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Abstract
The application of laser cladding to build

complex shape steel tools by multilayer deposition

is attracting considerable attention. Due to the fast

cooling rates attained diffusive solid-state

transformations are suppressed, but martensitic

transformations may occur. As successive clad

tracks are overlapped, the associated thermal

input is driven by heat conduction to the previously

deposited layers. As a result, these layers undergo

a succession of anisothermal cycles that may lead

to complex phase transformations, which modify

the properties of the deposited material. In this

paper, an innovative mathematical model is

described, which combines solid state phase

transformation kinetics with a finite element heat

transfer model to simulate the phase

transformations and properties changes occurring

during laser free-form manufacturing.

Introduction
The need to reduce time-to-market and

increase product quality has driven the demand for

rapid product development and fabrication

techniques in recent years. Tool fabrication for

prototype and small series production represents

one of the most time-consuming and costly phases

in new product development. To reduce the

design-to-tool lead time, several freeform

fabrication techniques [1] have been developed

which enable 3D objects to be rapidly

manufactured directly from a CAD file without

using soft or hard tooling, by overlapping

successive layers of material. Depending on the

final application, these techniques are classified as

rapid prototyping (RP) or rapid manufacturing

(RM). In general, RP designates techniques that

produce polymeric models. These models can be

used for visualisation purposes but not for

functional trials. RP is not directly applicable to the

fabrication of metallic objects, but RP patterns may

be used to manufacture near-net-shape metallic

parts, using precision casting. However, the range

of materials available for precision casting is small

and, in general, they present low-wear resistance,

limiting the tool service lifetime. Therefore, a need

exists for a rapid manufacturing process capable of

producing tools in a wide variety of materials and

in a single fabrication step. Laser powder

deposition (LPD) [2-5] is one of the most promising

rapid manufacturing techniques. Combining the

features of laser cladding with those of RP, this

technology allows the fabrication of near-net-shape

metallic components directly from a CAD file. Its

ability to rapidly build-up fully dense metal

components with tailored material properties

makes it an interesting solution for several

problems faced by the tool making industry. The

most notable attributes of LPD are the ability to

deposit almost any material, high accuracy, high

energy and material use efficiency, small heat

affected zone, low thermal distortion, negligible

post deposition machining requirements, and

outstanding material properties due to the rapid

solidification of the deposited material.  Some of

the more promising applications of LPD in tooling
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are the fabrication of moulds with optimised

conformal cooling channels for efficient thermal

management, the repair and modification of

damaged moulds, dies and other high-value

components, and tool protection against wear and

corrosion.

In LPD a high power laser beam is used to

create a molten pool on the surface of a substrate,

while simultaneously adding to the melt pool a

material in powder form to create an overlay layer.

By moving the laser beam and the powder-feeding

nozzle in relation to the workpiece a semi

cylindrical track of material is produced (Fig. 1). A

CAD pattern traced out with CNC allows 3D

components to be built up layer by layer, by

overlapping individual tracks in a suitable

sequence. The properties of the deposited material

are mainly determined by its chemical

composition, the solidification path and

subsequent solid state transformations. Due to the

fast solidification and cooling rates, laser

processed tool steels are in a metastable condition

and contain martensite and a large proportion of

retained austenite [6]. In isolated tracks the volume

fractions of these phases depend essentially on

the processing parameters used [6]. However, in

multilayer deposition the previously deposited

material will undergo successive anisothermal

tempering cycles as consecutive layers are

overlapped, which, depending on the temperature

attained, activate several diffusional

transformations that change its microstructure and

properties [7]. As a result, the deposition strategy

used to build a steel part considerably affects the

final properties of the material [8] and must be

optimised to achieve the best properties while

minimising distortion and residual stresses. Due to

the complexity of the transformations which may

occur, this optimisation cannot easily be carried

out on an experimental basis alone, and

mathematical modelling must be used. In the

present paper an innovative three-dimensional

thermo-kinetic finite element model capable of

simulating the effect of these thermal cycles is

described. This model uses the temperature field

calculated by finite element techniques to

determine the ongoing solid state phase

transformations, described by proper kinetic

equations.  The model has been used to simulate

the building-up of a thin wall in AFNOR NF 50CV2

steel (0.5% C, 1% Mn, 1.01% Cr and 0.15% V) on

a large substrate of the same material (Fig. 2).

Figure 1 – Laser Powder Deposition.

Thermo-kinetic finite element model
Since LPD is an additive process, the

mathematical description of the part geometry and

boundary conditions must be constantly updated.

The analysis of this problem can be implemented

sequentially as a series of constant geometry

problems (called steps), linked together by

introducing the output of problem n as initial

conditions for problem n+1. Since the aim of

modelling is to enable different building-up

strategies to be compared, a computer-aided

engineering (CAE) code pre-processor was

developed to automatically generate a file

containing the code that instructs the CAE

software the calculations to be performed, their

sequence, and how to use the results obtained in

the following step. This pre-processor is used to

generate the input file for the ABAQUS finite
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element software package [9].

To accommodate the progressive change in

the object shape, a flexible meshing procedure

defines the finite elements layout by adding groups

of cubic elements step by step, according to a

predefined deposition strategy. The total number of

elements added in each step is determined by the

processing parameters (scanning speed and

powder feed rate), material density, powder use

efficiency, and size of individual elements.

Figure 2 - Building-up of a 3D wall structure. The newly

deposited elements (red) are added to the previously

deposited material (blue).

The materials assigned to the elements have

temperature-dependent properties. For each step

the boundary conditions are updated according to

the newly exposed surfaces, and include heat

losses due to air convection and thermal radiation

(dark blue surfaces in Fig. 2). The newly deposited

elements are additionally exposed to a focused

Gaussian laser beam moving according to the

deposition sequence and described by a heat flux

boundary condition  applied to the upper surfaces

of these elements (yellow surfaces in Fig. 2). To

reduce the computing time, a simple mesh

refinement scheme was implemented which

produces smaller elements only in regions where

the thermal gradients are highest. Additionally,

advantage is taken of the system’s mirror

symmetry along the mid plane (light blue surfaces

in Fig. 2), where a zero flux boundary condition is

imposed. The CAE software used allows user-

defined routines, which describe the applicable

kinetic model. The respective calculations run in

parallel with the temperature field calculations.

In terms of solid state phase transformations it

was assumed that austenite forms either directly

by solidification or when the material is heated

above 800 ºC and that this phase is

homogeneous. Since the cooling rate is high,

diffusional phase transformations are suppressed

and austenite transforms into martensite when the

temperature drops below the martensite start (Ms)

temperature. The volume fraction f of martensite

was calculated using the Koistinen and Marburger

equation [10]:

f = 1 – e (-0.011×(Ms -T))  .      [1]

The decrease in hardness of as-quenched steel

due to tempering is estimated as suggested by

Reti et. al. [11]:
n t

0

TR / Q
0 d  A - H H 








⋅×= ∫ ⋅− te , [2]

where H0 represents the initial hardness, Q the

activation energy of tempering reactions, R the

universal gas constant, T the temperature, and t

the time. A and n are fitting constants.

Example of application
The thermo-kinetic finite element model was

used to simulate tempering during mutilayer laser

powder deposition of AFNOR NF 50CV2 steel. For

this steel, the parameters in equation [2] present

the following values [12]: H0 = 780 HV, A = 1273

HV/s, Q = 250 kJ/mol, and n = 0.0416. Taking into

consideration the material density (7800 kg/m3),

clad track width (1.0 mm), scanning speed (20

mm/s), powder feed rate (0.10 g/s) and linear

dimensions of the individual cubic elements (0.5

mm), the number of elements (1×1×2) added in



RPD 2002 – Advanced Solutions and Development
Simulation of layer overlap tempering in steel parts produced by laser cladding  Costa L., Deus A. M., Reti T., Vilar R.

4/5

each time step (0.025 seconds) was calculated

using a powder use efficiency of 78%. A total of

eight layers of material, each with a length of 5.0

mm and 0.5 mm height, were deposited on a

substrate of the same material in the quenched

and tempered condition, which acts as a heat sink.

The initial temperature of the deposited material

(red elements in Fig. 2) is 1500 ºC (the material is

in liquid phase) and they are irradiated by a 2.0 kW

moving Gaussian laser beam with a 3 mm

diameter spot (measured at e-2 of maximum

intensity). Solidification was ignored. A time delay

of 5.0 seconds was allowed between the

deposition of consecutive layers. During each time

step, the material properties in each element are

calculated as an average of the properties of the

individual phases, weighed by the respective

volume fractions calculated in the preceding step.

The latent heat associated to the phase

transformations occurring during tempering was

neglected.

Results
For the conditions previously defined, the

calculations show that the thin wall does not

present an uniform hardness distribution (Fig. 3).

The hardness reaches a maximum value of 640

HV in the top layer and decreases to 455 HV in the

first layer. This monotonic increase of hardness

along the wall height, reflects the tempering of the

deposited steel as consecutive layers are

overlapped.

Figure 3 – Final hardness distribution, after cooling down

to room temperature.

Blue – below 350 HV; red – above 650 HV

Figure 4 – Temperature field at the end of the last

deposition step.

 Blue – below 27 ºC; red – above 1800 ºC

The deposition of new layers produces

repeated thermal cycles in the previously

deposited material. The resulting transformations

can be analysed using a time evolution graph, as

illustrated in Fig. 5, where the situation at the

centre of the third layer is considered. The role of

individual thermal cycles is visible. The deposition

of the fourth layer raises the temperature of the

third layer above 800 ºC (A1), leading to the

complete austenitisation of the material. Before the

deposition of the fifth layer the material rapidly

cools below 290 ºC (Ms) and austenite transforms

into martensite. The deposition of the fifth layer

raises again the temperature of the third layer, this

time up to 560 ºC. This heating causes tempering

of the martensite formed during the previous

deposition step, leading to a decrease of the

material hardness from 650 HV to 510 HV. The

deposition of additional layers has no visible effect

on the hardness of the third layer, because the

maximum temperatures reached are too low. This

result shows that, in this material, solid state phase

transformations that occur in a certain layer due to

the heat input from subsequent layers are more

significant for the first and second overlapping

layers, which produce a more pronounced

temperature raise.
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Figure 5 – Temperature, volume fraction of martensite

and hardness as a function of time for a point located at

the centre of  the third layer.

Conclusions
In this paper, a three-dimensional thermo-

kinetic finite element model capable of simulating

the phase transformations and properties changes

occurring during laser free-form manufacturing has

been presented. The application of this model was

illustrated by simulating the tempering effects due

to layer overlapping in the building-up of a thin wall

of a tool steel. The calculations show that a steel

part built using LPD may present a non-uniform

hardness distribution due to non-uniform phase

transformations. The tempering effect must be

taken into consideration in the design of parts to be

built by LPD, in order to optimise their performance

On the other hand, the process itself requires

optimisation in order to minimise properties

degradation, distortion and residual stresses.
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