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Abstract

The impetus of additive manufacturing (AM) techrgylon the last few years is
significant. However, in many cases the reliapitif the technology leads to parts that
suffer from manufacturing defects and hence suspangth and fatigue life when
compared to parts manufactured with conventiordirtelogies. Sustained
experimentation is often required and computer ktrans, like in many other fields
before, are sought to provide significant insigtibithe process such that progress in
raising the quality of AM parts can be achievedhisTpaper presents a sequential
thermals-stress modelling approach of additive rfaturing processes of titanium
alloy Ti-6Al-4V parts leveraging a new physics-bd$@mework in a general-purpose
finite element code (Abaqus). The framework alldarsarbitrary meshes of CAD
representations, accounts for the exact specificati time and space of machine
tooling (e.g., powder addition, laser trajectoresell times, etc.) as would be used on
an actual machine, precise integration of the ngpeinergy sources (e.g., laser,
electron beams), and automatic mesh independermiwtation of the continuously
evolving convection and radiation surfaces. Thesttutive models consider
material-state transitions, solid-phase transfoionatand metal grain evolutions. In
the heat transfer analysis, temperature-dependemnhal properties are considered, as
well as latent heat effects of fusion and vapoiaratThe state of matter (powder,
liquid, solid, metallurgical phases) was updateev&try increment of the simulation
based on the computed temperature histories bydgie solid-phase transformation
kinetics models. The grain size and morphologyhefitphase were also estimated
automatically using published models and experiaentasurements. Computed
temperature distributions (space and time), mdtstades, solid-phase composition,
and grain structure serve as input into the mechastress analysis. Besides the usual
thermal expansion and classical plasticity mog#iase transformation induced
volume change and plasticity are also considerethperature histories and
distortions of printed parts of finite element (Fhulations were validated with
published measurements from a Laser Direct EnegpoBition (LDED) experiment.

1. Introduction

In metal-based additive manufacturing, represebyegowder-bed fusion (PBF) and
directed energy deposition (DED), metallic powdedeposited and locally melted by



an intense moving heat source (laser, electron petm). Upon cooling, the molten
material solidifies and fuses to previously sol&tif underlying layers or to a substrate.
Local temperature transients and thermal gradierdsvorkpiece during this layer-by-
layer constructing process are strongly influenmg@rocess parameters, including but
not limited to nominal power and heat distributiotensity, pattern and speed of
scanning, cooling time between beads and layacknéss and of the powder layer,
and ambient temperature conditions. The therm#&biies can be essential to the
resultingmicrostructure composition, evolution odig size and morphology, defects,
residual stress and distortion, which can furth@uence the performance of the final
product in terms of stiffness, strength and lifag@saeet al, 2015). A comprehensive
understanding of the influence of those procesamaters on the mechanical
performance of the products is important. Thougth paysical experiments are
valuable and necessary for validation and calibnagiurposes, virtual manufacturing
based on computer aided modeling and simulationpoavide an efficient way to
explore more possibilities of process optimizatigth lower costs and faster
turnaround times.

The efforts to develop numerical techniques to eucertain aspects of an additive
manufacturing process are numerous and span seeoenahunities of scientists and
engineers from academics to applied research coomhentities. The difficulties to
capture/predict via computer simulations such mees are many, including:

» Vastly different time scales of the melting/solidétion physics (miliseconds)
and the overall manufacturing time of a typicaltgaours of printing on the
machine).

* Wide range of scale lengths from microns assocaiddmelt pools to
hundreds of millimetres (or more) necessary to rhadgpical part.

» Rapidly evolving high temperature gradients arotied“action” zone which
leads to highly anisotropic material propertiethatend of print (before
eventual heat treatment).

Assuming that adequate models are employed, vegg Eimulation times are typically
necessary to model such processes in order toreagitiof the above.

In this paper, a newly introduced physics-baseahéaork in a general-purpose finite
element code (Abaqus User’'s Manual, 2017) is leyextaas discussed briefly in the
next section. The focus of this paper as desciibedbsequent sections is however on
thermal and mechanical analysis of additive martufatg processes of Ti-6Al-4V. In
the transient heat transfer analysis, thermal ptiggeare considered as depending on
temperature while accounting for phase transfowwnatbased on phenomenological
models. Temperature-induced solid-phase transfasmgtincluding martensitic and
diffusional transformations, are modelled usingn&um-Mehl-Avrami (JMA) and
Koistinen-Marburger (KM) models, respectively (Qyes2011). Thus, the solid-phase
composition can be assessed at any location amddimng the printing process. A
differential form of a parabolic grain-growth lag/used to estimate the sizeajrains
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during the solidification process (Kobryn and Seamjz2003). The grain morphology,
being equiaxed, columnar or a mixture of bothsineated using an experimentally
calibrated solidification map (Gockel and Beuth12D The computed histories of
temperature distributions, material states, micoastiral characteristics further serve as
input to a macroscopic mechanical model (Manhdtesl, 2009; Denlingeet al,

2015a). Within the framework of classical thermasgb-plasticity theory, effects of
transformation induced expansion and plasticitysdse considered. An experiment
conducted by (Denlingeat al, 2015a) is taken to validate the virtual manufaciyri
based on finite element (FE) simulations.

2.  Physics-based Computational Framework

The finite element method continues to be at thie cbmany CAE solutions. For that
matter, it is no surprise that a variety of reskars as well as commercial CAE vendors
have turned to FEM to address the challenging pbysioblems associated with
Additive Manufacturing Process Simulation solutioAs implemented in Abaqus 2017
(Abaqus User’'s Manual, 2017), key features of thenEwork include:

A. Meshing: The geometric shape of the part whose réddipg process is to be
modelled is first discretized with finite elememsbitrary meshes of arbitrary
mesh densities can be used using existing pre-gsocg Using such meshes
greatly improves on streamlining the analysis pseaEs typically AM fabricated
parts have very complex shapes for which uniforfager-conforming meshes
are not really possible.

B. Machine information: The 3D printing machine rethteformation (e.g.,
powder recoating sequence, laser scan path, matepasition of the printing
head, etc.) is pre-processed with no loss of acgdram actual data as used by
the physical machines. As far as the modelling @seds concerned, no loss of
accuracy is thus encountered by simplifying therimfation that the printing
machine would actually use.

C. A new “Intersection Module” is used to “intersetié finite element mesh with
the tool path information in a geometric sense. inkersection can be based on
either the original shape of the part or the curskape of the predicted
deformed/distorted shape of the part during thdyarsa

D. Progressive element activation: At any given pdining the simulation any
particular finite element would be either complgtidled with mater, partially
filled with matter, or completely empty. The softe&eeps track of this
evolution in a precise fashion.

E. Progressive heating computations: at any pointie,tparticular heat bursts are
computed by taking into account the actual patll @@wer distribution) of the
heat source. An arbitrary number of heating evfaitaracterized as a sequence
of heat fluxes at given locations) are computechfoaccurate representation of
the heating source in both time and space.



F. Progressive cooling via convection and radiatiartipl facet areas are
computed to allow for a very precise assessmecbaling related heat fluxes
on any given finite element discretizations. Radraand convection cooling
can be modelled on a continuously evolving surthegreflects the actual
tooling on the machine.

3.  Thermal Analysis

The basic energy balance of uncoupled heat traasfdysis is
prSTdV—ff-Sng:fr6TdV+fq6TdS (1
|4 1’4 1’4 S

whereV is a volume of material, with surface afea is the density of the material;
U= i—lt] is the material time rate of the internal eneys the temperature;, is the

heat flux per unit area of the body, flowing inketbody; and is the heat supplied
internally into the body per unit volume. Fourieldsv states that

f=-k-g (2)

wheref is the heat fluxk is the thermal conductivity angl= VT is the temperature
gradient.

Latent heat effects at transitions between stdtestters, such as melting from solid
state to liquid state, are modelled using an aultiti term in the internal thermal energy
and assumed to vary linearly with temperature. Ttheschange of internal energy can
be written as

dU = ¢,dT + dUjqen 3)

wherec, is the specific heat capacityT is the change of temperature, afid},,, is
the change of latent heat between transition betwekdus and liquidus. Denoting
starting temperaturg and ending temperatufg,

0 T<T,orT=T,

dUlatn = Ulatn (4)
dT T, <T<T.
TZ _ T1 1 2

In this study, the laser heat source is considaseal distributed volumetric heat flux
and modelled by Goldak’s semi-ellipsoid model (Gid1984). In the locad-y-zframe
of the laser, wherg-axis aligns with the laser moving direction, thedr heat source is
described as

(5)

2Pn (x +10)?* (M (2)2
abenve IR TR )]

Q(x:y'z't)=_—exp _( —
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whereP is the nominal power, is absorption coefficient ang is the moving speed of
the lasertis the time;a, b, and¢ are the dimensions of the ellipsoid aloagy- andz-
axis, respectively. The dimensions can be defineldser parameters, including radius
r, eccentricitye and penetration depth as

dzer,l_ng,c‘:d (6)
Thermal radiation
Graa = €0((T = T)* = (T, = T)H) (7)
and surface convection
Geonv = h(T — To) (8)

of free surfaces during manufacturing processesa@isidered, whereis the material
emissivity,h is convective coefficienty = 5.67 X 1078 W/(m? - °C*) is the Stefan-
Boltzmann constant;,, = —273.15 °C is the absolute zero temperature, @ds the
ambient temperature.

During additive manufacturing processes, at ldasiet material states can coexist in
one workpiece. Metallic powder, or more generathyy materials, are melted to liquid
state by the laser. The liquid undergoes coolirdysailidification when the laser is
removed. The solidified material can be re-melté@mthe laser passes by a nearby
location or is applied on the upper layers of raatenal. It has been found that thermal
conductivity and specific heat capacity of metgtlavder can be significantly different
from those of solid bulk material (Shen and Chdll,2). Therefore, it is important to
identify different material states in the thermahlysis. Transitions between those three
material states are considered as simply govemeéerbperature. As shown in Figure
1, all transitions occur in a temperature rangedledrby the solidus and liquidus
temperatures of the alloy. Within the temperatargge, the material is considered as
the mixture of two transforming states. It shooédnoticed that the transition from raw
material to liquid state is non-reversible while transitions between solid state and
liquid state is reversible.
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Figure 1.  Diagram of material raw/liquid/solid (RLS) stateatrsitions.

Table 1 shows the temperature-dependent thermductinity and specific heat
capacity of Ti-6Al-4V (Fan and Liou, 2012) usedts study. These values are used
for both solid and liquid states. The values f@ thw material (e.g. powder form) are
assumed to be a fraction of those of the soligsttit0 °C. The latent heat of fusion
and vaporization is also considered, as summainiz&dble 2 (Fan and Liou, 2012).
Both latent heat effects are reversible. The dgniie emissivity and the convection
coefficient are assumed constant (Denlinger anchMeris, 2016), shown in Table 3.

Solid and Liquid States

10 5.705 543.9
110 7.275 565.4
210 8.845 586.9
310 10.415 608.4
410 11.985 629.9
510 13.555 651.4
610 15.125 672.9
710 16.695 694.4
810 18.265 715.9
910 19.835 737.4
1010 21.45 758.9
1110 22.975 780.4
1210 24.545 801.9
1310 23.619 697.8
1410 24.889 715.8
1510 26.159 733.8
1610 27.429 751.9

Table 1: Thermal conductivity and specific heat capacity of Ti-6Al-4V.

Latent heat of fusion 2.86 x 10° J /kg

Solidus temperature 1604 °C
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Liquidus temperature 1650 °C

Latent heat of vaporization 9.83 x 10° J /kg
Liquidus temperature 3290 °C
Vaporized temperature 3390 °C

Table2: Latent heat of Ti-6Al-4V.

Density p 4420 kg/m?3
Emissivity € 0.25
Convection Coefficient h 18 W/(m? - °C)

Table 3: Other thermal properties of Ti-6Al-4V.
4.  Solid-phase Transfor mations

The microstructure of rapid manufactured Ti-6Al-gkdducts consists primarily of a
hexagonal close-packed (happhase, a body-centred cubic (bfeg)hase, and a
martensiticn’-phase. The material is considered to fully consig$-phase right after
solidification. Different temperature-induced triorsnations can occur later between
those three solid phases as the material undeogadisag and subsequent
heating/cooling cycles. These transformations @odtegorized as a martensitic
transformation and two diffusional transformatidnat can be modelled using the
Koistinen-Marburger (KM) and the Johnson-Mehl-AvigdMA) models, respectively
(Crespo, 2011).

A martensitic transformation frofitphase tar’-phase, denoted gs— a’, can occur
when the cooling rate is higher thEg; = 410 °C/s. The transformation solely
depends on temperature, as described by the KM Imode

fa’(T) = fa’(To) + (f/i’ (To) - fﬁr)[l - exp[_y(Ms - T)] 9

wheref - andf; are volume fractions af- and B-phase, respectively, is the
temperature at the beginning of the transformatoly = 0.015 °C™1. The
transformation occurs if the solid cools below mhartensitic start temperaturld( =
650 °C). An additional requirement is that the initialwme fraction of3-phase is
higher than the retained amountBephase, namely (T,) > f5, . Past studies have
observed that a certain amounfgbhase can be retained because of the stabilized
effect of vanadium (Crespo, 2011). A relation betwéhe retained amount and the
initial amount off-phase is given as,

_ { f5(To)  f3(T,) < 0.25
fﬁr -

0251 — f5(T,)) ,f3(T,) = 0.25 (10)



Under arbitrary thermal histories the volume fractof o’-phase is updated using a
backward Euler integration of the differential foahthe original KM model,

for(T) = ydT (f5(T)) = f3, + fur (T))
1—ydT

for (T +dT) = (11)

Two diffusion controlled transformations can beeted: decomposition of
martensiticn’-phase into a mixture af- andp-phases, denoted as - a + 8, which
only occurs during heating; transformations betweesndp-phases, denoted fAis—
a, which can occur during heating or slow cooling.

The kinetics of those diffusional transformatiomsler isothermal conditions can be
described by a series of JMA equations,

a'-a+p fu= 1_(1_exp[_k2tn2])(1_f;’q) 1 iffa’ >fae’q
Boa fy=1fu— (L —explokst™D (1= fu = f5), i f5 > 57 (12)
ao B fy= (- expl-kat™DfE, B<f

wheref;,q andfﬁeq are temperature-dependent equilibrium volume isastofo’- and
B-phase, respectively. Additionally,

f5 = fo = far) (13)

Wheref;g is the equilibrium volume fraction @fphases in the mixture that only

containsu- andp-phases. The equilibrium volume fractions have lgrerimentally
determined (Mariort al, 2014; Castro and Seraphin, 1966),

1 ci—T
eq — _ 1
fr(T) > (1 + tanh ( - )) (14)
1-— _C4(T,B—transus_T) T <Ts_
fad(m = {C3( i A (15)
0 T > Tﬁ—transus
feo(T) =1~ f (1) (16)

where constants arg = 450 °C, ¢, = 80 °C, c3 = 0.925, ¢, = 0.0085 °C™ 1, and
Tp—transus = 980 °C is the lowest temperature at which the microstmecfully consists
of B-phase. The transformation coefficierits, n,, k3, n3;, can also be measured
experimentally from time temperature transforma(iofT) diagram (Muret al,, 1996;
Malinov et al.,2001), as shown in Table 4.
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400 0.0192 0.667
500 0.0147 1.106
700 0.0246 1.252
800 0.0307 1.326

750 0.028 1.04
800 0.026 1.34
850 0.022 1.38
870 0.025 1.34
900 0.046 1.21
925 0.024 1.39
950 0.017 1.41

Table 4: Temper ature-dependent diffusional transfor mation coefficients.

The original JIMA model, which was proposed for l@ytnal conditions, has been
extended to model non-isothermal conditions by ic@mgg continuous temperature
variation as a series of small consecutive isotaésteps (Crespo, 2011). The kinetics
of the transformation’ — a + f is given as

for(T+dT) =1 = (1 —exp[—k, (o + A)™2D(1 = f51), iffor > fF (A7)

whereé, is the fictitious time which would provide the sammount of
transformation, resulted in volume fractigiy, (T), at a constant temperaturer dT.
Thus,&, can be derived from the isothermal JMA equation,

1
o (fa M =i\

The transformation also results in changes of vel@iractions ofi- andp-phases,
which are assumed as proportional to their voluraetions at temperatufe Thus, the
intermediate volume fractions af andp-phases are,

1—f (T+dT
fo = (19)
— ' d
f = L~ /g0 +dl) f3(T) (20)

1_fa’(T)



The kinetics of transformations < a can be defined as
B - . fB(T + dT) =1- far - (1 - exp[_kl(fﬁ + At)nl]) (1 - far - fﬁeq)l

if f5 > f7 (T +dT)

a- B fp(T+dT) = (1 —exp[—ki(&p + AD™])f57, iffg < fg (T +dT)
No transformation:  f3(T +dT) = fz, fif = f57(T + dT)
(21)

The solid-phase transformations of Ti-6Al-4V arensoarized in Table 5.

; " T < —Ty; = —410°C/s
1 Martensit mT And f, >
poa artenstic (rapid cooling) And T < M; fﬁ fﬁr

2 a - a+p T > 0 (heating) Andf, > fzj
3 B-a Diffusional > Ty And f; > f;q
3R a-p (slow cooling or heating) And f; < f;q

Table5: Summary of solid-phase transfor mations of Ti-6Al-4V.

A simple test was performed to validate the modiehaterial-state transitions and
solid-phase transformations. A rapid heating-captigicle, followed by a slow heating-
cooling cycle, with temperatures of both rangingi26 °C to 1826 °C, was assigned

to the analysis. As shown in Figure 2, melting esxhelting start when temperature is
above the solidus temperature and complete whetethperature rises to the liquidus
temperature. Similarly, the solidification occunstihe same range of temperature during
cooling. As mention earlier, the microstructuréuidy B-phase right after the
solidification. The-phase completely transformsdphase during rapid cooling. The
two diffusional transformations occur slowly duritige subsequent slow heating-
cooling cycle.
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Figure 2:  Temperature assignment (top), and results of maltstate transitions and solid-phase
transformations (bottom) of the test.

5. Grain Size and Mor phology

Many mechanical properties are governed by grai® shicrostructure morphology and
composition of solid phases. While thgrain structure can be modified by post-
process heat treatment, fhgrain structure remains mostly unchanged (Goakel a
Beuth, 2013). Th@ grain structure is known to play a significanteetfon fatigue
performance, therefore it is important to providrmation off grain size and
morphology of the products based on the processrigs

Thep grain size is estimated by a parabolic growth (Kebryn and Semiatin, 2003).
Isothermally, one will have



n n _ —_ Q I
d*—dy =kt exp( R(T—TZ)) (22)

whered is the grain size at time d, = 0 is the initial grain sizen = 2, k = 2.2 m?/s
are coefficients, an@ = 251 kJ/mol is an activation energy @fphase of Ti-6Al-4V;
R = 8.314]/(mol - °C) is the universal gas constant. For non-isotheooadlitions, the
grain size is updated incrementally by numericednation of the differential form of
the parabolic growth law using the backward Eulethud,

Q
n — AN —_—
Poar=di + Atkexp( R(T — Tz)) (23)

The growth off grain size is assumed as occurring within a teatpez range, bounded
by thep-transus temperature and the solidus temperature.

Thep grain morphology, being equiaxed, columnar orrthekture, can be predicted
using an experimentally measured solidification niaguiaxed grains have isotropic
dimensions while columnar grains are elongatechmdirection (Gockel and Beuth,
2013). The solidification map of Ti-6Al-4V with dhtated boundaries of fully
equiaxed and fully columnar grains is shown in Feg8 (Kobryn and Semiatin, 2003).
For a given combination of magnitude of thermabgatG and solidification rat® =

|§| thep grain morplogy can be determined by comparingptioeess combination

with the map. If the combination is mapped to anpdi in the mixed region, as shown

in Figure 4, the volume fraction of columnar gratas be evaluated as the ratio of the
distancedB between the data poidtand the columnar boundary line, and the distance
BC between the two boundaries, both measured al@nlinga of constant grain size.

5 Solidification Map
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Figure 3:  The solidification map of Ti-6Al-4V that is usedigtermine thg grain morphology.
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Figure 4:  Determine the volume fractions of columnar graiAB (BC) based on the
solidification map.

6. Mechanical Modelling

Rapid temperature changes and high thermal gradiemtorkpieces during additive
manufacturing processes can cause residual str@isestions can also be observed in
final products, and possibly caused by transitminsaterial states, formation of
microstructures, porosity of powder layer, and fitéty. The mechanical performance
of manufactured parts, including stiffness, straragtd life, is directly related to the
material microstructures (including grain size, ptalogy and porosity) and can be
affected by the presence of residual stressesiataittbns (Shamsaet al, 2015).
Besides the semi-empirical laws mentioned in easketions, studies of
microstructural evolutions during printing processan also be found in micro scale
simulations of dendritic morphology using cellutartomata method (Yin and Felicelli,
2010) and phase field method (Sahoo and Chou, 26it&yever, a comprehensive
understanding of the relationship between microstinal characteristics and
mechanical properties of additive manufacturedsparstill a major challenge.

A phenomenological mechanical model has been stegy@glanhkeret al, 2009) as a
simpler approach that only considers solid-phasestormations in metal forming
processes. Within the framework of classical theatasto-plasticity theory,
transformation induced volumetric change and piagtare also considered. The
model, originally applied to a steel alloy withiagle phase transformation, is
extended to Ti-6AL-4V while also considering muléigolid-phase transformations.

The decomposition of total strain tensor is assuased
e=€"+€%+ € +6€P + €V (24)

wheree?! is the elastic strain tens@® is the thermal expansion strain tengdrjs the
plastic strain tensog!? is the transformation induced plastic strain tenande®” is
the transformation induced expansion strain ter&uoe. stress is given by



o=Ce" =C(e—€'— e’ — € — ) (25)

Here,C is the fourth-order elasticity tensor as a funtid the elastic modules and
the Poisson’s ratio, which can depend on temperature and materiasstand
additionally, for the solid state, can be calcuddtem the solid-phase composition
using a rule of mixture.

The rule of mixture of solid-phase compositionl®oaapplied to compute the thermal
expansion strain tensor,

Ae? = Z af fi AT 1 (26)
k=a,p,a’

wherea} is the coefficient of thermal expansion of eadidsphase. The classical
formulation of isotropic plasticity is adopted, vigield stress given by the rule of
mixture

oy = Z Iy (i) fr (27)
k=a,B,a’

The yield stress of individual solid-phases carfdomd in (Crespet al, 2009).

Similarly, the transformation induced plasticitydawolumetric change can be evaluated
by a rule of mixture of solid-phase transformations

3
3
Ae'P = Z EKtI;adevg, (fC’;lild ) Af(:’;lild (28)
k=1
°1
A€tV = §K[‘;Afc’§lild I (29)
k=1

WhereKt’; andKf, are coefficients of plasticity and expansion iretliby each
transformation, respectively:?¢” is the deviatoric part of the stress tengd;, is the
volume fraction of the child phase of each transfation,e.g, fX., = f, for the
martensitic transformation. When the solid is neetiethe liquid state, the
transformation induced strains are reset to zeretbiyng

A€'P = —¢tP (30)
A€’ = —€ (31)

The numerical implementation of the model useswsiicit backward Euler integration
scheme.
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The transformation strains can be determined framsftormation kinetics discussed
previously. However, the coefficierK%;, andKX have not yet been measured or
calibrated by experiments. A simplified versiortleé macroscopic mechanical model
has been proposed by (Denlingeral, 2015a; Denlinger and Michaleris, 2016),
assuming that stress relaxation occurs at a cedaiperature as an effect of solid-
phase transformations. Thus, the constitutive lagvtae strain decomposition follow
the classical thermal-elasto-plasticity theory with implicit backward Euler
integration scheme,

e=e'+e+¢ (32)
g = "g + Ac (33)
Ao = C(Ae — A€® — AeP) + AC("e — "€’ — "eP) (34)

except that when the temperature is higher thanelagation temperature, which is
assumed as 69Q for Ti-6Al-4V, stress and all strains of previonsrement are erased,
as

" =0 "€'=0 "€ =0 "€l =0,"EP =0 (35)
whereéP? is the equivalent plastic strain in the Mises {itiy.

7. Results and Discussions

Figure 5: FE model of experiments of printing a three-beadenthin-wall structure

Finite element (FE) simulations of additive mantdaing processes of Ti-6Al-4V parts
were carried out using the commercial software Ais&gtandard using the physics-
based framework described above. While materialaisoavailable in the software
could have been used, we have opted to use theadeasmced metallurgical phase
transformation models described above implementedser subroutines. A sequential
thermal-stress analysis was performed. We mod#iedprinting process of a thin-wall



structure on a cantilevered substrate using ther isect energy deposition (LDED)
technique, for which experimental results are aldd (Denlingeet al, 2015b). Figure
5 shows the FE model of the test configuration tloaisists of a rigid aluminium clamp,
a substrate made of solid Ti-6Al-4V, and a thinli@lbe built by three-bead
depositions per layer and 42-layer depositionseighit. A uniform mesh of 1.02 mm x
1.12 mm x 0.907 mm elements was used for the taih w

To model the LDED process, elements of the thid alahg the prescribed laser path in
the working layer were progressively activated aahef the laser beam. The material is
activated in the raw state and at ambient tempergiior to being heated by the laser
beam. The process parameters are summarized ia Gabl

Power P 2000 W
Absorption Efficiency n 45%
Laser Scan Speed v, 10.6 mm/s
Laser Spot Radius r 2 mm
Penetration Depth h 1.1 mm
Eccentricity e 1
Time for One-bead Deposition 9.25s
Cooling Time between Beads 5s
Time for One Layer 42 s
Additional Cooling Time between Layers 0s
(Dwell Time)

Ambient Temperature T, 26 °C

Table6: Process parameters

Given the formidable time multiscale aspects ofgghgsics involved, a quick study
regarding time incrementation was performed. Thirae increments were tried to
simulate the testit = 0.045 s, which is the time of laser traversing half ofitgd
elementdt = 10 s, which is equivalent to the time of finishing obead deposition;

dt = 42 s, the time of finishing one-layer deposition. Fig@ shows the snapshots of
the computed temperature distributions for thedtiéerent time increments as the
14th layer is being printed. A small molten poah &g seen in the case using the
element-wise time increment, however, the high temaore transients are not captured
when the bead-wise and the layer-wise time incrésnem used, as expected. The
temperature distributions elsewhere are similatterthree cases. The temperature
histories at the bottom center of the thin wall sitewn in Figure 7, where each data
point represents the temperature at that locatven tme. Rapid heating and cooling
cycles are successfully captured using small tmeeements, and the material exceeds
the melting temperature when first deposited. Tewaipee spikes were missing in the
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results when using larger time increments, howeweioverall temperature profile is
still captured well.

Thus, a proper choice of the time increment tori@ahe accuracy and efficiency of
FE simulations of additive manufacturing processesucial. The highly concentrated,
fast-moving laser heat source leads to local Highnbal gradients and rapid
temperature changes in workpieces during printthgmaller time increment can better
capture local temperature histories, includingpabiks and valleys, which play a
determining role when modelling of material-stagnsitions, solid-phase
transformations, and grain structural evolutionswdver, using smaller time
increments results in higher computational costshown in Table 7. Another
interesting finding, counterintuitively, is thating smaller time increments can bring in
more difficulties to convergence, due to the ustenfperature-dependent thermal
properties and the rather discontinuous latent éiéatts at material-state transitions. In
contrast, a larger time increment is more effictendbtain overall temperature changes
while it will smear the concentrated, fast-moviagédr spot out over both space and
time, resulting in loss of important local temparatinformation.
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+24888402
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Figure 6:  Simulated temperature distributions when the 14glet on printing by using different
time increments
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Figure 7:  Simulated temperature histories of the bottom @eatrthe thin wall by using different
time increments

Runtime with 16 CPUs >100 hrs ~50 min ~20 min
Total Number of Increments 66667 300 72

Number of [terations 5-9 for heating  4-6 for heating  4-6 for heating
per Increment 1 for cooling 1 for cooling 1 for cooling

Table7: Computational costs of simulations by using different time increments
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As shown in Figure 6, temperature at locationafaay from the laser path is less
sensitive to the choice of time incrementation. §ithe bead-wise time increment,

dt = 10 s, was used to validate the calculations of famfielmperature histories and
overall distortions. As shown in Figure 8, goodesgnent can be found between
simulations and in-situ experiment measurementsroperature histories of three
thermocouples that were placed at the bottom o$tistrate. The simulations cool
slightly faster than physical tests, but no extemsittempts were made for calibration of
the various boundary conditions parameters. Agre¢mdar-field temperature
histories indicates that the energy balance osyiséem, including heat input by laser,
conducting, and cooling by convection and radigtisnvell captured. The simplified
macroscopic mechanical model with stress relaxatbeme was used to compute the
stress response. A comparison of simulated andurezhsleflection of the free end of
the substrate is shown in Figure 9. The final diba is over-predicted, which is
attributed to the faster cooling in the simulatiesults compared to the physical test,
but no attempts were made to recalibrate conveetimhabsorption coefficients or to
adopt location dependent convection models.
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Figure 8:  Comparisons between experimentally measured (dbttes) and simulated
temperature histories of the three thermocoupldabéntest. Simulations used time increment
dt = 10s.
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Figure 9:  Comparisons between experiment measured (dottex) dnd simulated (solid line)
deflection of substrate free end in the test. Sitrars used time incremedit = 10s.

A small element-wise time increment is requiredlain information of material
states, solid-phase composition and transformatibivities, grain size, and grain
morphology. While the models for microstructure letion have been fully
implemented via user subroutines and tested in Simgler cases, validation against
SEM data is in progress and not ready to be shared



8. Conclusions

Sequential thermo-mechanical modelling of addithenufacturing processes of Ti-
6AIl-4V parts was presented. Material propertiesenmmsidered as dependent of
temperature and the state of matter. The mateatd,eing raw, liquid or solid, was
further determined by local temperature histori@gent heat effects at material-state
transitions were included. A martensitic transfatioraand two diffusional
transformations between three solid-phases¢, o’-phases) of Ti-6Al-4V were
modelled using the Koistinen-Marburger (KM) and dstm-Mehl-Avrami (JMA)
models, respectively. THegrain size was estimated by a semi-empirical gndeat.

All quantitative descriptions of microstructuresgluding solid-phase composition and
grain size, were updated using an implicit backwizumter method. Th@ grain
morphology, being equiaxed, columnar or their mmefwas estimated by an
experimentally calibrated solidification map. NumaHy obtained histories of
temperature distributions, material states, sofidge composition and transformation
activities, and grain structure further servedngsif into the mechanical analysis. A
macroscopic continuum model proposed for a lowyadtkeel has been extended for Ti-
6Al-4V. In addition to the classical thermo-elaglasticity constitutive relations,
transformation induced volume change and plastigdye also considered. Lacking
experiment calibrated coefficients of constitutmedels, a simplified version using
stress relaxation scheme instead from literature agopted.

The thermal and mechanical models were implemantEadhite Element (FE)
simulations using an implicit backward Euler in&tgpn scheme. It is important to
choose an appropriate time increment in FE analgdislance the required level of
accuracy and computational cost. A smaller timegment can better capture local
temperature histories and thermal gradients, agrezjifor modelling of material-state
transitions and microstructure evolutions, whilarger time increment is more
efficient to obtain overall temperature changesfandield temperature histories with
less convergence problems.

The FE predictions for the far-field temperatursttiies and distortions of a printed
part have been validated with published experimegsasurements. The models of
microstructure evolutions have been tested in seimple cases, and additional
validation is underway. The proposed modelling teghe can be helpful in industrial
application and process optimization and can a¢sextended to other metallic
materials.
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