermocouple measurements 

The thermal simulation was calibrated based on 
experimentally measured temperatures. Fig. 10 depicts 
the measured and calculated temperature history during 
metal deposition of the 11 layer wall, showing 
satisfactory agreement. 

The microstructure simulation 
Numerical simulations of the microstructure evolution 
have been performed for the experimentally produced 
11-layer single bead wall test case described above. 
The microstructure is calculated through the 
microstructure subroutine from the temperature and 
time step supplied by MSC.Marc. The microstructure 
state variables returned to MSC.Marc are stored at 
each material point between time steps. 

The cyclic characteristic of metal deposition process 
already evident in the temperature history experienced 
by the material influences also the microstructure. 
Fig. 11, illustrates the temperature range for 
transformations as beta is formed going up in 
temperature at 1000ºC, while the diffusional formation 
of  on cooling varies a bit with quenching speed, 
increasing with each cycle as the cooling rate decreases 
with increasing distance to the latest deposited layer. 

Fig. 11 Microstructure simulation results - Total alpha 
content versus temperature at one computation node 
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The conduction of heat within the already deposited 
layers and the base plate is a predominant heat 
propagation and cooling factor. Phase transformations, 
driven by the temperature changes, are directly 
influenced. Fig. 12 shows the -front progression in 
the sample at the deposition of the 11th layer. Directly 
after the deposition of the layer (Fig. 12: ), the 

-front progress according to the initial curvature of 
the layer, but as the thermal wave penetrates deeper 
into previously deposited material (Fig. 12: ) the 
curve gradually straightens, and at the furthest beta 
transformation (Fig. 12: ), the beta front is 
completely straight as heat propagation is now uni-
axial downwards and the energy is expended to the 
level that the temperature is not raised above beta 
transus. The extension of the beta phase in Fig. 12:
is not as deep as the highest observed banding mark in 
Fig.13, indicating that the banding is caused at 
temperatures lower than beta transus. 

Fig. 12  (black)-front progression after deposition of 
the 11st layer. 

Fig. 13 Cross-section on a 11 layers deposited wall 

The  lath thickness model is based on the hypothesis 
of temperature dependent formation. During deposition 
the thickness of  lath formed at high temp can be as 
large as 7 µm but because most alpha is formed at 
lower temp, the final size is typically less than 2 µm, as 
shown in Fig. 14 and Fig. 15. 

Fig. 14  lath thickness with the pyrometer 
measurements 

Fig. 15  lath thickness with temperature history at a 
node taken within the 3rd layer 

Applications and discussions 

Impact of microstructure on fatigue properties 
For predicting the safe life of metal deposited 
components, it is important to assess and quantify the 
impact variations in thermal history will have on 
component fatigue endurance. From Fig. 16, .it can be 
seen that there is strong correlation to both the 
substrate metal temperature at deposition of a new 
layer and the  lath thickness. 
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deposition cycle) and Bottom: Life versus  lath 
thickness

Thus, a simple linear parameterisation in surface 
temperature and  lath thickness is suggested, here 
applied as a scalar multiplication to the strain: 

,
,

2
f b c

process fk N N
E

 (9) 

136 730process lath surfacek t T
Interestingly enough, this crude model seems to 
provide very good agreement with experimental data, 
as indicated in Fig. 10. However, although it was 
possible to obtain an excellent fit through the three first 
points of the figure, the validation test using a different 
set of welding parameters shows a somewhat less good 
agreement. Thus, it would be advisable to perform a 
more thorough study of the underlying principles for 
the differences in fatigue strength. 

Fig. 17 Model versus experimental results 

Further, although the use of alpha lath thickness and 
surface temperature at deposition correlates very well 
with the performed tests, it must be emphasised that 
the number of tests available were too limited to draw 
any solid conclusions. 

Application to a coupled mechanical simulation 
We can observe, c.f. Fig. 1, that the material is 
subjected to brief stress release heat treatments, as the 
temperature goes above 600ºC for each additional 
level. This could explain that metal deposition 
processes like Shape Metal Deposition have been 
reported to give better-than-cast material properties 
[3]. 

Thus, an interesting future application of the present 
modelling would be the integration into a fully coupled 
thermal-metallurgical-mechanical simulation model for 
use in predicting distortions, residual stresses and 
structural integrity. Such simulations could be used for 
optimising parameters such as welding speed and 
interpass time to achieve improved product properties. 

Possible causes of the observed banding 
It is concluded from the straight shape of the bands that 
the banding is not caused during solidification or the 
first quench, by rather during a later reheating stage. 
Actually, since the topmost observed band is lower 
than the beta transformation front from the simulation, 
we conclude that the temperature of importance for 

band creation must be lower than beta transus. We 
believe that the instantaneous transformation to beta at 
beta transus on heating is not accurate and beta is 
partially reformed at lower temperatures. This 
reformation of beta would be very sensitive to the 
exact height of the last temperature wave to reform 
beta, and thus the amount of reformed beta would vary 
within the layer. The alpha formed during cooling of 
this low-temperature beta would automatically be 
thinner, because of the lower formation temperature, 
and thus a difference in alpha size would be observed. 
Although we consider this formation temperature 
hypothesis the most likely cause of the banding, an 
alternative explanation could be alpha grain growth 
during the brief high temperature parts of the cycle. If 
the growth rate changes very rapidly in a certain 
temperature range, that would also cause banding of 
the type observed. 

Conclusions

A microstructural evolution model for titanium has 
been developed, implemented as MSC.Marc 
subroutines and applied to metal deposition of Ti-6Al-
4V. The model considers phase changes during 
cooling, heating, and re-heating. Diffusional and 
instantaneous models are employed as appropriate to 
the various occurring transformations. The evolution 
equations are parameterised to account for varying 
temperature histories, providing appropriate response 
at different temperature change rates and temperature 
cycling.
Preliminary simulations using literature data and fitting 
parameters to the limited data available show promise 
for predicting the impact on fatigue endurance from 
manufacturing history, for coupled thermal-
microstructural-mechanical simulations, and for 
explaining the characteristic banded sections observed 
in weld deposited titanium. 
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