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Abstract

Laser powder deposition (LPD) is a rapid manufacturing process, whereby near-net-shape components are fabricated by the suc-

cessive overlapping of layers of laser melted and resolidified material. As new layers of material are deposited, heat is conducted

away from recently resolidified material, through the previously deposited layers, inducing cyclic thermal fluctuations in the part

as it is built up. These thermal cycles can activate a variety of metallurgical phenomena, such as solid-state transformations, leading

to a progressive modification of the material�s microstructure and properties. Since the thermal history of the material in the depos-

ited part will differ from point to point and depends on the deposition parameters and build-up strategy, the finished part may pres-

ent complex distributions of microstructure and properties. In order to achieve the best properties, the deposition process must be

optimized and, given its complexity, this optimization can only be effectively done using mathematical simulation methods. In this

paper a thermo-kinetic LPD model coupling finite element heat transfer calculations with transformation kinetics and quantitative

property–structure relationships is presented. This model was applied to the study of the influence of substrate size and idle time

between the deposition of consecutive layers on the microstructure and hardness of a ten-layer AISI 420 steel wall built by LPD.

The results show that the thermal history and, hence, the microstructure and properties of the final part, depend significantly on

these parameters.

� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Laser powder deposition (LPD) (Fig. 1) [1–10] is a

very promising technique for the rapid manufacture, re-

pair and modification of metallic components. Although

the advantages of the process are widely recognized, sev-
eral authors [11–15] have reported that parts built by

LPD often present non-uniform microstructure and

properties and this may restrain the wide acceptance

of this process in industry. The microstructure and
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properties of laser melted materials depend, on one

hand, on the solidification mechanism, which depends

itself on the local solidification parameters [16] and, on

the other hand, on the solid-state transformations that

occur during cooling to room temperature. In LPD

the transformations induced by the consecutive thermal
cycles generated each time a new layer of material is

added to the part must also be considered. Therefore,

in order to explain the final microstructure and proper-

ties distribution, one must, on the one hand, understand

the influence of the processing parameters and part

build-up strategy on the thermal history at each point

of the part, and on the other hand, identify the phase

transformations that may occur in the material and
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Fig. 1. During laser powder deposition a material in powder form is

injected into a laser beam and melted simultaneously with a thin layer

of the substrate to form a continuous track of material. Partial

overlapping of individual tracks in a suitable pattern produces a

continuous layer of material. By overlapping such layers, three-

dimensional objects are generated. Alternative schematics, showing

additional details of this rapid manufacturing process, can be found in

[3,8,13].

3988 L. Costa et al. / Acta Materialia 53 (2005) 3987–3999
understand how these transformations affect the mate-

rial properties. This knowledge is difficult to achieve

experimentally because the required experiments would

be prohibitively costly and time-consuming. A better ap-

proach is to use mathematical simulation methods based

on a suitable physical–computational model. Thermal

modeling has been undertaken by several authors to
simulate the temperature [17,18] and microstructure

[19] evolution during laser powder deposition and to

predict clad track geometry [20,21]. Thermo-mechanical

models [22–26] have also been developed and used to

calculate residual stresses and stress induced deforma-

tion and cracking, whereas thermo-kinetic models

[27–29] have been used to evaluate the influence of pro-

cessing parameters on the final microstructure in parts
produced by the LPD process.

Thermo-kinetic models enable the microstructure of

the material and the resulting distribution of properties

to be predicted. They combine a heat transfer model

allowing the evolution of temperature in the part to be cal-

culated, solidification theory to predict the solidification

microstructure and kinetic models for all the solid-state

phase transformations that can occur in the material. If
the material properties are to be calculated, quantitative

microstructure–property relationships are also required.

Up to now, each of these aspects has been modeled sep-

arately. Several heat transfer LPD models have been

described in the literature [30,31]. The solidification

microstructure can be predicted on the basis of existing

solidification models [32–34], provided that reliable val-

ues for the required physical and thermodynamic prop-
erties are available. Relevant solid-state transformation

kinetics models have been described by Johnson and

Mehl [35], Avrami [36–38], Koistinen and Marburger

[39], Leblond and Devaux [40], Denis et al. [41], Pont

et al. [42], Oddy et al. [43], Jones and Bhadeshia [44],

and Réti et al. [45]. Given the material microstructure,
properties such as the hardness can be estimated using,

for example, the semi-empirical models proposed by

Venugopalan and Kirkaldy [46], Réti et al. [47], Brooks

et al. [48] and Bhadeshia [49]. The application of these

models requires knowledge of the fitting constants

appropriate to the particular processing conditions and

materials used. In rapid tooling by LPD, these materials

are mainly conventional tool steels [11–13,15]. Their
solidification mechanism and solid-state transforma-

tions during laser processing have been studied in detail

by Colaço and Vilar [34,50,51]. These authors showed

that, due to the fast solidification rate, non-equilibrium

austenitic solidification is kinetically favored as com-

pared to the equilibrium ferritic solidification [34]. This

austenite is stabilized by the very fine dendritic size

and large supersaturation in alloying elements, resulting
in an abnormally large proportion of austenite being re-

tained at room temperature [50]. A martensitic transfor-

mation may, however, occur [50]. The resulting

microstructure evolves when the steel is tempered in

the 200 �C to Ac1 (the temperature at which austenite

begins to form during heating) temperature range, lead-

ing to a range of complex tempered microstructures

which were studied by Colaço et al. [51] for AISI 420
tool steel. For tempering in the range 200–350 �C mar-

tensite decomposes into ferrite and cementite

(M ! a + M3C). When the tempering temperature ex-

ceeds 500 �C, precipitation of M7C3 and M23C6 carbides

occurs, accompanied by a progressive dissolution of the

M3C carbides formed at lower temperature in order to

provide carbon for the precipitation of the alloy car-

bides. When the tempering temperature is higher than
575 �C, retained austenite destabilizes due to the precip-

itation of M7C3 type carbides within this phase, release

of internal stresses and partial recovery. After destabili-

zation austenite transforms partially or totally into lath

type martensite during subsequent cooling to room tem-

perature [51]. A secondary hardening peak is observed

at a higher temperature than the secondary hardening

temperature after conventional quenching (600 �C com-
pared to 500 �C). The hardening mechanisms are also

different from those occurring in conventional temper-

ing [51], because the major contribution to hardening re-

sults from the transformation of retained austenite into

martensite instead of precipitation hardening.

In rapid tooling, the aim of process optimization is to

simultaneously increase productivity, in particular by

reducing build-up time, and to achieve optimum proper-
ties. A major contribution to the build-up time is the idle

time between the deposition of consecutive layers of
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material, Dt, which must be minimized to speed up the

deposition process. In a previous investigation, Costa

et al. [27], using finite element analysis, demonstrated

that the microstructure and properties of AISI P20 steel

parts built by LPD depend considerably on Dt. For

short idle times, heat builds up in the part, which re-
mains at temperatures higher than the martensite start

temperature, Ms, throughout the build-up process. Con-

sequently, the martensitic transformation only occurs

after completion of the part, when it cools to room tem-

perature, leading to a uniform microstructure, consist-

ing of untempered martensite with minor proportions

of retained austenite and carbides. The resulting hard-

ness is also high and uniformly distributed. In contrast,
for longer idle times, the temperature of each layer of

material decreases belowMs before a new layer is depos-

ited, allowing austenite to transform to martensite. This

martensite is then repeatedly tempered during the depo-

sition of subsequent layers of material, resulting in a

softer non-uniform microstructure. Additional work

carried out by the authors [29] showed that the substrate

size also has a similar influence on the properties distri-
bution in the parts, since large substrates will have a

large heat extraction capability thus allowing the mate-

rial to cool substantially after each deposition step,

whereas small substrates will favor heat build-up in

the part.

The thermo-kinetic laser powder deposition model

presented in the present paper couples finite element

heat transfer calculations with phase transformation
kinetic theory and semi-empirical microstructure–

property relationships to simulate the microstructure

and hardness distribution in parts of AISI 420 tool steel

(0.33%C, 13.5%Cr) built by LPD. The results that can

be achieved with this model are illustrated by studying

the influence of the idle time between the deposition of

consecutive layers of material and of substrate size on
Fig. 2. Coupling between finite element heat transfer calculations and extern

model used to calculate microstructural transformations and material hardn
the final microstructure and properties of a ten-layer

wall of tool steel. The results obtained are compared

to experimental data available in the literature, and

the approximations adopted and the resulting limita-

tions discussed.
2. A thermo-kinetic finite element model of laser powder

deposition

In the thermo-kinetic LPD model, phenomena such

as mass and heat transfer and phase transformations

are described by a set of coupled equations since, on

the one hand, calculation of the temperature field re-
quires knowledge of material properties such as specific

heat and thermal conductivity, which are temperature

and microstructure-dependent, and, on the other, the

microstructure is determined by the thermal history at

each point. There are no analytical solutions for such

a coupled equations problem, hence numerical methods

are required. In the present work, heat transfer calcula-

tions were performed using ABAQUS finite element
software [52]. The temperature field in the part

(T = T(x, y, z, t)), calculated for each time step as a

function of the part shape and dimensions, boundary

conditions, material properties and processing parame-

ters, was used to predict the potential phase transforma-

tions and their influence on the microstructure and

properties of the material. The processing parameters

and the semi-empirical models used to calculate micro-
structural transformations and corresponding hardness

variations were defined using the external user subrou-

tines of ABAQUS. The results of these calculations at

each step were used to update the values of the material

properties at each point for the next step, estimated as

weighted averages of the properties of the individual

phases. This sequence of calculations was repeated for
al user subroutines. The processing parameters and the semi-empirical

ess variations were defined in the external user subroutines.
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each time step, according to the general scheme depicted

in Fig. 2.

2.1. Heat transfer calculations

To calculate the temperature distribution, the heat
conduction equation (Eq. (1)) was solved using the finite

element method

qcp
oT
ot

¼ div � ðk � gradT Þ þ C. ð1Þ

This requires the geometry of the part to be represented

by a mesh of finite elements that changes over time so as

to simulate the continuous addition of material. This

time-dependent problem was solved sequentially, as a

series of constant geometry problems (called steps),

linked together by introducing the output of problem

n as the initial condition for problem n + 1. This step-

wise approach is presented in Fig. 3. The first step starts
with a base material initially at room temperature, T0

(Eq. (2a)). At the beginning of each subsequent step, a

new group of finite elements is activated. Based on pre-

vious theoretical results of Neto and Vilar [53], who

showed that the energy absorbed by the powder parti-

cles as they fly across the laser beam can be sufficient

for them to reach the liquidus temperature before enter-
Fig. 3. Finite element analysis of laser powder deposition performed

using a stepwise approach. The addition of material was modeled by

activating a new group of finite elements at the beginning of each step.

Table 1

Material properties used in the finite element calculations [63,64]

Temperature (�C) – 27 300 600

Thermal conductivity (W/m K) M, a 43.1 36.7 30.

c 15.0 18.0 21.

Specific heat (J/kg K) M, a 485 574 654

c 535 568 603

Density (kg/m3) – 7750 – –

Latent heat of fusion (kJ/kg) – – – –

M, martensite; a, ferrite; c, austenite.
ing the melt pool, it was assumed that these elements are

initially at the liquidus temperature, TLiquidus (Eq. (2b)).

Finite elements of the substrate :

T ðx; y; z; t ¼ 0Þ ¼ T 0; ð2aÞ
Newly active finite elements :

T ðx; y; z; tactivationÞ ¼ T Liquidus. ð2bÞ
The total number of elements activated at the beginning
of each step was calculated considering the volume of

material added during the corresponding time interval,

which is a function of the powder mass flow rate, powder

use efficiency and material density. As new elements are

activated, the surfaces exposed to boundary conditions

are updated. The boundary conditions (Eq. (3a)) take

into consideration both laser heating and heat losses

due to convection and radiation. Assuming that the laser
beam is Gaussian, laser heating was simulated by apply-

ing the surface heat flux described by Eq. (3b). This heat

flux depends on the laser beam power, P, laser beam ra-

dius, rL, and surface reflectivity, R. Surface emissivity

and the Stefan–Boltzmann constant are represented by

e and r, respectively, while h represents the convective

heat transfer coefficient and T0 the sink temperature,

which is considered to be equal to room temperature

kðrT �~nÞjX ¼ hðT � T 0ÞjX þ erðT 4 � T 4
0ÞjX � F LaserjX Laser;

ð3aÞ

F Laser ¼ F 0e
�2�r2=r2

L ; F 0 ¼ ð1� RÞ � 2 � P
p � r2L

. ð3bÞ

The density, q, specific heat, cp, and thermal conductiv-

ity, k, are all microstructure and temperature-dependent

(Table 1). Latent heats associated with phase transfor-

mations are taken into account by an internal heat

source term, C (Eq. (1)).

2.2. Modeling solid-state phase transformations

With the knowledge of the thermal cycles at each

point, the phase transformations that may occur in the

material can be identified and their extent calculated.

The expected transformations for a Fe–0.33%C–

13.5%Cr (AISI 420) tool steel are indicated in the dia-

gram of Fig. 4. The microstructure after solidification
800 900 1100 1300 1410 1425

1 – – – – – –

7 25.1 26.8 28.9 32.8 – 34.0

– – – – – –

632 – – 760 750 –

– – – – – –

– – – – – 250



Fig. 4. Diagram indicating the phases produced upon rapid cooling to room temperature, starting from different high temperature microstructures.

The transformation of the martensite and austenite microstructure during reheating is also shown: M, martensite; a, ferrite; c, austenite; L, liquid
phase.
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consists of primary austenite dendrites and a negligible

proportion of interdendritic carbide particles [34]. Due
to the high cooling rates observed in laser processing,

the diffusive transformations of austenite are entirely

suppressed and this phase will only undergo a martens-

itic transformation as it cools down to room tempera-

ture [50]. The proportion of martensite formed

depends on the undercooling below the martensite start

temperature, Ms (Fig. 5) and is given by the Koistinen

and Marburger equation [39]:

fM ¼ 1� fc0 � UðT Þ;

UðT Þ ¼
1; if T P M s;

expð�0.011 � ðM s � T ÞÞ; if T < M s;

� ð4Þ

where fM is the volume fraction of martensite formed at

a given temperature T between Ms and the martensite
finish temperature, Mf, and fc0 is the initial volume frac-

tion of austenite. This equation is valid for a wide range

of ferrous alloys [54]. The Ms temperature was calcu-
Fig. 5. Evolution of volume fraction of austenite during martensitic

transformation and austenitization.
lated from the chemical composition of the steel, using

Andrews� equation [55]:

M s ¼ 512� 453� ð%CÞ � 15� ð%CrÞ; ð5Þ
where the chemical element designations refer to con-

centrations in wt.%. For a steel with 0.33%C and

13.5%Cr, Ms = 160 �C. The transformations occurring

during this first thermal cycle are indicated by Cooling

in the diagram of Fig. 4.

When a new layer of material is deposited, the previ-

ously deposited material undergoes a new thermal cycle,

which may lead to martensite tempering (a complex se-

quence of precipitation reactions which ultimately leads

to the decomposition of martensite into ferrite and car-

bides [54]) and, if the temperature exceeds the Ac1 tem-

perature, austenitization. In the model it is assumed that
the volume fraction of austenite increases linearly with

temperature to reach 100% at the Ac3 (the temperature

at which transformation of ferrite to austenite is com-

pleted during heating) temperature (Fig. 5). Taking into

consideration the high heating rates characteristic of the

LPD process, Ac1 and Ac3 will present considerable hys-

teresis [56], an effect that was taken into account by

making Ac1 and Ac3 equal to 875 and 1015 �C, respec-
tively, based on experimental results of Orlich et al.

[56]. Martensite tempering was taken into consideration

in the model but the destabilization of retained austenite

and its transformation into martensite during subse-

quent cooling [51] was neglected. The transformations

which may occur during heating in this second thermal

cycle are indicated by Reheating in Fig. 4. The transfor-

mations observed during the corresponding cooling per-
iod depend on the transformations that occurred during

heating and are indicated by 2nd cooling in the diagram.

If no austenite was formed during heating, no significant

phase transformations occur during cooling, but if the

material was austenitized (Ac1 < T < Ac3), austenite will

partially or totally transform into martensite.



Fig. 6. One hour isothermal tempering curve of AISI 420 steel,

calculated using Eq. (7). Note the secondary hardening peak at 500 �C.

Fig. 7. Detail of the finite element mesh along the deposition path,

with dl equal to 0.5 mm. Deposition of the first layer starts with the

laser beam centered at Xi for 25 ms to create a melt pool. Then, the

elements in group 1 are activated and the laser beam starts to move at

20 mm/s towards Xf. During deposition, a new group of elements is

activated every 25 ms. Once the laser beam reaches Xf, it is switched off

and repositioned at Xi. Deposition of the second layer commences after

an idle time, Dt.

3992 L. Costa et al. / Acta Materialia 53 (2005) 3987–3999
2.3. Hardness prediction

The hardness of the material was assumed to be equal

to the weighted average of the hardnesses of individual

phases:

H ¼ fc � H c þ ð1� fcÞ � HM; ð6Þ
where fc is the volume fraction of austenite and Hc and

HM are the hardness of austenite and martensite, respec-

tively. The hardnesses of austenite and martensite were

assumed to be 260 and 660 HV, respectively, based on

the data published by Colaço and Vilar [51]. Softening

due to martensite tempering was estimated using a model

developed by Réti et al. [47], applicable to anisothermal
tempering via the following equation:

HM ¼ HMðt ¼ 0Þ � A �
Z t

0

e�Q=R�T ðtÞ dt
� �m

; ð7Þ

where HM(t = 0) is the hardness of martensite, Q the
activation energy, R the universal gas constant and A

and m fitting constants. Since in the present case several

competing reactions occur simultaneously during tem-

pering, the activation energy in Eq. (7) was replaced

by an effective activation energy, as suggested by Mitte-

meijer [57]. The values of the constants for AISI 420

steel were calculated from data collected from isother-

mal tempering experiments performed by the authors,
leading to A = 1300 HV/s, m = 0.055 and the effective

activation energy values presented in Table 2. The iso-

thermal tempering curve calculated on the basis of this

model is presented in Fig. 6. A comparison with exper-

imental data was performed for model validation, giving

a reasonably good agreement.
3. Application of the model

The model described in the previous section was used

to analyze the influence of substrate size and idle time

between the deposition of consecutive layers, Dt, on

the microstructure and properties of a wall of AISI

420 tool steel, built by overlapping 10 single tracks of

material, each with a length of 10.0 mm, a thickness of
0.5 mm and a width of 1.0 mm. The deposition parame-

ters used were: scanning speed = 20 mm/s, powder feed

rate = 0.1 g/s and powder use efficiency = 78%. For a

track width of 1.0 mm and these processing parameters,

two cubic elements of 0.53 mm3 must be activated every

25 ms (Fig. 7). A substrate of the same steel, quenched

and double tempered for 1 h at 200 �C, with an initial
Table 2

Values of effective activation energy, Q, for AISI 420 tool steel

T (�C) 20 300 400 500 600 700

Q (kJ/mol) 220 220 250 320 250 250
microstructure of tempered martensite and carbides
and a hardness of 560 HV, was assumed. The Gaussian

laser beam was focused into a spot 3 mm in diameter,

measured at e�2 of maximum intensity. Based on preli-

minary calculations, an absorbed laser beam power

P 0 = (1 � R) Æ P = 325 W was used to create a melt pool

with a 1-mm diameter, in agreement with the desired

track width. Calculations were performed for

Dt = 1, 2, 3, 4, 5 and 10 s and two different substrate
sizes (Fig. 8): a larger substrate (A) with L = 61.0 mm

and mass of 102.8 g and a small substrate (B) with

L = 8.0 mm and mass of 13.5 g. The initial temperature

of the deposited material was 1450 �C while the sub-

strate was initially at 27 �C. The surface emissivity, e,
and the convective heat transfer coefficient, h, were set

at 0.5 and 30 W/m2K [58], respectively.
4. Results

The results obtained are illustrated by data for points

in the symmetry plane of the wall (Fig. 8). The thermal



Fig. 8. Finite element mesh used to simulate multilayer LPD of a 10

layer wall. The analysis was performed for L/2 equal to 4.0 and

30.5 mm. A denser mesh of finite elements was used where higher

thermal gradients are expected. A symmetry plane exists if the wall is

built up along the mid-plane of the base material. In this case, only

one-half of the overall problem was solved since a zero heat flux was

imposed along the symmetry plane.

Fig. 9. Substrate size effect. Average substrate temperature after the

deposition of each layer, for Dt = 10 s. The increase in average

substrate temperature due to the deposition of a single layer, DTlayer, is

4.5 �C for substrate A and 26.7 �C for substrate B.
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field is strongly influenced by the substrate size, as

shown in Fig. 9. When the part is built on a large sub-

strate (A, m = 102.8 g), the temperature of the substrate

remains below Ms during the entire deposition process

(Fig. 9). As a result, the substrate retains its heat extrac-

tion capability and the newly deposited layers cool down
below the Ms temperature before the deposition of a

new layer. As a result, austenite in these layers trans-

forms to martensite, resulting in a high hardness.

Reheating of the material during the deposition of sub-

sequent layers leads to martensite tempering and, conse-

quently, to substantial softening (Fig. 10(a)). When the

small substrate (B, m = 13.5 g) is used, the average sub-

strate temperature increases progressively and rises
above the Ms temperature during the deposition of the
Fig. 10. Substrate size effect. Vickers hardness distribution, after cooling
fifth layer (Fig. 9). As a result, the material in the upper

layers cannot cool down below the Ms temperature and

its microstructure remains fully austenitic. This austen-

ite transforms into martensite only after the manufac-

turing of the complete part, as it cools to room

temperature, leading to a uniformly high hardness, as

shown in Fig. 10(b). Thus, two geometrically identical

parts deposited using the same processing parameters
can present different microstructures and properties,

depending on the heat extraction capability of the

substrate.

The influence of the idle time between the deposition

of consecutive layers of material, Dt, on the final proper-

ties was studied for a part built on the larger substrate

(mass of 102.8 g).During the idle time the depositedmate-

rial cools down, essentially due to heat conduction to the
substrate. As would be expected, the temperature fall at a

certain point of the part increases with Dt (Fig. 11).

The uniformity of the temperature distribution before
to room temperature, for Dt = 10 s: (a) m = 102.8 g; (b) m = 13.5 g.



Fig. 11. Temperature along the wall height center line, for different

values of Dt. The plotted data refers to the time instant before the 10th

layer starts to be deposited; m = 102.8 g.

Fig. 12. Temperature (�C) distribution at the end of the last deposition

step: m = 102.8 g, Dt = 1 s, TLiquidus (AISI 420) = 1425 �C.

Fig. 14. Volume fraction of austenite available for transformation to

martensite along the wall height center line, for different values of Dt.
The plotted data refers to the time instant before the 10th layer starts

to be deposited, m = 102.8 g.
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the deposition of a new layer also depends on the idle

time. For long idle times (for example Dt = 10 s) the

deposited part presents a uniform temperature distribu-

tion, whereas this distribution is much less uniform for

shorter idle times. The data presented in Fig. 11 show

to what extent the thermal field is affected by Dt.
Decreasing Dt increases the average temperature of the

deposited material during the build-up process, leading

to a progressive increase of the melt pool size. For

Dt = 1 s the deposition of the 10th layer causes complete

melting of the previous one, as observed in Fig. 12. On

the contrary, if Dt P 2 s, excessive melting is avoided

(Fig. 13(a) and (b)). The idle time will also affect the ex-

tent of the austenite-to-martensite transformation in
each layer of material. For a sufficiently large idle time
Fig. 13. Temperature (�C) distribution at the end of the last
(DtP 10 s), the final temperature in a certain layer of

material will be lower than Ms and austenite will trans-

form into martensite. Since the temperature distribution

for large Dt is relatively uniform the proportion of mar-

tensite formed will be uniform too, as shown in Fig. 14.
In contrast, if Dt < 10 s the temperature before the depo-

sition of a new layer and the corresponding proportion

of martensite will vary along the height of the deposited

part (Fig. 14). Following the results of Colaço et al. [51],

it was assumed that, in this steel, retained austenite is

not significantly affected by short duration reheating

within the tempering temperatures range. Consequently,

the hardness variation is proportional to the volume
fraction of martensite in the material microstructure.

In Fig. 15, the final hardness profiles along the wall

height as a function of Dt are presented. Two regions

are observed in what concerns microstructure and hard-

ness: an upper high hardness region consisting of untem-

pered martensite and a lower region of tempered

martensite, where softening occurred. The maximum

hardness is about 560 HV and occurs in the top layers
of all the samples, whereas the minimum hardness oc-

curs in the second or third layers and depends on the idle

time. The transition between soft and hard regions be-

comes more abrupt as Dt increases, due to a more signif-

icant tempering effect. The number of layers consisting
deposition step, m = 102.8 g: (a) Dt = 2 s; (b) Dt = 5 s.



Fig. 15. Vickers hardness along the wall height center line, for different

values of Dt, after the deposition of 10 layers and cooling to room

temperature, m = 102.8 g.
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of untempered martensite also depends on Dt and is 6

for Dt = 2 s, 4 for Dt = 3 s, and 2 for Dt P 4 s. For the

processing conditions used, the hardness in the heat-af-

fected zone of the substrate does not depend on Dt.
The influence of cumulative thermal cycles on the

variation of hardness due to tempering can be observed

in Fig. 16, where data for the mid-points of layers 1, 3
Fig. 16. The effect of the various thermal cycles on the volume fraction of aus

(medium line) and 5 (thin line) of the built wall. Upon cooling, if the temperat

fraction of austenite decreases and the hardness of the material increases. U

tempering range and transforms back to austenite if the temperature rises a
and 5 are plotted for Dt equal to 2 and 5 s (Fig. 16(a)

and (b), respectively). For the larger substrate and for

Dt = 2 s the material in each layer does not necessarily

cool below the Ms temperature before a new layer is

added. While the material in the first five layers under-

goes at least a partial martensitic transformation (Fig.
16(a)), it is clear that the material in the top six layers

remains within the austenitic phase during part build-

up (Fig. 17(a)) and only transforms to martensite after

the manufacturing of the wall is completed, as it cools

to room temperature. The resulting hardness distribu-

tion is presented in Fig. 17(b). The upper half of the part

consists essentially of untempered martensite with a uni-

formly high hardness, while the first layers consist of low
hardness tempered martensite. For Dt = 5 s the material

in each layer cools below the Ms temperature before the

deposition of a new layer (Fig. 16(b)), so austenite trans-

forms to martensite (Fig. 18(a)). In these conditions, the

deposition of layer p leads to complete austenitization of

the material in layer p � 1 and intense tempering of mar-

tensite in layer p � 2, while the tempering induced in

layer p � 3 is negligible (Fig. 16(b)). The resulting hard-
ness distribution is presented in Fig. 18(b). The part con-

sists essentially of low hardness tempered martensite.

The error of the numerical results presented previ-

ously were estimated by analyzing the convergence

behavior through refinement of the approximate finite
tenite and hardness of the material are shown for layers 1 (thick line), 3

ure in a certain layer drops below the Ms temperature, then the volume

pon reheating, the material softens if the temperature rises up to the

bove the Ac1 temperature; m = 102.8 g: (a) Dt = 2 s; (b) Dt = 5 s.



Fig. 17. (a) Volume fraction of austenite at the end of the last deposition step. (b) Vickers hardness distribution after cooling to room temperature:

Dt = 2 s; total build time = 23.2 s; m = 102.8 g.

Fig. 18. (a) Volume fraction of austenite at the end of the last deposition step. (b) Vickers hardness distribution after cooling to room temperature:

Dt = 5 s; total build time = 50.2 s; m = 102.8 g.
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element solution, in the case of a 102.8 g substrate with

Dt = 2 s. The calculations were performed for succes-

sively refined versions of the finite element model. This

was accomplished both by reducing the time increment

used to discretize the temporal sub-domain as well as
by refining the finite element mesh used to represent

the spatial sub-domain. As the error of the approximate

solution decreases with refinement of the finite element

model, it is possible to determine the so-called numerical

solution of the problem. In the present case, an approx-

imate solution of the heat transfer problem that changed

in nodal locations no more than 5%, upon further refine-

ment, was sought. That value of error corresponds to
the maximum of all the absolute values of differences be-

tween the calculated values for such mesh and the ones

for a refined mesh at the same nodal locations (the error

associated with this latter mesh was found to be less that

2%). Using this approach, the error of the nodal values

presented in Figs. 9, 11, 14 and 15 was estimated to be

less than 5% for nodal values of temperature, as stipu-

lated, and in the case of thermal-history-dependent vari-
ables, verified to be 6% for nodal values of volume

fraction of austenite and 2% for nodal values of

hardness.
5. Discussion

Compared to a previously described model [27], the
model presented in this paper includes several improve-

ments, which have enhanced agreement with experimen-

tal results. The assumption that austenitization occurs
instantaneously when the Ac1 temperature is reached

has been replaced by the more realistic condition of pro-

gressive austenitization between Ac1 and Ac3 tempera-

tures. Also, the function used to calculate hardness

variations due to martensite tempering has been modi-
fied to account for possible competing tempering reac-

tions, including secondary hardening, by using an

effective activation energy.

The results obtained show that in tool steel parts pro-

duced by laser powder deposition, both the idle time be-

tween the deposition of consecutive layers and substrate

size play a critical role in the properties of the deposited

material. These two parameters affect the amount of
heat that is conducted away from a particular layer of

material into the substrate before the deposition of a

new layer and, as a result, the possibility of austenite

transforming into martensite. As new layers of material

are added, the average substrate temperature increases

progressively. For a single laser scan, the substrate aver-

age temperature rise can be estimated using the follow-

ing equation, which neglects heat losses due to
convection and radiation, leading to DTlayer = 3 and

25 �C for 102.8 and 13.5 g substrates, respectively

DT layer ¼
Energy input

cp �MSubstrate

¼ a � P � Dtlayer
cp �MSubstrate

¼ a � P � Dtstep � nsteps
cp �MSubstrate

. ð8Þ

This means that by using a large substrate, which re-

mains relatively cool during part build-up, faster heat

extraction and more effective cooling of the deposited

material becomes possible. Conversely, a small substrate
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will heat up rapidly, reducing its heat extraction capabil-

ity. As the average temperature of the substrate in-

creases, the undercooling below the Ms temperature

experienced by the deposited material and the propor-

tion of austenite that transforms to martensite decrease.

If the lowest temperature reached before the deposition
of a new layer remains above Ms, the material remains

austenitic during the whole deposition process and the

martensitic transformation only occurs after completion

of part build-up, as the whole part cools to room tem-

perature. The final microstructure consists mostly of

fresh martensite and some retained austenite and will

present a uniformly high hardness, with significant tem-

pering occurring only in the first deposited layers. If a
large substrate is used, the amount of heat extracted

from the deposited material increases with the idle time

between the deposition of consecutive layers (Dt). Heat

accumulation due to small values of Dt can ultimately

lead to remelting of previously deposited material when

new layers are added, making the process unstable and

compromising the dimensional accuracy of the part.

Therefore, the process stability requirement imposes a
lower limit on the idle time, thus constraining overall

productivity. Small values of Dt have a similar influence

on microstructure and properties as using a small sub-

strate. In contrast, a sufficiently large Dt will allow each

layer of deposited material to cool below Ms before a

new layer is added. Austenite transforms into martens-

ite, which is subsequently tempered, leading to relatively

soft parts, with maximum hardness found only in the
top layers. The hardness distribution depends on Dt, be-
cause Ms undercooling, and consequently the extent of

the martensitic transformation, increase with Dt. Since
the hardness variation due to tempering is proportional

to the volume fraction of martensite, large values of Dt
lead to parts with lower average hardness. Although

the firstly deposited layers undergo a greater number

of thermal cycles, the progressive increase in hardness
observed along the wall height is mainly due to the var-

iation in the proportion of martensite formed during the

cooling stage after each deposition step.

The model can be evaluated by comparing its predic-

tions to experimental results. Although experimental

data are scarce and the substrate size and idle time be-

tween the deposition of consecutive layers are not al-

ways indicated, some authors [11–13,15,48] published
experimental results on LPD of tool steels that agree

qualitatively with some of the model predictions, in par-

ticular the existence of a hard upper region of untem-

pered martensite and a lower region consisting of

tempered martensite with low hardness in the parts pro-

duced for wide ranges of materials and processing con-

ditions, as predicted in the present work. Link [12]

concluded that the hardness of parts of a AISI 420 tool
steel with 0.45%C and 13.6%Cr built by multilayer LPD

increases along the part height, as predicted by themodel.
The experimental values of hardness are also similar to

the predicted values for large Dt and a large substrate.

Link [12] correctly attributed the softening in the lower

layers to martensite tempering caused by reheating of

the material during the deposition of subsequent layers,

but did not attempt to relate the local thermal history
with microstructure and hardness. Mazumder et al. [7]

reported that a wall of AISI H13 tool steel built by

LPD consisted of tempered martensite in the lower lay-

ers and fresh martensite in the top layers. In a later pa-

per [13], it was shown that the hardness increases with

wall height. Griffith et al. [11] also observed the two

hardness regions structure in thin walls of H13 tool steel

built by LPD using Dt = 27 and 40 s. This feature was
explained qualitatively [59] by relating the microstruc-

ture with experimentally measured peak temperatures

using phase diagram information. None of the previ-

ously quoted authors related quantitatively the hardness

variations observed with phase transformations in the

material. This limitation was partially overcome by

Brooks et al. [48], who proposed a time–temperature

parameter that relates hardness variations due to tem-
pering with the local thermal history. This parameter

is similar to that proposed by Réti et al. [47], but its

application in anisothermal conditions is complicated

by the need to use an additivity rule. Also, Brooks

et al.�s model [48] does not contemplate the possibility

of austenitization of the previously deposited material

or incomplete martensite transformation. This simplifi-

cation is valid for the situation analyzed by Brooks
and co-workers because they used a large value of idle

time (Dt = 33 s), which allowed the steel to completely

transform into martensite before a new layer was added,

but it will fail to provide satisfactory results for small

values of Dt, when the martensitic transformation is

not complete. In any case, the results of Griffith et al.

[11,59] and Brooks et al. [48] confirm the results ob-

tained in the present work for large values of Dt, thus
to some extent validating the model proposed.

Despite the reasonable agreement between model pre-

dictions and experimental results, in its present form the

model still contains approximations and neglects a num-

ber of phenomena whose influence requires assessment.

For example, it is known that the small dendrite size in

laser treated steels stabilizes austenite and inhibits its

transformation to martensite [50]. As a result, the refine-
ment of austenitic structures caused by increasing the

scanning speed or decreasing the laser beam power den-

sity leads to an increase in the proportion of retained

austenite [50]. As a result, the proportion of retained

austenite is larger than predicted by the Koistinen and

Marburger equation (Eq. (4)) and depends on the pro-

cessing parameters. Also, retained austenite is destabi-

lized by tempering above 575 �C and transforms into
martensite during subsequent cooling [51], so one should

expect that retained austenite in the deposited material
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will progressively transform into martensite as new lay-

ers of material are added. If these effects are considered,

the proportion of tempered martensite in the final

microstructure and the hardness should be larger than

predicted. As to austenitization, in the present model

Ac1 and Ac3 are considered to be constant, but it is well
known [60] that these temperatures depend on both the

initial microstructure and heating rate. Also, the kinetics

of austenitization, usually expressed by a Johnson–

Mehl–Avrami law [41], has been neglected, by assuming

that austenite forms instantaneously and its proportion

depends only on temperature. This assumption is rea-

sonable in the present work because the initial material

presents a martensitic or slightly tempered martensite
microstructure. As a result the nucleation rate of austen-

ite will be very high [61] and dissolution of the fine car-

bides very fast. Finally, a remark should be made

concerning the use of a simple thin wall configuration

as a model for parts built by LPD. Low material con-

sumption, fast production and easy CNC programming

make the thin wall an obvious choice for process devel-

opment and optimization [3,6,7,9,14,59,62], as well as
for the numerical analysis of the LPD process

[18,19,23,25]. However, care must be taken when extrap-

olating the results to complex shape bulky components,

since heat conduction and hence the final microstructure

and properties depend considerably on local geometry.

Several difficulties are expected to arise when extending

the present model to complex shapes, mainly related to

the increase in the number of finite elements required to
adequately describe the problem. Direct consequences

are a substantial increase in storage space and computa-

tion time requirements. Also, more sophisticated pre-

processing will be required to generate the finite element

mesh.
6. Conclusions

A thermo-kinetic model of multilayer laser powder

deposition has been developed. This model couples finite

element heat transfer calculations with phase transfor-

mation kinetic data and semi-empirical microstruc-

ture–property relationships. The model has been

implemented for a three-dimensional geometry, in order

to investigate the microstructural transformations and
hardness variations that occur during the deposition of

tool steel parts and to calculate the final hardness distri-

bution in the part. The results show that, in general, the

built parts have a hard upper section containing mostly

fresh martensite and austenite and a softer lower section

containing tempered martensite, in agreement with pub-

lished experimental observations. However, under con-

ditions that promote heat accumulation during part
build-up (such as small substrate size or short idle time

between the deposition of consecutive layers of mate-
rial), the proportion of tempered martensite can be sub-

stantially reduced. The results achieved show the

potential of using physical–computational models and

computer numerical techniques to investigate laser pow-

der deposition.
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