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ABSTRACT

Multiscale modeling for prediction of residual stress in additively manufactured functionally

graded material

Zhengtong Shan

School of Mechanical Engineering
Graduate School

University of Ulsan

(Supervised by Professor Doo-Man Chun and Professor Dong-Kyu Kim)

In the present study, a multiscale modeling based on the inherent strain method was proposed
for fast prediction of residual stress distribution in functionally graded material (FGM). The
inherent strains of individual composition were defined by thermo-mechanical analysis with actual
process parameters in a meso-scale model. Then the corresponding inherent strains in each
composition was mapped continuously to a macro-scale model in the static mechanical analysis to
obtain the residual stress distribution. Four types of specimens with different gradient paths and
scanning strategies were prepared by directed energy deposition. The contour method, neutron
diffraction and deep hole drilling were performed to measure the residual stress. The inherent

strains of the composition composed of 50% 316L and 50% P21 powders were found that has



smallest magnitude among the calculated compositions instead of exhibiting a gradual variation
with the change of chemical composition. It was proved to be responsible for the fluctuation in the
e sine-wave-like stress profiles in FGM structure. The effect of different lumping layer method for
mapping the inherent strain to each composition layer on residual stress was also investigated and
the results with selected layer lumping final showed an excellent agreement with the experimental
results. For the computational efficiency, the total calculation time for each FGM structure with

different gradient path is significantly reduced.
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CHAPTER 1

INTRODUCTION

1.1. Additively-manufactured functionally graded material

Functionally graded material (FGM) is defined as a class of material with the gradual variation of
properties and functions by changing the compositions or microstructure, which could be
manufactured for specific applications and situations [1,2]. It could replace traditional dissimilar
structures which may cause stress corrosion cracking and harmful residual stress due to the sharp

changes in chemical composition and material properties [2].

In the fabrication of FGM, compared with conventional manufacturing methods including vapor
deposition technique [3], powder metallurgy [4], spark plasma sintering [5], and centrifugal casting
[6], additive manufacturing (AM) has drawn much attention due to its unique advantages in
fabricating geometrically complex components or customized part [7—12]. With the enormous
potential for rapid production of geometrical complex, lightweight and customized metallic parts,
3D printing is making a giant breakthrough in the fields of aviation, bio-medical and renewable

energy.

1.2. Prediction of residual stress

However, the large thermal gradient and rapid solidification during AM process can lead to a high
residual stress and excessive thermal distortion, consequently resulting in the poor mechanical
behavior of product or even part failure [ 13]. Various experiments have been performed to evaluate

residual stress and investigate the effect of different processing strategies such as neutron



diffraction [14-16], x-ray diffraction [17] and contour/hole drilling method [18], [19]. The limits
of these experiments are generally expensive and time-consuming. Therefore, it is necessary to
develop numerical modeling for prediction of residual stress and processing parameters
optimization. In AM simulations, thermo-mechanical analysis based on finite element method
originally used for metal welding process has already been widely developed and implemented in
residual stress and distortion predictions [20,21]. Despite the detailed analysis on a high-fidelity
model with real process parameters could achieve accurate prediction, it is limited to apply for
small scale model since the multi-physics problem involving transient heat transfer and non-linear
mechanical deformation brings large computation cost. Especially in AM, the real process usually
contains thousands of layers. In order to make AM simulation more efficient, several simplified
methods and assumptions have been developed. For instance, some researches focused on reducing
the element size by adaptive mesh refinement [22,23], others paid attention to simplify scanning

strategy through applying equivalent heat source [24,25].

Besides, inherent strain method (ISM) which was proposed for fast estimation of residual stress in
welding has become one of the most common and efficient approach [26—28]. The inherent strain
is obtained from thermo-mechanical analysis of small size specimen firstly and then applied to the
real size part through a simple linear elastic calculation. Liang et al. [29-33], developed a modified
inherent strain method based on multiscale modeling for residual stress and distortion predictions
which the change of mechanical boundaries due to deposition is taken into account. Setien et al.
[34] presented an empirical methodology to determine the inherent strain based on classical
laminate theory. Wang et al. [35] proposed a modified inherent strain method considering the

variance of the mechanical properties in applying the inherent strain.



1.3. Research objectives

To date, most of studies have been investigated modeling methods for residual stress prediction in
the single alloy components, while few researches have focused on predicting the residual stress
of FGM structures in AM. In comparison with single alloy material, the characteristic of FGM is
the different thermo-physical properties of various compositions which may bring the interactions
among the intermediate parts. It can affect the temperature history and evolution of residual stress
of the entire structure. Thermo-mechanical modeling has been utilized for FGM structure to obtain
accurate temperature field and residual stress distribution of some structures [36—38]. Nevertheless,
for defining the optimal gradient path of composition in the FGM conceptual design, it is not
efficient to implement repeatedly many thermo-mechanical analyses to understand the effects of

each composition and processing parameters on the residual stress.

In the present research, we proposed a multiscale modeling based on inherent strain method for
the prediction of residual stress and distortion of FGM more efficient. The thermo-mechanical
analyses were only conducted on a meso-scale model to determine the inherent strains of different
compositions which could be regarded as constant with the same processing parameters. Hence,
for the structures with different gradient paths, the corresponding inherent strains could be mapped
directly instead of continuously repeating the thermal-mechanical analysis. For further reduction
of the computational cost, different lumping layer methods were applied in the macro-scale model
and the accuracy and efficiency were evaluated. By comparing the variation of inherent strains
with the change of chemical composition, the effect of individual composition layer on the residual
stress of each FGM structure was also investigated. To validate the proposed model, the contour
method, neutron diffraction and deep hole drilling were performed to measure the residual stress

distributions in the four types of FGM specimens with variation of 316L and P21 powders prepared
3



by directed energy deposition (DED). During the experiment, the thermo-physical material
properties such as yield strength (YS) and coefficient of thermal expansion (CTE) were obtained.
Then, the results were used to verify the calculated YS and CTE by thermodynamic calculations

based on the chemical compositions.



CHAPTER 2

EXPERIMENTAL PROCEDURE

2.1. Directed energy deposition

Austenitic stainless steel powder (316L) and ferritic carbon steel powder (P21) with the particle
size of 45-150 um were prepared. Then, the specimens were manufactured by DED process using
an INSSTEK MX-400 equipment under an inert argon gas atmosphere with a pressure of 10 mbar
and an oxygen level of 0.2%. The DED process was performed with a laser power of 200-1000 W,
a scanning speed of 14.1 mm/s, a layer thickness of 250 um, and a hatch width (laser beam spot
size) of 400 um. As depicted in Fig. 2.1, there are four cases of rectangular specimens which were
fabricated on a ferritic steel substrate (S45C). Figs. 1(a-c) show different gradient paths of
composition with a zig-zag scanning strategy starting from the same location among different
layers. Fig. 2.1(a) shows the schematic of case I which consists of two interlayers with equal
composition of 100 wt% austenitic and ferritic steel. As shown in Figs. 2.1(b, c), one interlayer of
50% austenitic and 50% ferritic steel and three interlayers with a linear increment of 25 wt% of
P21 from bottom were added in case I and case II, respectively. The case IV (Fig. 2.1 (d)) is the

same structure as case III with orthogonal scanning strategy.



(a) Case I (b) Case II

Y (BD)

I<z (LD)

X (TD)

(unit: mm)

(c) Case I1I (d) Case IV

Fig. 2. 1 Schematic of functionally graded material (FGM) structures fabricated by direct energy
deposition (DED): (a) Case I, no interlayer with bidirectional scan, (b) Case II, one interlayer
with bidirectional scan, (c) Case III, three interlayers with bidirectional scan, (d) Case 1V, three

interlayers with orthogonal scan.

2.2. Macrostructure measurement and mechanical testing

The specimens for microstructural characterization were prepared via cutting with electrical
discharge machining (EDM) in the cross-section perpendicular to the LD. Macrostructure
observation were performed by optical microscopy (OM) after electrolytic etching using an etchant
of 10% perchloric acid and 90% acetic acid. Uniaxial tensile testing was conducted at room
temperature under an initial strain rate of 10—3 s—1 using a dynamic universal materials testing
machine (MTS landmark 100). In addition, thermal expansion coefficient was also obtained

through thermal dilation experiments.



2.3. Residual stress measurements

Three orthogonal stress components in each FGM structure were provided by neutron diffraction.
Spatially-resolved neutron strain mapping was conducted by using the KOWARI engineering
strain diffractometer at ANSTO. And diffraction peak positions were determined by a least squares
Gaussian fitting method using instrumental data analysis programs. Contour method was
implemented for obtaining the two-dimensional stress map. The specimens were cut in half at the
mid-length position by using EDM with a 100 um diameter brass wire. After cutting, the normal
direction (x) displacements on the cut surfaces were measured using a scanning confocal laser
probe. The measured displacements were applied inversely to an assumed flat surface contour
using an elastic finite element (FE) model to calculate the residual stress. For the high magnitude
and tri-axial residual stresses in FGM specimens, the incremental deep hole drilling method was
applied for longitudinal and transverse stress measurements through the thickness of the specimens.
The characteristic of this method is that the core is extracted in incremental machining steps and

the diameter of the reference hole is measured between each increment.



CHAPTER 3

SIMULATION OF DIRECT ENERGY DEPOISTION PROCESS

3.1. Multiscale modeling

Firstly, as shown in Fig. 3.1, the inherent strains of each composition layer such as 50% 316L are
determined from the meso-scale model based on thermo-mechanical analysis considering the
actual material properties, processing parameters and scanning strategies. Then mapping the
inherent strains to the corresponding part (red area) of the macro-scale models with different

gradient paths is achieved by a layer-by-layer activation from bottom to up.

Laser beam /

Scanning strategy 100% 316L 100% 316L
o i Inherent - . 60 layers
Radiation strains S 75% 316L
Convection E
3 layers Melting |:> o Inactive
{ 50% 316L Solidification é ] %o 0
Heat condiction g = . Assigned the inherent strain
. Previously deposited

Meso-scale model Macro-scale model

Fig. 3. 1 Illustration of multiscale modeling in FGM processed by AM

3.2. Meso-scale modeling
3.2.1 Calculation of thermo-physical properties

In FGM, temperature-dependent material properties of each composition are essential to
perform accurately the thermo-mechanical analysis. Due to the large range of temperature and
various kinds of alloying element contents, however, it is difficult to obtain through experiments

directly or take from the available reference. Thus, a numerical model based on thermodynamic



calculations was implemented for defining the thermo-physical properties using JmatPro [36,41],
[41]. The equilibrium fraction of phases should be determined firstly and relevant properties for
each phase are computed based on the alloy constitution. The property of each phase is expressed

as follows

P=inE°+ZinijQ;.(xi—xj)v (1)

i j>1

where P is the property of the phase and P is the property of the phase in the pure element. X,

and x; are the mole fractions of ; and j in the phase, respectively. € is a binary interaction

parameter between elements ; and j dependent on v . The effects of temperature on the
properties are taken into account by temperature-dependent values, RO and Q. Then the final

property of alloy can be calculated by a generalized law of mixtures according to the phase
fractions and properties of individual phase [42]. As given in Table 3.1, the chemical compositions
of 316L and P21 alloy powders for different parts were used for the calculation of thermo-physical
properties of FGM structure. The calculated results were calibrated by the experimental

measurements.

Table 3. 1 The chemical composition of different powder alloys in the present study

C Si Mn P S Cr Ni Mo A\ Al Fe

316L: P21=1:0 003 0.75 2 0.05 0.03 17 12 25 - - 65.65
316L: P21 =3:1 0.073 0.638 1.575 0.045 0.03 12.85 10 1.875 0.05 0.288 72.585

316L: P21 =1:1 0.115 0.525 1.15 0.04 0.03 8.7 8 1.25 0.1 0.57579.515
316L: P21 =1:3 0.158 0.413 0.725 0.035 0.03 455 6 0.625 0.15 0.863 86.455
316L: P21=0:1 02 03 03 0.03 003 04 4 0 02 1.15 93.39

9



3.2.2 Thermo-mechanical analysis
In thermal analysis, the governing equation is the heat conduction equation, which can be

expressed as:

or o( or\ of(,or) o(. or
c L _9f PRy A i 2
Py Gx( Gx] ay[ ayj 82( 62] © @

where p, Cp, and k depending on the temperature are the material density, specific heat and

thermal conductivity, respectively. T is the temperature; # is the time; Q is the internal heat source.

X, y, and z are the global coordinates of the material point.

The internal heat source Q is approximated by the double ellipsoidal model [43]:

2 2
_ 6340, —3——3’“——3)’2 220 3)
abc 72'\/— ¢y a b
6\/—f2 z? x? y
3L 35 3L z<0 4
" abe ﬁf c’ a’ b’ @

r

where g is the heat energy density and O, is the effective power. f, and f, are fractions of the
heat deposited in the front and rear of the ellipsoid, which satisfy the dependence f,+f,=2. a,

b, ¢, , and ¢, are respectively the half-width, depth, the front and rear half-length of the heat

source.

Initial condition and boundary conditions can be expressed as:

10



T(x, y,z)t:0 =T, (5)

kg—:=q—qc—qr (x,y,z)esS (6)

where 1 is the initial temperature, S is the boundary surface, and » is normal vector of S. The

convection and radiation are considered in heat losses, which can be defined by:

q.=h(T-T,) (7)

e

quO'E(T4—T4) 3

where 4, o, and ¢ are the heat convection coefficient, Stefan-Boltzmann constant, and emissivity,

respectively. 1 is the environment temperature.

In mechanical analysis, the governing equation is the mechanical equilibrium equation given by

Eq. 9).
V-6+b=0 9)
where o is the stress tensor and b is the body force.

The elastoplastic material constitutive model with von Mises yield criterion can be described as:

JzC(s—sp—st) (10)
g =a-AT (11)
Gv:\/(61—62)2+(02 —203)%(03—01)2 02

11



where C represents the fourth-order stiffness tensor; ¢, €,, &€, and are respectively the total

strain, plastic strain and thermal strain. ¢ is the thermal expansion coefficient and VT is the
change in temperature. O,, represents the equivalent stress; 0,, 0,, and O, are principal stress in

different directions.

3.2.3 Modeling conditions of meso-scale model

For obtaining different inherent strains of each composition, a meso-scale model was proposed to
perform thermo-mechanical analysis using Abaqus. The meso-scale FE model is shown in Fig. 3.2.
Fig. 3.2 (a) shows a 3-layer deposition part in dimension of 8 x 1.6 x 0.75 mm?, which was built
on a building platform with a relatively large dimension. Considering the bidirectional scanning
strategy, only the length of deposition layer (longitudinal direction) should be set to ensure the
temperature field can reach the steady state in each single pass deposition. And building platform
with relatively large size was designed to avoid the high thermal accumulation in deposition layer.
It only increases a little bit computational burden because the majority of the platform area is far
away from the large temperature gradient region. In addition, the same material is applied for the

deposition part and building platform to prevent the influence of dissimilar material.

In transient heat transfer analysis, the modeling parameters was determined by the
experimental conditions as described in Section 2.1. The melting pool generated by double
ellipsoidal model was modified to match the shape of melt pool in cross-sectional micrographs
through adjusting the parameters in Eqs. (3, 4). The initial temperature was set as same as
environment temperature (25 °C). The heat losses including convection and radiation were applied
to the surface of the model, except for the bottom of the building platform. Besides, the element

birth and death were achieved through user-defined subroutines. After completing the thermal

12



analysis, the obtained temperature history was implemented as input for mechanical analysis. The
bottom of the building platform was fully fixed as depicted in Fig. 3.2(a). The removal of the
boundary conditions was simulated when the modeling was cooled down to the environment

temperature.

() ¢ (b)

IP:\\ 5| Pass 6

Pass 3| Pass 4

Pass 1|Pass 2

YBDYL S
Building platform
X (D)

Fig. 3. 2 (a) Meso-scale finite element model for thermo-mechanical analysis and (b) illustration

of measuring paths for extracting the inherent strain

3.2.4 Extracting inherent strain
The inherent strains are regarded as the unrecoverable inelastic strains after removing the

mechanical constraint, which should be similar if the parts are processed under the same

parameters and conditions. The equation of inherent strains & can be written as:

* to

e =" g =" +&' +& +&” (13)

13



where &” are the total strains, ¢ are the elastic strain, ¢” are the plastic strains, & are thermal

strains, ¢° are the creep strains and &”" are the strains caused by phase transformation. The
thermal strains can be assumed to be zero since the parts are cooled down to the room temperature
finally. The creep strains and strains caused by phase transformation could be also neglected if
they are relatively small compared with the plastic strain. Once the thermo-mechanical analysis
was finished, the distribution of plastic strain in meso-scale model could be obtained. As depicted
in Fig. 3.2 (b), six passes were chosen for extracting the plastic strain distribution in three normal
directions. In order to study the effect of remelting of previously deposited and thermal shrinkage
of next layer on inherent strain, the comparisons of plastic strain distribution of these passes were

discussed in Section 4.

3.2.5 Procedure of thermo-mechanical simulation

In this chapter, the procedure of thermos-mechanical simulation based on Abaqus software are
introduced. The thermal analysis was conducted firstly to obtain the detailed thermal field. The
thermal physical properties calculated by JmatPro and the heat source model should be determined
as input for thermal analysis firstly. As shown in Fig. 3.3, The heat source model was coded in the
subroutine of Abaqus and applied to the deposition layer as heat flux. The method of model change
was layer-by -layer manner to simulate the real DED process as depicted in Fig. 3.4. After the
temperature field was obtained, the thermal history was utilized as input in mechanical analysis

through defining the pre-temperature field of each layer shown in Fig. 3.5.

14
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Fig. 3. 3 Procedure of creating heat source model
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Fig. 3. 4 Procedure of setting model change
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Fig. 3.5 Procedure of defining the pre-temperature field
3.3. Macro-scale modeling
3.3.1 Mapping inherent strain to FGM

The inherent strains of different compositions extracted from meso-scale modeling were applied
to macro-scale modeling. As mentioned above, totally four cases of FGM structures were used for
verification. These structures were sliced into several numerical layers that were activated from
the bottom sequentially along the building direction using element birth and death methods. When

one numerical layer was activated, the related inherent strains were applied according to the

specific material through the Eq. (14).

g =a,-AT (14)

where « is the equivalent thermal expansion coefficient identical to the inherent strain and AT is
the unitary temperature change. i is determined for identifying the different composition. After

defining the equivalent thermal expansion coefficient in material properties, a unitary temperature
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change in each layer could cause the thermal deformation sequentially. Then, the static mechanical
analysis was performed to calculate the residual stress and distortion. The computational time of
single simulation only takes several minutes. As depicted in Fig. 3.6, the equivalent thermal
expansion coefficients were defined in material properties in Abaqus and the unitary temperature

change in each layer was applied through setting the pre-temperature field of the model.

& Edit Predefined Field X

Nome:  Predefined Field-1 (b)

Type  Temperature

Step:  Step-1 (Static, General)
Region: P211 [y
Distribution: Direct specification v
Section varistion:  Constant through region

Magnitude: 1

Amplitude: (Ramp) U R

Fig. 3. 6 (a) Procedure of setting the equivalent thermal expansion coefficients and (b) procedure

of applying the unitary temperature change in each layer

3.3.2 Modeling conditions of Macro-scale model
The FE model of case I was shown in Fig. 3.7. Note that the FE model for the other cases was used

as same in case I. In the real DED process, the substrates were put in the building platform directly
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without any constraints. Therefore, setting up redundant boundary conditions could affect the
revolution of the residual stress. In the other hand, it is impossible to remove all the constraints of
the model due to the stiffness matrix singularity. Considering this situation, the fully fixed
boundary conditions were applied to a small area at the center of the bottom of the model as
depicted in Fig. 3.7(a). The model of case I was also used to investigate the influence of layer
lumping method. It could affect the evolution of the residual stress and the accuracy of prediction
results. The large numerical layer thickness (NLT) may reduce the accuracy of the simulation
result because of neglecting the interactions between the different composition layers whereas the
small NLT can obtain the great result accuracy but bring the large computational cost at the same
time. Figs. 3.7(b, e) proposed different NLT for layer lumping method in case I to define the proper
value. There were 2 composition layers in case I. Each composition layer was replaced by 1,2,3
and 6 numerical layers. They were denoted by 1IN, 2N, 3N and 6N respectively. The initial
hexahedral element size of 1.25x 1.25 x 1.25 mm3 were used, while it was adjusted for the 3N
and 6N to make sure each numerical layer has three mesh elements along the thickness direction

denoted by 3N3E and 6N3E.
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Fig. 3. 7 Macro-scale finite element model: (a) boundary conditions and schematic of layer
lumping method with (b) single numerical layer (1N), (c) 2 numerical layers (2N), (d) 3

numerical layers (3N) and (e) 6 numerical layers (6N).
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Material properties of each composition

The calculated thermo-physical and mechanical properties of P21 are listed in Table 4.1 and the
material properties of other compositions are provided in the supplementary document. According
to the calculation results of 316L as shown in Table S1 in the supplementary document, there is
large mismatch of material properties such as yield stress and coefficient of thermal expansion
(CTE) between the P21 and 316L which could cause harmful tensile stress along the interface of
dissimilar joint. With the reduction in the austenitic steel composition, most of material properties
show a gradual variation to reduce the large difference of material properties among two dissimilar
materials. The variation of CTE in each composition between the experiment and calculation is
shown in Fig. 4.1. It indicates the distribution of calculated CTE shows a good agreement with
measured data. The difference of CTE between P21 and 316L in the FGM structure is
approximately 33%. But with the increase in 316L composition to 50%, the difference of CTE is
only 10% compared with P21. Moreover, for the yield stress, the value of 50% 316L shown in the
Table S3 is almost identical to that of the P21 layer. The reason for this situation seemed to be the
relatively fine grain size and high content of substitutional atoms in the tempered o’ martensite
compared with that of P21 [39]. These special material properties of 50% 316L may lead to the

unexpected fluctuation in residual stress distribution of the entire structure.
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Fig. 4. 1 The coefficient of thermal expansion (CTE) of each composition in case III compared

between the experimental and calculated results.

Table 4. 1 Temperature-dependent thermophysical properties of P21

TEMPERATURE T (K) 300 500 700 1000 1300 1600 1800 2200
DENSITY, P (KG/M3) 7753 7701 7635 7526 7313 7207 6838 6494
SPECIFIC HEAT, C (J/(KG'K)) 460 542 653 850 631 682 812 828

CONDUCTIVITY, K (W/(M-K)) 214 26.6 30.3 29.8 28.7 323 33.2 40.3

YOUNG‘S MODULLUS, E (GPA) 206 197 180 142 107 77 0.22 -

POISON RATIO, N 0.29 0.30 0.31 0.32 0.35 0.37 0.49 -

THERMAL EXPANSION, A (x10°%K) 12.4 13.1 13.9 15.5 17.9 19.6 30.3 -

YIELD STRESS, Xy (MPA) 1148 851 101 88 84 1 1 -

3000

5763

829

54.5
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4.2. Validation of thermal model

Figs. 4.2(a, c) represent the cross-sectional micrographs of 316L and P21, respectively. The
macrostructure of other composition could be found in the previous research [40]. The interfaces
between the dissimilar materials are apparent observed. The melting pool sizes and morphologies
can be obtained as shown in Figs. 4.2(a, ¢). Comparatively short in width and deep in depth of
melting pool are observed in 316L layer. The simulated shapes of the melting pool (grey area) for
316L and P21 are shown in Figs. 4.2(b, d), respectively. It reveals that the simulated results well
reproduce the experimental melting pool sizes and morphologies of both 316L and P21. Besides,
the temperature gradient of thermal model is also provided in the Fig. 4.2. The maximum

temperature during the DED process of P21 is higher than that of 316L.
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Fig. 4. 2Melting pool sizes and morphologies of FGM structure by (a, ¢) macrostructure

measurement and (b, d) simulation results for 316L and P21, respectively.

4.3. Inherent strains of each composition

The distributions of plastic strains for three compositions are shown in Fig. 4.3. The plastic strain
of other compositions is not included because their distributions have similar trend compared with
the distributions in Fig. 4.3. Firstly, the plastic strain distribution of single pass is generally
constant in the middle region. It is confirmed that the length of deposition layer in meso-scale
modeling is enough to make the thermal field and plastic strain reach the steady state. Secondly,
in longitudinal direction (LD), the steady-state plastic strains of different passes are almost similar
in each composition. In contrast, the distributions of different layers in transverse direction (TD)
or building direction (BD) have a relatively large discrepancy, especially the plastic strains of pass
1 and 2 (bottom layer). The possible reason is that flat substrate provides a strong mechanical
constraint to the bottom of the small printed part in TD and BD, instead the position of the melting
area is always changed along the LD during the DED process. Furthermore, there is no pre-heating
for the substrate which brings larger temperature gradient to the deposition of bottom layer.
Compared to the bottom layer, the middle and top layers were built based on the bottom layer,
which experience relatively weak constraint and small temperature gradient. Finally, the
distributions of each composition also exist some difference. The plastic strains in TD or BD of
P21 are similar for the middle and top layers. However, in 316L the relative values of different
layers show a linear change with the increase of deposition layers, which seems to be the effect of
layer-by-layer feature in AM process. According to the cross-sectional macrostructure of
composition as mentioned before, the depth of melt pool of 316L is over 400 um and the depth of

P21 is only around 300 pm. It means the layer can be only slightly re-melted during the deposition
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of subsequent layers in P21. While the layer could be mostly re-melted when the next layer is

deposited for 316L.
(a) (b) (©
= 8
E o 0.03 g
£ A
= < 0.02 b7
100% 316L | £ .00 B =
= 3 =
+ P = E .
3 =001
%P2 £, 3 :
-} = =
£ S 0.00 )
= 008 # §
0 2 4 6 s 2 4 6 8 - 2 4 6 s
Distance along LD (mm) Distance along LD (mm) Distance along LD (mm)
=
= 8
g
8 e
£ -_g
50% 316L | £ e
Y g .00 E
50% P21 2 o0 '
§re H
<
= -0.04 ] §°‘ 04 .
0 2 4 6 s 2 4 6 ] 2 0 2 4 6 s
Distance along LD (mm) Distance along LD (mm) Distance along LD (mm)
=]
-} 4 X
E 0.04 g
c; I
< 2
< oo Z
0% 316L = .
100% P21 E =
2 0.0 =
: 5
ang 2 N 6 s 2 4 6 s e 2 4 6 s
Distance along LD (mm) Distance along LD (mm) Distance along LD (mm)

Pass 1
——Pass 2
Pass 3
~———Pass 4
——Pass §
Pass 6

Fig. 4. 3 The plastic strain distributions in (a) TD, (b) BD and (c) LD along different passes of

three compositions

For defining the inherent strains, the mean values were computed among the steady-state

plastic strains of the middle layer and top layer. The values of plastic strain in the bottom layer

were not included due to the large discrepancy in transverse and normal plastic strains. In other

words, only the core area of the deposited part was considered to be utilized for extracting the

inherent strains. The average inherent strains of each composition were depicted in the Fig. 4.4.

There is a gradual increase in the magnitude of inherent strains with the adding of austenitic

composition in general. It is reasonable because most of material properties also show the gradual
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variation. Interestingly, a little decrease was found in the 50% 316L composition. The unique
material properties as mentioned above and related process parameters can be responsible for this

result.
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Fig. 4. 4 The inherent strains of each composition along the TD, BD and LD

4.4. Lumping layer method in case I

The two-dimensional maps of longitudinal residual stress obtained by different lumping layer
strategies were compared with the results measured by contour method in Fig. 4.5. In the IN
strategy, the sharp transition in residual stress is easily observed around the interfaces of 316L and
P21. And with the increase of numerical layer thickness, the high compressive residual stress
around the interface continue to reduce. It seems that the large NLT for each composition can
make the residual stress around the interface be over-estimated. For individual composition, the
effect of layer-by layer feature on residual stress can be well considered with small NLT. However,

the compression in the middle part of the P21 composition shown in the results of contour method
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was not captured by 3N and 6N accurately. It is regarded as the problem of coarse mesh in small
NLT. The same mesh element size was applied to the model of 1N, 2N, 3N and 6N strategies.
There are three mesh elements along thickness for each numerical layer in 2N and only single
mesh element for each numerical layer in 6N. Thus, the mesh elements along the thickness were
increased to 3 in the 3N3E and 6N3E strategies. As shown in the Fig. 4.5, the 3N3E and 6N3E
have a better match with experimental result. Considering the computational cost, the residual
stress in three normal directions along the center line depicted in Fig. 4.5 were extracted from the
model with 3N3E strategy and compared with the results obtained by neutron diffraction for

further investigation.

(b) IN 2N

3N3E 6N3E

—Measuring path

Fig. 4. 5 (a) Two-dimensional mapping of the residual stress distributions in LD obtained by
contour method, and (b) predicted cross-sectional residual stress distribution in the FGM for case

I by different layer lumping strategies.

As depicted in Fig. 4.6, the simulation results obtained by 3N3E show a good agreement with the
neutron diffraction results. The stress profiles along LD shows “C” shape from the tensile stress

about 300 MPa to the compressive stress up to the -470 MPa at the middle of the P21 part and then
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returns to tension stress at the substrate. The stress profiles of TD also have the similar shape with
smaller magnitude compared to the that of LD. In addition, the experimental residual stress along
BD shows a little tensile stress near the top and bottom of the modeling. It may be mainly
contributed to the thermal excursion and accumulation along BD during DED process or volume
expansion caused by the martensite transformation in P21. The comparisons in Fig. 4.6 prove that
3N3E can well reproduce the experimental residual stress distribution in the case I, which were

also applied to other three cases.
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Fig. 4. 6 Residual stress distributions of the FGM for case I along the TD, BD and LD obtained

from the measuring path as indicated in Fig. 9.

4.5. Residual stress and thermal distortion

Fig. 4.7 shows the predicted residual stress distribution by multiscale modeling, together with the
experimental results obtained by the neutron diffraction, contour method and deep hole drilling.
In case I, the overall trends are confirmed to be similar between the simulation and experiments.
After adding the 50% 316L composition layer as intermediate layer n case II, the stress profiles

significantly fluctuate with a sine-wave-like distribution through the thickness of the specimen.
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The stress profile obtained by simulation has the similar shape with a little mismatch in P21
composition layer which shows the tensile stress. This is due to the consideration of a stress
balancing mechanism of stress redistribution, in addition to the influence of volume expansion
caused by the phase transformation. In the case III, although the range of stress has a little decrease
in the simulation, the fluctuation also occurs at the 50% 316L composition layer. For the case IV
was fabricated by the orthogonal scanning strategies, the transverse and longitudinal inherent
strains could be regarded as the same value and the average of inherent strains along these two
directions were mapped to the case IV. The stress profile is still similar with the case II and case
III but indicates a smaller magnitude of the range of residual stress. There is a doubt that some
certain composition is responsible for the fluctuation of the residual stress such as the 50% 316L
composition. It was found that has the smallest magnitude among five calculated compositions.
Therefore, a structure with new gradient path without 50% 316L composition was designed to
perform the residual stress simulation to validate. As depicted in the Fig. 4.8(a), only 25% and 75%
316L composition layer was added between the P21 and 316L layer. These inherent strains of
compositions were already verified by the experiments. In Fig. 4.8(b), compared with the residual
stress of case III, the distribution of new gradient path was returned to the “C” shape and the
fluctuation disappeared as expected. It reveals one advantage of the multiscale modeling on FGM
is the effect of each composition on residual stress can be better investigated and it is meaningful

in the design of the gradient path to reduce the residual stress.
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Fig. 4. 7 Through-thickness distributions of longitudinal stress obtained by neutron diffraction,
contour method, deep hole drilling and multiscale simulation: (a) case L, (b) case II, (c) case I,

and (d) case IV.
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Fig. 4. 8 (a) Schematic of the new gradient path without the 50% 316L composition, and (b)
Longitudinal residual stress distributions of two gradient paths (with and without 50% 316L

composition)
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The predictions of distortion for four cases are summarized in Fig. 4.9. The measuring path of
distortion in simulation is shown in Fig. 4.9(a). The comparison between the experiment
measurement and simulation are presented in Fig. 4.9(b-e). The thermal shrinkage of the center
area makes the two sides be shrinking. The overall distortion shows good agreement between the
experiment and simulation and maximum distortion is well captured. With the increase of the
composition and orthogonal scanning strategy, the maximum value of distortion was reduced.
Nevertheless, there is a little discrepancy in the middle area. It is considered that in the real
fabrication process, the specimens were fabricated based on the substrate directly without any
constraint. In simulation, however, the boundary conditions were applied to avoid the stiffness
matrix singularity. It may lead to the difference of the inherent strains calculated in meso-scale

model and affect the evolution of residual stress in macro-scale model.
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and (e) case IV.
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As for the efficiency of the proposed model, the computation time of coupled thermo-
mechanical analysis on the 3-layer model to determine the inherent strains and mapping inherent
strains to the four cases for obtaining the residual stress distribution are plotted in Fig. 4.10. It took
around 9h to perform the thermo-mechanical analysis on a 3-layer model with 12 passes. The four
cases of specimens prepared in this research are 60-layer models, which can spend expensive
computational cost to conduct such simulation directly. In contrast, after we defining the inherent
strains of each composition, mapping to the different macro-scale structure have a significant
reduction at computational time. Furthermore, with the addition of composition layer, the
computational time experienced a large rise compared to case I due to the increase of activation

steps and mesh numbers.

550 4

Computational time (min)

Casel Case I Caselll CaseIV 3-L;yer

Fig. 4. 10 The computational time of the coupled thermo-mechanical analysis on the 3-layer

meso-scale model and mapping inherent strains to different case
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CHAPTER S

CONCLUSIONS

The present study developed a multiscale modeling based on inherent strain method to predict the
residual stress distribution in the functionally graded materials (FGMs) with different gradient path
and scanning strategy. In thermo-mechanical analysis of meso-scale model, the inherent strains
were extracted in the core area of the deposition. In addition, material properties of each
composition were defined by thermodynamic calculations. By mapping inherent strains of
different composition to the macro-scale model, the residual stress distributions in the FGMs were
obtained by lumping layer methods accurately and efficiently. The little NLT for each composition

can enlarge the interaction between the different composition.

With the different gradient path between the 316L and P21, the thermal distortions have been
proved to reduce by adding the variety of compositions. However, the residual stress always shows
a fluctuation around the intermediate layer which is not observed in the dissimilar structure (case
I). The 50% 316L composition is considered to be responsible for the unexpected fluctuation due
to its inherent strains has the smallest magnitude among the gradient path. A new gradient path

without this composition were designed to prove it.

1. With the composition changes from the austenitic to ferritic steel, most of temperature-
dependent material properties show a linear change. But for yield stress, the intermediate parts
showed the high value (970 MPa) closed to P21 (MPa), rather than a median value between the

values for the 316L and P21 layers.
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2. Cross-sectional macrostructure of each composition were obtained to calibrate the thermal
model. The melt pool in 316L part is comparatively short in width and deep in depth compared

with P21 part.

3. The residual stress distribution obtained by 1P3L lumping layer strategies shows a good
agreement with experimental results. The “C” shape stress profile in case I and sine-wave-like

distribution in other cases were well captured.

4. In predicting the thermal distortion, the multiscale modeling also has a good accuracy. And with
the increase of the composition parts, the maximum valve of distortion reduces from 78 pm to 42

pm.

The proposed model can offer a particular view for studying about the residual stress, the FGM
structure cannot be simply considered to minimize the residual stress distribution compared to
dissimilar structure. The unexpected fluctuation may be caused by some unique compositions. For

the mechanical properties of the same composition can be affected by various process parameters

in AM.
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