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Abstract	
Direct laser metal deposition (DLMD) is a promising additive manufacturing technique 

which has a huge potential in remanufacturing and restoration of high value dies/molds and 

aerospace components. The residual stresses developed in the material deposited via DLMD 

affect the structural integrity of the restored components. The service life of the restored 

component will be compromised if tensile residual stresses are present in the deposited layer. 

The residual stresses originate due to differential thermal expansion/contraction and 

martensitic transformation driven volumetric dilation and transformation induced plasticity. 

The influence of martensitic transformation and processing conditions on the residual stresses 

of DLMD processed components needs to be understood and modeled for sustainable repair. 

Hence, a finite element model has been developed to capture the coupled effect of 

thermomechanics and martensitic transformation on the evolution of residual stresses in 

DLMD. In this study, the individual and coupled effects of strains due to volume dilation and 

transformation induced plasticity on residual stress evolution have been analyzed for deposition 

of CPM 9V on H13 tool steel. The finite element model has been experimentally validated 

using X-ray and neutron diffraction. The inclusion of both transformation strains in the 

modelling decreases the prediction errors of peak tensile residual stress from ~48% to ~15%.  

The fully coupled thermomechanical and metallurgical model has been used to obtain a critical 

linear mass density  corresponding to the onset of a fully compressive longitudinal residual 

stress state in the deposited layer to ensure sustainable repair. 

Keywords: Direct laser metal deposition, repair, residual stress, martensitic transformation, 
metallo-thermomechanical finite element model 
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Nomenclature	
 

𝜌 density  

𝐶  specific heat 

𝑇 Temperature 

𝑣 scan speed 

𝐾 thermal conductivity 

𝐻 heat generation 

ℎ convective heat transfer coefficient 

𝑇  ambient temperature  

𝜎 Stefan-Boltzmann constant 

𝜀 Emissivity 

𝑄 heat flux 
𝑃 laser power 

𝑟  beam radius 

𝐹  martensite volume fraction 

Ms martensite start temperature 
𝜀  elastic strains 

𝜀  total stains 

𝜀  thermal stains 

𝜀  transformation induced plastic strains 

𝜀  strains due to volume dilation 
∆𝑉
𝑉

 volume change ratio associated from one phase to another phase 

 𝐶  elastic constitutive matrix 

AC1 austenization start temperature 

𝐴𝐶3 finishing temperature of austenitic transformation 

𝑚 powder feed rate 

𝑇  liquidus temperature  

𝑇  solidus temperature 

 

1. Introduction 

 Direct laser metal deposition can be employed both for additive manufacturing of large 

size products and for extending the service life of critical components, such as molds/dies. It  

reduces the energy and material usage associated with the manufacture of new components [1, 
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2]. Note that the molds used in forging industry are subjected to cyclic thermomechanical 

loading and hence endure localized damage and wear [3]. Traditional repair techniques have 

inherent process inaccuracies and, in most cases, lead to thermal damage and distortion of the 

finished component [4]. Additionally, restoration is a localized process which requires a 

precisely focused heat input during the process. Due to these reasons, a laser-based deposition 

technology, such as DLMD, which involves local heating and rapid fusion of deposited 

material and substrate, holds immense promise for repair-remanufacturing industry [5]. 

Therefore, the study of the factors affecting the deposition integrity and quality, specifically, 

for repair applications need to be understood. Note that the primary factors affecting the quality 

of the components processed via DLMD are residual stresses, thermal dilution and micro-

structural transformations [6]. The presence of tensile residual stresses in the deposited layer 

can accelerate the crack propagation and subsequent failure if subjected to cyclic 

thermomechanical loading. The precise and controlled deposition in DLMD can potentially  

create a layer with no tensile residual stress and minimal dilution [7]. This control can be 

achieved by using optimal process parameters to secure adequate dilution in DLMD process.  

Experimental characterization of residual stresses obtained in DLMD using X-ray or neutron 

diffraction is fairly expensive but accurate finite element models can be developed to predict 

the residual stresses[8,9]. A fully coupled model can capture the residual stresses much better 

than the partial or sequentially coupled finite element models [10,11]. Apart from differential 

thermal expansions and contractions between the deposition and substrate material, residual 

stress in DLMD is also affected by phase transformations [9]. After solidification, the deposited 

and substrate material is cooled to a temperature below the martensite start temperature at a 

very high cooling rates. This can lead to microstructural changes that are difficult to control 

and could affect the mechanical properties of the part adversely [12]. Therefore, the main 

challenge in understanding the process mechanics of DLMD, involves development of a fully 

coupled 3D finite element model to capture the thermal, mechanical and phase transformation 

effects. Previously reported work in the literature  primarily focused on thermomechanical 

models which use the temperature fields and cooling rates to predict the microstructure of the 

substrate[10,13,14]. In addition, a few studies have also considered melt pool flow and phase 

transition [15,16]. A transient three-dimensional thermo-kinetic model sequentially coupled 

with a stress model to predict residual stresses for laser hardening was developed by Bailey et 

al. [10]. The metallurgical effects have been studied extensively in welding[17–20], hardening 

[21,22] and machining [23,24] through sequential coupling of the thermal, metallurgical and 
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mechanical interactions. These transformations, primarily martensitic transformation, induce 

strains due to volumetric dilation and transformation induced plasticity (TRIP). It is important 

to understand the role of these martensitic effects on the residual stress evolution. It may be 

noted that no work has been reported on the precise evaluation of the significance and 

contributions of the individual attributes of these transformation strains. Prior studies have 

reported that the maximum residual stress in the longitudinal direction occurs near the melt 

line. It has been shown that it is possible to obtain process conditions where the entire deposited 

layer is under compressive residual stress [11]. It should also be noted that no work has been 

reported on the estimation of the range of the optimal process parameters, which can control 

undesirable effects of tensile residual stress and excessive dilution in the deposition.  

This paper focuses on modeling of residual stress evolution in DLMD deposition using a 

3D fully coupled metallo-thermomechanical finite element model for a CPM 9V powder on a 

H13 substrate. H13 is used extensively in molds/dies and Crucible Particle Metallurgy (CPM) 

steels is an ideal material for its restoration [25–29]. CPM steels are a special class of steels, 

which have high weight percentage of vanadium and more uniform distribution of finer size 

carbides. Thus, the carbide segregation can be avoided which results in excellent combination 

of toughness, hardness and wear resistance as compared with conventional ingot cast tool steels 

[30]. In this study, a uniformly distributed laser moving heat source has been considered and 

the injected powder has been assumed to have a Gaussian distribution [11,31]. The element 

birth technique has been used to simulate powder injection process. The finite element model 

predicts the residual stress originating due to differential thermal expansion/contraction and the 

phase transformations in the deposited layer and the substrate. A kinetic model is used to 

calculate the martensite phase fraction based on the temperature distribution obtained from the 

model. The finite element model is validated by comparing the residual stress predictions with 

the experimental measurements via neutron and X-ray diffraction techniques which were 

carried out in a previous study by authors’ research group [11, 32]. The relative contributions 

of the TRIP and volume dilation strains in the evolution of longitudinal residual stresses have 

been quantified in this study to underscore the importance of including the martensitic 

transformation effects in addition to the thermomechanical strains. The effect of the phase 

transformation temperatures, such as austenite start temperature, martensite start temperature, 

melting temperature on the predicted residual stress distributions has been characterized. As 

mentioned previously, the melt interface has highest tensile longitudinal residual stresses which 

extends in the deposited layer close to the interface. The presence of the tensile stresses in the 
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deposition is detrimental to the service life of the restored product. The nature of the residual 

stresses depends on the deposition geometry, specifically, the clad cross-sectional area. The 

clad cross-sectional area depends on the linear mass density .  It is expected that for a 

critical linear mass density the entire deposited layer remains under compressive stress along 

with minimal dilution. The fully-coupled metallo-thermomechanical finite element model has 

been used to identify this critical linear mass density and optimal process parameter where this 

linear mass density can be obtained. 

2. Process modelling 

2.1 Physical description of the process 

In a DLMD process, the laser beam is incident on coaxial powder deposition and the 

substrate to form a melt pool. The powder particles interact with the laser before reaching the 

substrate. A major portion of the particles enter the melt pool on the substrate, get trapped and 

melted [2]. As the laser moves away, the melt pool solidifies and forms a built-up layer over 

the substrate. The substrate considered in this work is H13 tool steel and deposition material is 

vanadium carbide steel, CPM 9V, which is extensively used for repair of damaged and worn 

out dies [25–29]. The chemical composition of H13 tool steel and CPM 9V is provided in Table 

1. 

Table 1 Chemical composition of H13 and CPM 9V [33] 

Element C Si Cr Mo V Mn Fe 

CPM 9V 1.9 0 5.25 1.3 9.1 0 Bal. 

H13 0.39 1 5.3 1.3 0.9 0.4 Bal. 

2.2 Methodology 

To understand the complex process mechanics of DLMD, a fully coupled numerical model 

is employed to capture the thermal, mechanical and martensitic transformation phenomena 

involved in the process. The methodology adopted to estimate residual stress in the DLMD 

process is described in Fig. 1. The components incorporated in the present model shown in Fig. 

1 are: 

 Laser beam: The laser beam is modeled as a uniformly distributed circular moving 

heat source employing ABAQUS user subroutine DFLUX. The absorptivity 
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parameter is introduced to account for the loss by reflection from the irradiated 

substrate surface as well as for the energy loss due to scattering by powder particles. 

 Powder deposition: In DLMD powder is delivered onto the substrate coaxially with 

the laser beam. To simulate the powder deposition, the element activation technique 

is utilized, where the elements are activated at the temporal point coincident with 

laser’s position.  

 Melting and solidification: The powder material deposited under the irradiation of 

the laser beam gets heated and melted, and forms a melt pool. This melt pool zone 

is estimated by identifying all the points in the domain of the model that have 

exceeded the melting temperature (using user subroutine USDFLD). The expansion 

coefficient of the nodes that have crossed the melting temperature of the material is 

set to be negligible.  The latent heat of fusion, along with the convection and 

radiation are considered.  

 Phase transformation: It has been recognized that solid-state phase transformation, 

austenite to martensite during cooling,  can significantly affect the evolution of 

residual stresses [20]. The phase transformation calculations are conducted using 

subroutine UEXPAN.  

 Residual stresses generation: Note that the subroutine UEXPAN is used to calculate 

the following components of strains: strain due to differential thermal expansion 

and contraction, volume dilation due to phase change from austenite to martensite, 

and transformation induced plasticity. Accordingly, the elastic, plastic strains and 

the respective residual stresses are estimated utilizing UMAT which considers 

elastic properties and Johnson-Cook flow model.  
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Fig. 1 Methodology of 3D metallo-thermomechanical analysis. 

2.3 Model assumptions 

The following assumptions were considered for the DLMD process in developing the 

metallo-thermomechanical model: 

 The fluid flow of the melt pool is neglected. The primary outcome of the flow in 

melt pool formed during the DLMD is the final deposition shape [34]. The residual 

stress is not induced in the deposition during the fluid phase hence it can be ignored.  

 The ricochet of the powder is neglected. The powder catchment efficiency of the 

DLMD is a function of the process parameters [35]. Therefore, favorable process 

parameters can be employed to reduce the powder loss.  

 The powder deposition on the substrate is assumed to be Gaussian. Experimental 

studies have shown that powder distribution of the co-axial nozzle is Gaussian for 

the cases where the substrate placed at distance greater than the merging point of 

the powder flow [36].    

 The alloying effect near the deposition-substrate interface is neglected [11].   
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2.4 Governing equations  

2.4.1 Thermal analysis 

The nodal temperatures obtained from thermal analysis are used to calculate the thermal 

and transformation strains required for determining the residual stresses. Nodal temperatures 

can be estimated by solving the transient heat conduction equation given by [37], 

𝜌𝐶
𝜕𝑇
𝜕𝑡

𝑣  ∇𝑇 ∇ 𝐾 ∇𝑇 𝐻 
(1) 

Eq. (1) is a thermal equilibrium equation for a three-dimensional heat transfer in a material 

with isotropic thermal properties. The first term on the left side of Eq. (1) depicts heat 

accumulation due to the transient nature of the heat transfer process. The second term in the 

left side depicts the advection due to movement of the laser beam with velocity 𝑣 . The first 

term on the right side of Eq. (1) refers to the conductive heat transfer in 𝑥, 𝑦 and 𝑧 directions 

and the second term depicts volumetric heat generation.  

The boundary conditions on the surface where the laser is incident is given by [31], 

𝐾
𝜕𝑇
𝜕𝑛

 ℎ 𝑇 𝑇  𝜎𝜀 𝑇 𝑇 𝑄 0 
(2) 

where n denotes the direction normal to surface, K is the temperature dependent thermal 

conductivity; h, 𝜀, 𝜎 and 𝑇  refer to surface heat transfer co-efficient, emissivity, Stefan-

Boltzmann constant and ambient temperature, respectively. The first term represents the rate 

of heat loss due to conduction from the surface whose unit normal is n. The second and third 

terms depict the rate of convection and radiation heat loss from the surface of the material. The 

laser heating is considered as a uniformly distributed heat source,  

𝑄 𝜂
𝑃
𝜋𝑟

 
(3) 

where 𝑃 is the laser power, 𝑟 is the beam radius, 𝜂 is the absorption coefficient of the cladding 

material. The deposition material considered in this work is CPM 9V. For this material, based 

on the melt line location across the deposition cross section the absorption coefficient was 

calibrated to be ~0.7 by Paul et al. [11].  The following initial and final conditions have been 

used, 
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𝑇 𝑥,𝑦, 0 𝑇 𝑇 𝑥,𝑦,∞  (4) 

2.4.2 Kinetic analysis 

During DLMD process, the deposition and substrate are subjected to heating and cooling 

cycles that can induce phase transformations. It is known that the phase transformations 

strongly affect the thermal and mechanical behavior, they should be considered in the process 

modeling. The time-dependent temperature field and the phase transformation can be used to 

predict the microstructure at any location of the deposition and substrate [12].  

If the temperature reached by material during heating cycle is high enough to transform to 

austenitic microstructure, depending on the cooling rate and carbon percentage, austenite may 

transform to different microstructural constituents [38,39]. The diffusive transformation of 

austenite is entirely suppressed owing to the high cooling rate observed in the laser-based 

material processing [34]. Therefore, the austenite  will undergo martensitic transformation as 

it cools down to room temperature below the martensitic temperature [24]. These 

transformation temperatures such as melting temperature, austenization temperature and 

martensite start temperature while heating and cooling of both substrate material (H13) and 

powder material (CPM 9V) are presented in Fig. 2. In Fig. 2 the diffusive solid-state 

transformations are assumed to be negligible. The volume fraction of the martensite formed 

during cooling can be estimated by Koistinen and Marburger equation [40] that is given as a 

function of undercooling below the martensite start temperature Ms.  

𝐹 1 𝑒   (5) 

where 𝐹  is the fraction of martensite formed, 𝛽 is a material constant equal to 0.011 for most 

steels and T is the instantaneous temperature. As the finite element analysis is performed 

incrementally, the differential transformation in the amount of martensite formed due to an 

infinitesimal change in temperature dT, 

𝑑𝐹 𝛽𝑒 𝑑𝑇 (6) 

The accumulated volume fraction of martensite present at any given increment, provided the 

austenization has occurred and the temperature is below 𝑀 , is given by [24], 

𝐹 𝐹 𝑑𝐹  (7) 
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where 𝐹  and 𝐹  are the martensite fractions at the end and beginning of the increment, 

respectively. The martensitic transformation is defined as a structural change in a crystal 

brought about by spontaneous microscopic displacements of the atoms. It comprises successive 

homogeneous deformations of the material. One of the most striking features is that the 

temperature dependent transformation does not complete immediately but occurs progressively 

over a relatively large temperature interval which may even exceed 100K [41,42].   

 

Fig. 2 Transformation tempertures during heating and cooling cycle. 

2.4.3 Stress analysis 

In regard to small strain modeling of DLMD, the incremental linear strain tensor is given 

by [24], 

𝑑𝜀 𝑑𝜀 𝑑𝜀 𝑑𝜀 𝑑𝜀 𝑑𝜀  (8) 

Different mechanisms, including temperature gradients, transformations and plastic 

deformations are responsible for the residual stress caused by the process. The thermal strain 

increment due to differential temperature is given by, 

𝑑𝜀 𝑇  𝛼  𝑑𝑇 (9) 

Experimental studies have found that if stresses are applied during a solid-state phase 
transformation a permanent strain is induced and various models have been developed to 
capture the transformation induced plasticity (TRIP) during the thermal processes, such as 
welding, heat treatment and additive manufacturing[43]. The TRIP strain contains not only a 
plastic part due to Greenwood-Johnson effect [44], but also of a portion contributed by 
transformation shear component of martensitic variants (Magee effect [43]). In lieu of the 
martensitic transformation in the laser-based deposition techniques, strain due to TRIP is 
induced in the components. Therefore, the strain developed due to the transformation-induced 
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plasticity is modeled as an additional source of strain in the material and the component wise 
effective transformation plasticity strain 𝑑𝜀  is given by, 

𝑑𝜀 3𝐾 1 𝐹 𝑑𝐹 𝑆  (10) 

where 𝐾  4× 10-12 MPa-1[20] and 𝑆  is the deviatoric stress component.  

Martensitic formation also results in an irreversible strain due to increase in volume. The 

incremental strain due to volume dilution is  given by Eq. (1) [24,42]. 

𝑑𝜀
1
3
∆𝑉
𝑉

𝑑𝐹 𝛿  
(11) 

where 
∆

 is the volume change ratio associated from one phase to other, i.e., from austenite 

during cooling. The final stress 𝜎  and the elastic strains are connected through elastic the 

constitutive matrix 𝐶  [45], 

𝑑𝜎 𝐶 𝑑𝜀 𝑑𝜀 𝑑𝜀 𝑑𝐶 𝜀  (12) 

2.5 Material properties 

Temperature dependent thermophysical properties, such as thermal conductivity, density 

and specific heat, have been used in the simulations to determine the transient temperature 

field. The thermophysical properties of CPM 9V and H13 used in the simulation are listed in 

Table 2. Elastic properties for CPM 9V and H13 are also listed in Table 2. 

Table 2 Thermo-physical properties of CPM 9V  and H13 [11,26] 

CPM 9V 
Temperature 
(K) 

Conductivity 
(W/m2-K)  

Thermal expansion co-
efficient 1.19 × 10-5 

293 20.48  Density (kg/m3) 7455 
373 21.6  Specific heat (J/kg-K) 460 
573 25.25  Young's modulus (GPa) 221 
813 26.08  Poisson's ratio 0.28 

H13 
Temperature 
(K) 

Conductivity 
(W/m2-K) 

Density 
(kg/m3) 

Thermal expansion co-
efficient 

Young's 
modulus (GPa) 

293 25 7800  1.06 × 10-5 210 
673 29 7700 1.26 × 10-5 180 
1383 30 7600 1.32 × 10-5 140 
Poisson's ratio 0.3  Specific heat (J/kg-K) 430 
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The thermomechanical behaviour of H13 was measured in the Gleeble 3800 thermal and 

mechanical testing system at IIT Bombay with maximum capacity of 10 kN at various 

temperatures. The findings were in the form of stress-strain curves at different temperature 

levels as shown in the Fig 3(a). These flow stress data have been used to fit modified Johnson-

Cook (JC) plasticity model (Eq. (13)), where strain rate hardening is ignored,  

𝜎 𝐴 𝐵𝜀̅ 1
𝑇 𝑇
𝑇 𝑇

 
(13) 

where 𝐴 is the yield strength, 𝐵 is the hardening modulus, 𝑎 is the hardening coefficient, 𝑏 is 

the thermal softening coefficient, 𝑇  is the melting temperature, 𝑇  is the ambient temperature. 

The constants used in Johnson-Cook plasticity model are listed in Table 3.  Fig 3(a) also shows 

a good comparison between predicted data by JC model and experimental data. Fig. 3b shows 

the hardness of CPM 9V and H13 as a function of temperature. From Fig. 3b it can be noted 

that there is a reasonably good correlation between the hardness values and the yield strengths 

for carbon and alloy steels (𝜎).  Accordingly, the mechanical behaviour of CPM 9V has been 

assumed to be similar to H13 at lower temperatures. The microstructural properties of the 

deposition material and substrate used in the model are listed in Tables 4 and 5.  

 

     

(a) 

  

  

(b) 

Fig. 3 (a) Plastic strain vs stress variation for H13 tool steel at different temperatures; (b) 

Variation of hardness of CPM 9V and H13 with temperature [36].  
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Table 3 Constants for J–C constitutive model 

A B a b Tm T0 

1744 859 1.35 0.21 1800 300 

 

Table 4 Microstructural properties of H13 [24] 
Volume change: austenite to martensite, 𝛥𝑉/𝑉 1.026 % 
AC1 913K 
AC3 863K 
KTP 4 × 10-12 MPa-1 
Carbon percentage 0.4% 

 

Table 5 Microstructural properties of CPM 9V [24] 
Volume change: austenite to martensite, 𝛥𝑉/𝑉 4.4 % 
AC1 1139 K 
AC3 1183 K 
KTP 4 × 10-12 MPa-1 
Carbon percentage 1.9% 

 

2.6 Computational methodology 

2.6.1 Identification of phases 

The moving surface heat flux is applied using the DFLUX subroutine in ABAQUS®. The 

DFLUX subroutine updates the local coordinate definition of the center of the heat source to 

simulate the scan speed during the deposition. Thereafter, the values of elemental temperatures 

are retrieved using the variable TEMP through the user defined subroutine UEXPAN. Based 

on the temperature values, the vaporized, molten and transformed zones are identified. A user 

defined field variable has been defined in USDFLD subroutine and a unique integer value has 

been assigned to each of the identified regions. The region in which martensite transformation 

occurs is identified by the zone where nodes have crossed the transformation temperature and 

cooled down to martensite formation temperature during solidification as shown in Fig. 4.  

As the residual stresses are not induced in the melt pool, it is important to ensure that the 

elements do not contribute to the stress field while their temperature is higher than the melting 

temperature. The coefficient of thermal expansion of the elements that exceed melting 

temperature is set close to zero to render them mechanically inactive up while they remain in 
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the molten state. However, for the elements that reach vaporization temperature, the coefficient 

of thermal expansion is permanently set close to zero so that such elements do not contribute 

to the stress field further.  

 The methodology adopted for identifying the various phases in the computational 

domain is shown in Fig. 4. If the maximum temperature of a point in the computational domain 

exceeds AC3, its initial structure starts to transform to an FCC structure of austenite and later 

to the BCT structure of martensite. When the temperature at a given location drops below the 

martensite start temperature (Ms), the time dependent differential martensite fraction is 

calculated via the model given by Koistinen and Marburger (see Eq. (5)). The accumulated 

martensite fraction is estimated at all the points where the transformation has occurred. Using 

this martensite fraction, the transformation strains are calculated and added to the thermal 

strains. To calculate the strain induced plasticity due to transformation, the deviatoric stress 

tensor is explicitly imported from the user subroutine UMAT. The flow chart of the 

methodology to identify the phase, estimate the martensite fraction and strains due 

transformation is presented in Fig. 4.  

    
Fig. 4 Flow chart demonstrating the methodology for identifying phases and calculating the 

strain increments. 
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2.6.2 Calculation of residual stress 

The methodology for predicting the residual stress using user-defined subroutine UMAT 

in ABAQUS® is illustrated in Fig. 5. The strains due to differential thermal expansions of the 

deposition and the substrate, transformation induced plasticity and volume dilation are 

calculated during each increment using Eq. (8) through Eq. (10) in UEXPAN. These estimated 

strain values are added and exported to the UMAT subroutine at each iteration. The mechanical 

constitutive behavior of the material is defined using UMAT. The plastic stress-strain behavior 

approximated by Johnson-Cook plasticity model is implemented using AHARD subroutine 

within UMAT. Initially the elastic predictor and the equivalent von Mises stress values are 

calculated assuming elastic strains. The equivalent von Misses stress is then compared with the 

yield stress calculated using AHARD to determine if the material is actively yielding. The flow 

stress is calculated and the elasto-plastic constitutive matrix or Jacobian matrix 𝐶  is 

formulated in UMAT.  

  
Fig. 5 Flow chart demonstrating the methodology for residual stress prediction.  
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The plastic strain increments are calculated and stresses at each integration point are 

updated.  Using these updated stresses, the deviatoric stress components are calculated. The 

deviatoric stress components are exported to UEXPAN to calculate the stress dependent 

transformation strains (TRIP) using Eq. (10).  

 

2.7 Numerical formulation 

In this analysis, a half-symmetric model with substrate dimensions 6 mm × 6 mm × 10 mm 

has been developed. The finite element computational domain utilized in the metallo-

thermomechanical analysis is presented in the Fig. 6. A three-dimensional, 8-node thermally 

coupled brick, trilinear displacement and temperature element (C3D8T) has been employed. 

As the variation of stress around the deposition-substrate interface region is critical. So, in the 

substrate minimum mesh size of 46 µm × 100 µm × 100 µm is used around the interface with 

progressively increasing mesh towards the bottom (see Fig. 6). However, a uniform mesh of 

54 µm × 100 µm × 100 µm has been used in the deposited layer. A mesh sensitivity analysis 

has been carried out to identify the optimal mesh size.  
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Fig. 6 Computational domain showing the loading and boundary conditions.  

2.8 Loading and boundary condition 

Fig. 6 shows the computational domain along with the loading and boundary conditions. 

The element birth technique has been used to simulate the effect of continuous addition of 

material on to the substrate during DLMD operation as shown in Fig. 6. The activation of the 

deposition elements is accompanied by an input heat flux (using subroutine DFLUX) followed 

by the melting and solidification of the deposition. The convective heat and radiative heat 

transfers (with emissivity 0.3) results in heat losses from the surfaces shown in Fig. 6. The 

bottom surface is constrained and symmetric boundary condition is applied on the plane of 

symmetry.   
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3. Model validation 

The volume averaged residual stresses in the DLMD components were measured using 

Neutron diffraction at the KOWARI residual stress diffractometer at the Australian Nuclear 

Science and Technology Organization (ANSTO) [11]. For measurements, Fe-211 reflection 

with neutron wavelength of 1.68Å was used. The gauge volume for the longitudinal 

measurement was fixed at 2 mm  2 mm  3 mm. The limitation of the gauge volume used 

for neutron diffraction measurement restricted the measurement of the macroscale residual 

stresses to the deposition zone. Consequently, the local micro-scale residual stress distribution 

was measured using the Bruker D8 Discover X-ray diffractometer with a 300 m spot size 

[32]. The details of the neutron and micro-focus x-ray diffraction measurements are provided 

in previous publications by authors’ research group [11,32]. Fig. 7 (a) presents a comparison 

between the residual stress estimated employing metallo-thermomechanical model, 

thermomechanical model and the experimental results for the deposition (CPM 9V) placed on 

H13 substrate with same process parameters.  Note that in this study, 𝜎  (the component of 

residual stress along the direction of deposition) is considered, which is the dominant stress 

component for welding and laser material deposition. 

It can be clearly seen in Figs. 7(a) and 7(b) that the peak tensile stress occurs at the melt 

line. This can be explained by the fact that after the solidification, the melt line experiences 

high rate of conduction driven heat transfer into the cooler substrate. This high cooling rate 

leads to contraction at the melt line in the longitudinal direction which is resisted by a relatively 

large substrate thereby inducing high tensile residual stresses. Note that, if only the 

thermomechanical behavior is modeled, it is expected that the peak tensile stress should lie at 

the melt line observed in Fig. 7(a). However, if the phase transformation effects are 

incorporated it is expected that the peak tensile residual stresses will shift due to additional 

strains induced by volume dilation and transformation induced plasticity. The peak tensile 

residual stress shifts deeper into the substrate as observed in Fig.7a. Hence, it can be inferred 

that predictions from both the thermomechanical and metallo-thermomechanical models 

capture the underlying physical phenomena. All the nodes of the substrate which have crossed 

the AC1 are indicated in the Fig.7 (b) with an “AC1 line” in which the phase transformation 

results in the decomposition of austenite into martensite. This decomposition is accompanied 

by expansion of the material. During the decomposition the expansion of the material points 

whose maximum temperature attained greater than AC1 is resisted by the region below, which 

doesn’t undergo the austenite-martensitic phase transformation. This results in induction of 
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compressive residual stress near the AC1 line presented in Fig. 7 (b) and stress relaxation in the 

transformed region.  It can be observed that this physical phenomenon is only captured when 

transformation strains are included in the estimation of residual stress of the direct laser metal 

deposition.   

The thermomechanical model estimates the compressive stress on the cladding surface with 

a prediction error of 48% and the peak tensile stress in the substrate with an error of 42.5%. 

More importantly, the locations of the transition from tensile to compressive nature and the 

compressive peak in the substrate are much closer to the melt line as compared to the 

experimentally measured locations. The residual stresses estimated by the thermomechanical 

model along the depth in the cross section of the deposition approach to zero after 3.2 mm 

whereas the experimental measurements show existence of residual stresses till ~10 mm. 

Incorporating martensite transformation strains greatly improve the model’s capability to 

predict the residual stresses. The residual stresses predicted by the metallo-thermomechanical 

model shows good qualitative and quantitative match with the experimental results. The 

residual stress at the cladding surface is predicted with an error of 6% whereas it captures the 

peak tensile residual stress within ~15.6%. It also captures the presence of a region of 

compressive stress after the transition from tensile to compressive at around at depth of 3mm 

(see Fig. 7(a)). This presence of a compressive hump, although observed experimentally, is not 

captured via the thermomechanical model. Consequently, it can be inferred that the occurrence 

of compressive stress in the substrate region can be attributed to the development of metastable 

microstructures, such as martensite rather than thermomechanical stress due to the differential 

expansion and contraction.  
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(a) 

   

(b) 

Fig. 7 (a) Comparison of longitudinal residual stress predicted by finite element models with 
measured using neutron and X-ray diffraction (b) Longitudinal residual stresses predicted 

using the metallo-thermomechanical model.  
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4.	Effect	of	martensite	transformation	strains	on	the	longitudinal	
residual	stress	distribution	

A small strain formulation has been used and the total differential strain tensor comprises 

elastic, plastic, thermal, dilatational, and TRIP strain tensors, 

𝑑𝜀 𝑑𝜀 𝑑𝜀 𝑑𝜀 𝑟 ∗ 𝑑𝜀 𝑡 ∗ 𝑑𝜀  (14) 

 

The coefficients r and t for TRIP and dilatational strains, respectively, are considered to take 

the values of either 0 or 1. These coefficients can be used to selectively include the phase 

transformation strains to identify the effect of the martensite transformation strains on the 

longitudinal residual stress distribution. Utilizing the coefficients, the effect of TRIP and 

volume dilatational strains on the residual stress distribution across the cladding is presented 

in Figs. 8 through 10. It is evident from Fig. 7 that the thermomechanical model can capture 

the evolution of residual stresses in the cladding and substrate. The presence of a peak tensile 

residual stress at the melt line and the cladding surface in a state of highest compressive residual 

stress can be attributed to thermomechanical phenomenon. In addition, the residual stresses are 

negligible beyond a depth of 300 m from the surface the for a thermomechanical model.    

The transformation strains depend on the progress of transformation and differential 

thermal expansion and subsequent contraction. The individual contribution of the 

transformation strains can be determined quantitatively by selective inclusion of the volume 

dilation and TRIP strains in the model. To study the individual effect of TRIP on the residual 

stresses in DLMD process the coefficient r is set to 1 and t is set to 0. The effect of dilatational 

strain is ignored as the coefficient of the volume dilatation term in the total strain, t is 0. It 

should also be noted that the TRIP strains are calculated in an explicit manner. It can be 

observed in Fig. 8 that the effect of TRIP on the deposited layer (clad) and substrate of the 

DLMD is twofold, both affecting the stress evolution and the residual stress state. The stress 

evolution during laser material deposition at a given point can be decomposed into periods of 

loading, unloading, and reverse loading. TRIP acts as an additional strain and leads to stress 

relaxation. The peak compressive residual stresses in the cladding and the peak tensile residual 

stress in the substrate undergo stress relaxation of ~ 50%. The compressive stresses in the 

substrate predicted by the thermomechanical model vanishes with the inclusion of TRIP strains.  

 



22 
 

 

Fig. 8 Comparison of longitudinal residual stress estimated with and without TRIP.  

To evaluate the effect of volume dilatation alone on the residual stress of the DLMD 

process, the coefficient r is set to 0 and t to 1. Similar to TRIP, the volume dilation results in 

relaxation, albeit, to a lesser extent. It has been explained previously that the peak tensile 

stresses originate at the melt line as the contraction is resisted by the substrate. However, the 

volume dilation results in expansion which relaxes the peak tensile stresses by 18% (see Fig. 

9).  The maximum compressive stresses at the surface also undergoes relaxation of 23% as 

shown in Fig 9.   At larger depths, both the thermomechanical and TRIP based metallo-

thermomechanical models show inappreciable residual stresses. It may be noted that the 

volume dilation is not a direct function of the stresses generated due to thermal strain (unlike 

TRIP) but a function of the fraction of the martensite formed.  It is expected that dilatation will 

induce significant residual stresses in the substrate till the martensite formation limit (~AC1). 

However, the residual stresses with volume dilution exists much beyond AC1 limit 

(approximately 3 mm) due to the stress redistribution post cooling as shown in Fig. 9. Residual 

stress value at 4 mm depth from the surface is negligible with purely thermomechanical strains 

and with the inclusion of TRIP strains.  However, with the inclusion of volume dilatation term 

residual stress as high as  ~100 MPa are observed in the substrate even beyond 4 mm. 
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Fig. 9 Comparison of longitudinal residual stress estimated with and without 

volume dilation.  

 

The strain contributions for TRIP and volume dilation are important while calculating residual 

stresses in the depositions processes via DLMD. As observed, TRIP quantitatively helps by 

relaxing the stress in both the surface of the deposition and tensile peak near the melt line. In 

comparison, the volume dilation not only plays a part relieving the stresses but also in the 

prediction of the compressive residual stress developed in the substrate. The combined effect 

is shown the Fig 10 which is in a very good agreement with the experimental data as described 

previously in the model validation section. 
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Fig. 10 Comparison of longitudinal residual stress estimated with and without martensitic 
transformation. 

5. Identification of a critical linear mass density in DLMD via metallo-
thermomechanical model 

5.1 Definition of critical linear mass density 
Tensile residual stresses can reduce the fatigue life of the cyclically loaded mechanical 

components by assisting the crack propagation. On the other hand, compressive residual 

stresses may delay or even prevent the propagation of the crack on the surface of the 

components resulting in enhancing the fatigue strength. Therefore, it is vital to identify the 

process parameters which would ensure that the entire deposited layer is under compressive 

stress. Furthermore, laser power utilized to produce a specific deposition should be an optimal 

power required to melt the entire deposition and sufficient amount of substrate to form a sound 

metallurgical bond between deposited material and substrate. The metallo-thermomechanical 

simulation sheds information on the evolution and nature (tensile or compressive) of the 

residual stresses in both the deposition and the substrate regions. Fig. 11 indicates the nature 

of longitudinal residual stress at various locations along the depth of the deposition. The peak 

tensile residual stress occurs in the substrate near the melt line from the surface (see Fig. 11). 

An increase in the cross-sectional area of the deposition in DLMD would have a monotonic 

increase in the melt depth in the substrate (see Fig. 11). It may be noted that the cross-sectional 

area will depend on linear mass density 𝑚 𝑣 . An increase in the linear mass density can lead 
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to a reduction in the residual stress at the deposition-substrate interface as the melt-front 

(location of peak tensile residual stresses) will be pushed deeper in the substrate. The extent of 

this reduction can alter the nature of the residual stress at the interface from tensile to 

compressive.  The linear mass density corresponding to this condition when the residual stress 

at the deposition-substrate interface transitions from tensile to compressive is termed as critical 

linear mass density. 

 

Fig. 11 Nature (tensile/compressive) of the longitudinal residual stress in the deposition. 

 

5.2 Methodology to predict the critical linear mass density 
 

A gradual increase in the input laser power for a given powder feed rate may result into 

insufficient, sufficient and excessive melting of the substrate as shown in Fig. 12. In Fig. 12 

point ‘A’ represents the edge of the deposition at the interface and point ‘B’ represents the end 

of melt zone of the substrate at the interface. Insufficient melting (see Fig. 12 (a)) is the 

condition where some portion of the powder at deposition-substrate interface remains un-

melted resulting in lack of proper fusion. Sufficient melting refers to the melting of entire 

deposition and is the minimum amount of substrate melting required for sound bonding of the 

deposition and the substrate (see Fig. 12 (b)). In Fig. 12 (b) point ‘A’ is coincident with point 
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‘B’ at the edge of the interface. This is an ideal case for a given deposition. Any power greater 

than sufficient melting will lead to larger melt-pool and will require more energy as shown in 

Fig. 12 (c). The power required to maintain sufficient melting is referred to minimum power 

𝑃 .  

For a given powder feed rate and scan speed, the minimum power 𝑃  can be 

estimated by finding the melt zone employing the metallo-thermomechanical model iteratively 

as shown in Fig. 13 (a). In this methodology, the trial laser power is checked for the melting of 

entire deposition and sufficient melting of the substrate. The laser power is increased or 

decreased in steps of 50 W to determine 𝑃 . To identify the critical linear mass density of 

deposition, a trial powder feed rate and scan speed are selected within the  allowable process 

window. This sets the linear mass density (𝑚 𝑣  of the trial deposition. The minimum power, 

𝑃  and the corresponding the residual stress at the deposition-substrate interface are 

calculated for the selected linear mass density as shown in Fig. 13(b). If the residual stress at 

the interface is found to be tensile then the linear mass density is increased. An increase in the 

linear mass density can be accomplished either by increasing the powder feed rate or decreasing 

the scan speed.  In this work, the scan speed is decreased iteratively to alter the linear mass 

density while keeping the feed rate constant till the residual stress at deposition-substrate 

interface turns compressive ensuring that minimum power condition is met. This deposition 

geometry is identified as the critical linear mass density.  

   

Fig. 12 Variation of input laser power resulting in (a) insufficient melting (b) sufficient 

melting (c) excessive melting 
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Fig. 13 Methodology to (a) Estimate the minimum power and (b) Predict critical linear mass 

density.   

5.3 Case study for identification of critical linear mass density 

The iterative process described in the previous section starts with an initial linear mass 

density of  20.8 g/m (with feed rate of 5 g/min). The minimum power required to melt the entire 

volume of the deposited material 𝑃  for the initial feed rate to scan speed ratio has been 

estimated as 𝑃 1550𝑊 for 𝑚 𝑣 20.8 𝑔/𝑚 .The metallo-thermomechanical analysis 

has been utilized to estimate the residual stress at the deposition-substrate interface. The 

longitudinal residual stress at the interface for a linear mass density of 20.8 g/m was found to 

be tensile. Therefore, the linear mass density is gradually increased from 20 to 44 g/m by 

decreasing the scan speed. Fig. 14 shows the through-thickness longitudinal residual stress 

𝜎  plots at different linear mass densities between 20.8 and 33.2 g/m and their respective 

𝑃 . It is observed that an increase in the linear mass density results in an increase in the 

maximum compressive residual stresses (occurring at the clad surface) which will affect the 

residual stress at the deposit-substrate interface.  

The residual stress values at the deposit-substrate interface as a function of linear mass 

density are shown in Fig. 15.  
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Fig. 15 shows that the deposition-substrate interface is under tensile residual stresses for 

linear mass densities between 20 and 31 g/m. However, if the linear mass density is increased 

to 31 g/m, the residual stresses at the interface just turns compressive. If the linear mass density 

is increased further to 33 g/m, the residual stresses at the interface remain compressive, albeit 

at a higher magnitude. It may be noted that minimum power is significantly high (1900 W) and 

this results in larger melting of the substrate which consumes more energy and is detrimental 

to clad quality due to large dilution.  Consequently, 31 g/m (Fig. 15) has been identified as the 

critical linear mass density, i.e., any lower or higher linear mass density will result in 

unfavorable deposition conditions. At linear mass densities lower than the critical linear mass 

density, tensile residual stresses will occur in the deposition whereas any higher linear mass 

density will result in excessive dilution. 

   

 

Fig. 14 Influence of linear mass density on the longitudinal residual stress distribution  
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Fig. 15 Influence of the linear mass density on longitudinal residual stress at interface and 

minimum power and estimation of critical linear mass density.  

6. Conclusions 

In this work, the residual stress evolution in DLMD process has been predicted by 

employing a metallo-thermomechanical model. The finite element model was validated by 

comparing the predicted residual stress with that measured using X-ray and neutron diffraction 

techniques. The study demonstrates the importance of the incorporation of the martensitic 

phase transformation induced strains in the evaluation of residual stress in DLMD. This 

computational model was also employed to identify a critical linear mass density of deposition.  

Following are the conclusions that can be drawn from this work: 

 The metallo-thermomechanical model predicts the residual stress distribution in DLMD 

process with reasonable accuracy. The prediction error for peak tensile residual stress 
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is 15.6% in metallo-thermomechanical model as opposed to 48% error in case of a 

purely thermomechanical model.  

 Inclusion of the TRIP along with thermomechanical strains in the numerical model 

resulted in stress relaxation and stress reversals. It improved the estimation of the 

residual stresses both in the deposited layer surface and the tensile peak near the melt 

line.  

 Inclusion of the volume dilation component in the simulation of the DLMD process 

induced stress relaxation in relation to the stresses produced due to thermomechanical 

strains. This also improved the prediction of the location of the compressive residual 

stress peak in the substrate from the deposition surface.  

 A critical linear mass density (𝑚 𝑣  has been identified which yields deposition under 

fully compressive residual stress at minimum power. At linear mass densities lower 

than critical, tensile residual stresses are induced in the deposition and higher than 

critical linear mass densities result in excessive dilution. 
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