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1 INTRODUCTION 

Laser powder deposition (LPD) is a rapid manufac-
turing technique that allows 3D objects to be manu-
factured by overlapping tracks of laser melted mate-
rial (Koch & Mazumder 1993,Vilar 1999, Xue & 
Islam 2000). Using a sharply focused laser beam it is 
possible to achieve micro-scale features, rendering 
this technique ideal to the production of small com-
ponents such as dental implants and prosthesis. 

During LPD the deposited material is submitted 
to consecutive thermal cycles, as successive layers 
are deposited and heat flows from recently deposited 
material through the previously deposited layers into 
the substrate. These thermal cycles can induce solid-
state phase transformations that affect considerably 
the properties of the material. The final microstruc-
ture is determined by the thermal history of the ma-
terial, which varies from point to point and, as a 
consequence, the phase constitution and properties 
will present a complex distribution in the deposited 
part. To simulate the microstructure and properties 
distribution in the part, it is necessary to know both 
the influence of the deposition parameters on the 
thermal history at each point of the part and phase 
transformations that may occur as the temperature 
field changes. Although this can be a complex task 
to be undertaken experimentally, it is suited to a 
mathematical computational approach if a thermo-

kinetic model is available coupling phase transfor-
mations kinetics with heat transfer calculations. 

In previous publications it was shown that the 
phase constitution and properties of steel parts 
manufactured by laser powder deposition can be 
predicted by means of a mathematical model of this 
type (Costa et al. 2005), and a similar approach was 
proposed for laser powder deposition of titanium 
(Crespo & Vilar 2006). In the present work, a finite 
element thermo-kinetic model to simulate the heat 
transfer and phase transformations that take place 
during the fabrication of titanium dental crowns by 
laser powder deposition is described. The model was 
used to analyze the influence of the deposition pa-
rameters on the phase constitution and properties of 
the part. 

2 DESCRIPTION OF THE MODEL 

Laser powder deposition of titanium was simulated 
by solving two sets of equations, one describing heat 
transfer and the other one the kinetics of the solid-
state phase transformations that may take place in ti-
tanium due to temperature variations. The complex-
ity of the problem requires the use of numerical 
methods which involve discretization in both the 
space and time domains. The spatial problem is de-
scribed by a mesh of points where the heat transfer 
and phase transformations kinetics equations are 
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solved in (ideally) infinitesimally small time steps. 
The deposition of material has to be accounted for 
by the introduction of new elements at the beginning 
of each time step. The temperature field is calculated 
by the finite element method as a function of the ma-
terial properties, part geometry and boundary condi-
tions. Its evolution is used as input for a phase trans-
formations kinetics subroutine which calculates the 
evolution of the material constitution due to the 
temperature variation experienced in that step. 

2.1 Heat transfer analysis 
The temperature on the workpiece is governed by 
the three dimensional heat conduction equation: 
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where ρ is the density, cp the specific heat and k the 
thermal conductivity, all temperature dependent. The 
heat input due to the laser radiation is described by a 
Gaussian surface heat flux: 





−=

ll
laser r

r
r
PtyxQ

2

2
2exp2),,(

π
α  (2) 

where α is the absorption coefficient, P the laser 
beam power and rl the laser beam radius. Heat losses 
due to convection (Equation 3) and radiation (Equa-
tion 4) are accounted for as terms of the boundary 
conditions: 
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where T0 is room temperature, h the convective heat 
transfer coefficient, ε the emissivity and σ the Stef-
fan-Boltzmann constant. The boundary condition 
takes the form: 

laserradiationconvection QQQnTk −+=∇ ).( r . (5) 

The heat transfer equation subjected to the above 
mentioned boundary conditions was solved using the 
finite element method. In this method the geometry 
of the part is represented by a mesh that reflects as 
closely as possible its geometry. The addition of ma-
terial is taken into consideration by activating new 
elements at each time step, simulating the material 
deposited during that period of time. These elements 
are assumed to be at temperature Tliquidus at the mo-
ment of activation, in agreement with results of Neto 
& Vilar (2002), who showed that the powder flying 
through the laser beam in laser powder deposition 
often reaches liquidus temperature before impinging 
into the melt pool. 

2.2 Solid state phase transformations 
Titanium presents an hexagonal close packed crys-
tallographic structure (α phase) at temperatures up to 
913 ºC (β-transus temperature) and a body centred 
cubic structure (β phase) from 913 ºC to the liquidus 
temperature (1668 ºC) (ASM International 1990). 
On cooling, the β phase formed by solidification will 
transform to α at the β-transus temperature if the 
cooling rate is lower than 90 ºC/s (Kim & Park 
2002). For cooling rates between 90 ºC/s and 600 
ºC/s a massive transformation takes place at 890 
ºC/s, and for cooling rates exceeding 600 ºC/s a 
martensitic transformation occurs, starting at 860 ºC 
(Ms) and reaching completion at 810 ºC (Mf), lead-
ing to the formation of α’ martensite (Kim & Park 
2002). The phase transformations that may occur 
during laser powder deposition of titanium are repre-
sented in the diagram of Figure 1. 

 
 

 
Figure 1. Diagram of phase transformations in titanium. 
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The phase transformations undergone by the ma-

terial during each thermal cycle will depend on the 
maximum temperature reached during that cycle, 
which differs from point to point in the workpiece. 
Due to the high cooling rates achieved in laser proc-
essing the β phase usually transforms to martensite. 
Consequently, when the maximum temperature ex-
ceeds the melting temperature the sequence of trans-
formations will be α -> β -> L -> β -> α’. If the 
maximum temperature reached is between melting 
temperature and β-transus temperature α -> β -> α’ 
will take place. No phase transformations occur if 
the maximum temperature remains below the β-
transus (Fig. 2). 
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Figure 2. Heating-cooling cycle for the deposited material. 

 

2.3 Finite element domain 
The heat transfer equations were solved by the fi-

nite element method. The phase transformations 
were predicted from the temperature variations at 
each point in the domain presented in Figure 3, 
which represents a dental crown being manufactured 
by LPD (detail in Fig. 4) and the substrate (dimen-
sions: 3 mm *5 mm * 5 mm) which was used as a 
basis to start the deposition. The additive nature of 
the process was simulated by successively activating 
the elements that make up the crown. 
 

 

 
Figure 3. Finite element domain. 

 
 

 
Figure 4. Detail of dental crown. 

 
 

3 RESULTS 

The model was used to study the influence of scan-
ning speed (2, 4 and 8 mm/s) and substrate tempera-
ture (20, 400 and 700 ºC) on the microstructure of 
the part. 

When deposition takes place on a substrate at 
room temperature (20 ºC), the deposited material 
cools off from above the melting point at cooling 
rates of the order of 104 ºC/s, regardless of scanning 
speed used. As a consequence, the microstructure of 
the deposited material is fully martensitic (Fig. 5). 
 

 

 
Figure 5. Phase constitution of dental crown deposited with 
substrate at room temperature. Blue – α; green – αm; red – α’. 

 
 
To suppress the martensitic transformation the 

cooling rate must be lower than 600 ºC/s. The cool-
ing rate can be reduced by decreasing the scanning 
speed, thus increasing the interaction time between 
the heat source and the material, or by pre-heating 
the substrate. This reduces the temperature gradient 
and consequently heat flow away from the deposited 
material into the substrate. 

If the substrate is pre-heated to 400 ºC β-phase 
still decomposes by a martensitic transformation, al-
though at 2 mm/s small patches of massive α-phase 
start to appear (Fig. 6). The part is composed almost 



entirely of martensite despite the lower cooling rates 
(of the order of 103 ºC/s). 

 
 

 
Figure 6. Phase constitution of dental crown deposited with 
substrate at 400ºC. Blue – α; green – αm; red – α’. 

 
 
On the contrary, if the substrate is pre-heated to 

700 ºC, cooling rates below 600 ºC/s are achieved 
throughout the whole dental crown, and a fully mas-
sive α microstructure is obtained (Fig. 7). 

 
 

 
Figure 7. Phase constitution of dental crown deposited with 
substrate at 700ºC. Blue – α; green – αm; red – α’. A fully αm 
microstructure is obtained for the deposited material. 

 
 
Figure 8 and Figure 9 show the dependence of the 

cooling rate on substrate temperature and scanning 
speed. 

These results show that in order to have a cooling 
rate below 600 ºC/s and obtain a Ti-α microstruc-
ture, the substrate must be pre-heated to a high tem-
perature and the scanning speed must be low. 

 
 

Cooling Rate Vs Substrate Temperature
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Figure 8. Dependence of the cooling rate on the substrate tem-
perature for the last track deposited (v=2 mm/s). 

 
 

Cooling Rate Vs Scaning Speed
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Figure 9. Dependence of the cooling rate on scanning speed for 
the last track deposited (substrate temperature=700 ºC). 

 
 
Previous research has shown that, for time scales 

comparable to those of LPD, martensite formed by 
cooling from above the β-transus is softer (Kao et al. 
2005) and has a lower Young’s Modulus than Ti-α 
(Kao et al. 2005, Fan 1993). Desirable properties to 
be achieved in the production of dental implants are 
a low Young’s modulus on the crown/human tissue 
interface to reduce stress shielding effects, and a 
high hardness on the surface that is exposed to mas-
tication. In general, the surface hardness depends on 
the coating used for the crown, but by changing the 
parameters during the deposition it is possible to ob-
tain parts with non-uniform microstructure and 
properties. Figure 10 and Figure 11 show the result 
of LPD where the first layers of the part were depos-
ited on a substrate pre-heated to 700 ºC using a 2 
mm/s scanning speed, resulting in a massive α mi-
crostructure for these layers. The substrate was then 
cooled to room temperature before deposition of the 
remaining layers. As a consequence, the final part 
presents two distinct regions in terms of microstruc-
ture and properties. The top part has a massive α 
microstructure and a higher hardness, whereas the 
bottom part presents a fully martensitic microstruc-
ture and a lower Young’s modulus, resulting in a 
part with properties designed to fulfill particular re-
quirements. 

 
 

 
Figure 10. Final microstructure distribution using changing pa-
rameters. Blue – α; green – αm; red – α’. 
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Figure 10. Detail of the final microstructure of the dental 
crown. Blue – α; green – αm; red – α’. 

 
 

4 CONCLUSIONS 

A three-dimensional finite element model coupling 
heat transfer calculations with phase transformations 
kinetic theory has been developed to predict the 
temperature field evolution and microstructure of 
parts produced by laser powder deposition of tita-
nium. The model was applied to evaluate the influ-
ence of scanning speed and substrate temperature on 
the microstructure of dental crowns produced by 
LPD. The results show that:  

 
• The high cooling rates achieved when laser 

powder deposition is carried out at room 
temperature are sufficiently high to obtain a 
fully martensitic structure independently of 
the scanning speed used. 

• If the substrate is pre-heated at temperatures 
above 700 ºC and the scanning speed is 
lower than 2 mm/s, β titanium transforms by 
a massive transformation resulting in a mas-
sive Ti-α structure. 

• The scanning speed and pre-heating tempera-
ture can be used to control the microstructure 
and properties in titanium parts deposited by 
LPD. 
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