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ABSTRACT

Selective Laser Melting (SLM) is a promising additive manufacturing technology for production of
complex and highly individual parts on short lead time requestpfaessing assisted by numerical
simulation can reduce defects which occur during construction and manufacturing and hence increase the
quality of the parts and the efficiency of this technology. Especially the inherent strain method [1] is
common and well suited for the fast numerical predicton optimization of residual stresses and
distortion of AM-parts. A major disadvantage of this method is the restriction to austenitic steels without
phase transformations in the solid state during the process. The inherent strain method has ordy a limite
validity for martensitic steels because the effects of phase transformations are not taken into account.
However, an increasing number of materials to be processed requires a detailed numerical forecast also
for martensitic steels to guarantee high quaarts.

This research work introduces an extension of the inherent strain method for the consideration of
martensitic phase transformations during SpMcess. A multiscale approach, based on a coupled
nonlinear thermanechanical finite element analysiad the further development of the inherent strain
method combined with a new calibration procedure is proposed. It is demonstrated, that the developed
approach can be effectively used for the forecast of structure distortions. The presented approach opens
the way for the optimization of the additive manufacturing technology towards a -ftefect
manufacturing process.
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INTRODUCTION

The economical productioof highly individual products and complex parts requires
innovative manufacturing technologies like the selective laser melting. Thisblagyed
additive manufacturing technology becomes more common and relevant in various
industrial branches like aerog@eand automotive industries. Especially for these industries
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with growing fields of application a clear understanding of the process is crucial to achieve
a high process stability and reproducibility. In this case the numerical simulation can be
used to dvelop a deeper understandinghaf process.

For thebeneficialapplication of the simulation in the production and development work
efficient models with less calculation effort but nevertheless high accuracy are essential. In
the area of selective lasenelting especially the so called inherent strain method is a
powerful tool for the fast prediction of distortion-21, residual stress as well as the
crackingoccurrencg3].

The method is based on the observations of Ug8hthat the characteristic distribution
of the permanent strains occurring in the weld ardaectly related to the residual stresses.
Ueda usedin elastic analysig1 which the occurring permanent strains are replaced by
equivalent distributed load® predict the residual stress. The method wascessfully
appliedto large welding structurdg-1 2 ] . I n Ref. [ 13] the so ca
Equi valentd method is introduced for the de
welding process. #a further development this technique has been adapted for the selective
laser melting [42] for the realization of the fast prediction of distortion and residual stress
in AM parts using the finite element analysis.

However, the current state of the aftthe inherent strain method in the case of SLM
has been developed for stainless steels without phase transformadtiopbase
transformations occur in the process, riteerialbehaviorand condition of residual stress
and straincanchange entirelyThis fact is shown in Figl with two standard cantilever
beam specimemuild-ups with equal process pareeters but different material3he
cantilever built from austenitgteel 1.4404 (AISI 316L) shows an upward distortion after
the process and cutting dffe supports while the one from martensitic steel 1.4057 (AISI
431) shows a downward distortiorfhis material behaviour cannot be modelled
numericallywith the current inherent strain methadhich makessimulatiorrsupported
pre-processingf the SLM praess difficult

Fig. 1 Distorted cantilever of austenitic steel 1.4404 (left) and martensitic steel 1.4057 (right)
built with same process parameters

A new approachof the inherent strain method for the consideration of the phase
transformation related influence on the matebiehaviouris presentedn this research
work. The advancethherent straimethod allowshepredictionof process related residual
stresses and distorti@venfor martensitic steels.

Fundamentaknowledge about the effects of phasasformation has been gained based
on a nonlinear thermomechanical macroscale FEM simulation, includiagphase
transformations modglin combination with high temperature experiments. A fast
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calibration procedure is introducéat the new model witthigher complexity Validation
with experiments at different temperatures confirmsatieanceanethod

NON-LINEAR MACRO SIMULATION MODEL

THERMO-MECHANICAL SIMULATION

The usedsequentially coupled thermmechanical simulatiormodel is based on the

6ef fenmeshvegd and dbdadaptive heaFortedshermaie 6 mod
analysis a full threelimensional model is use@ihe plane or area of interest in this model

is sufficiently fine meshed. The dimensions of theldak heat source [15] changés

dimension adaptively in correlation to the mesh density. This enables a physically plausible
thermal modelling of the full geometry with a realistic temperature profile in the area of

interest with a minimized calculation effort. The coupled mechbsiicalation consists of

a plane stress model of the plane of interest. Zigsualize the thermal threand the

mechanical twalimensional model with temperature load.
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Fig. 2 Threedimensional thermal (a) and twimensional mechanical model of thkne of
interest (b)

The simulation of all scanning vectors as well as the intercooling during the coating
processreturns the realistic temperature profile and cooling ratke information is
essentiafor the calculation of thaccuratemechanicabehavior and is thput for the
integrated phase transformatiomodel. In the phase transformation model the
austenitisationluring the heating of the material is implemented as a linear transformation
between theAq and Acs temperaturegswhich are extractedrom the TTT diagranand
dilatometer experiments, see Fig.n the cooling stage the transformation to martensitic
phase begins at the martensitic start temperMuiaad is finishedvhenreaching te finish
tenmperatureM;. BetweenMs andMs the transformation isalculated based on the model of
Koistinen and Marburgdi 6], seeEqn. (1) VariableV, represents the volume fraction of
the retained austenite afg the cooling temperature reached duripgenching. This
formula neglects the cooling rate, which also can have an influence on the transformations.
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Because of the high cooling rates in the SLM process this simplification appears reasonable
see cooling profile in Fig3.

®w Qonpprpm 0 Y 1)

To determine the phase transformation temperatures, dilatometer experiments are
performed as well as calculations of material properties with the JMgtPrsoftware.
Based on this data the specific transformation teaipers are defined. In Fig.are
contrasted the experimental and JMatPro data with the simulation result of the numerical
reproduction of the dilatometer experiment using the developed phase transformation
model. The calculated proportions of the present phases were used in the mechanical
material model to define phagdependent material properties.

Fig. 3 TTT diagram of martensitic steel 1.4057 (AISI 431) [18] and cooling profile SLM
process
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Fig. 4 Dilatometer experiment with 1.405@alculated profile with IMatPro [1@hd numerical
reproduction with developed phase transformation model

RESULTS

The thermemechanical simulation has been used for a numerical reproduction of the
cantilever buildup. The results of the calculated stress condition after the-ipikte
presented in Figh. The numerical simulationare performed with the BAQUS 2017

solver [L9]. The austenite steel sample shows high deformation of the part after separating
the support as a result of the tensile stresses on the top layers. The martensitic sample have
only a low stress and distortion level.

Stress x-x

1.4404 (AISI 316L) 1.4057 (AISI 431)

W W
®» |

Fig. 5 Conbur plot of residual stress after builgh (a) andwith separated suppaostructure (b)

For the validation of the model parameter settings with\85hd 600V laser power
have been investigated. The experimental measured and the numerical calculated
distortions are compared in Fi§. The results show a close correlation and a similar
behavour even for different parameters.
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Fig. 6 Experimental and numerical results of the upward displacement of the cantilever
specimen after separating the support structures

An explanatiorof the different distortioehaviar is presentd inthecalculationresults
of the phase transformatidn.Fg. 7 are visualized the contour platisthecalculategphase
states at the end of the heat transfer in the last layer. The 1.4404 steel is completely
austenitic. Only the upper layer of 1.40% austenitic while the ower layers are
martensitic For theexperimental builelp as well as the numerical reproductibe ground
plate are heated t®00°C. This temperature is almost reached during the intermediate
cooling after every scanning step because of the high cooling ratemartensite start
temper#ure Ms of 1.4057is quiteabove he preheating temperature of 20Q, seeFig. 3.
Consequently a layer wise transformation from austenitic to nstitephase after each
layer takes placefor the martensitic steel

There is a change of the facenteredcubic crystal structurego the bodycentered
tetragonakrystal structureluring the transformation from austenitic to martensitic phase.
The phase transformation results in an increase of the volume, like the diatgmofiles
in Fig. 4 visualizes. As a result the 1.4057 steel shows a compensation of the thermal
shrinkage by the layexise phase transformation and the accompanied increase of the
volume. The austenitic 1.4404 steleles not have this compensatiofeefwhich is why
thermal shrinkage leads to the highsilestressesand high distortion
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Fig. 7 Volume fractons of austenite and martensitiéer scanning

As a conclusion the stress and strain condition of martensitic steels afteufpusd
strondy influenced by the phase transformation. The shrinkage strain of the material can
be fully compensated if the process is characterized by awagertransformation back
from austenite to martensite. Numerical simulations of the {uwgldvith a heating
temperature of 308C during the process show an increased distortion of the 1.4057,
similar to the 1.4404 material. In this case Mgemperature and pieeating temperature
are almost identicalThe transformation takes place in deeper layers or tr@ewtart
remains in austenitic phasatil the process is completely finish&the missing layewise
compensation of the shrinkage results in significant higher distortions.

EXPERIMENTAL WORK

HIGH-TEMPERATURE TESTING

For the investigation of thtayerwise shrinkage compensatitimesisdifferent cantilever
build-ups were performed with another martensitic chrome dtéglintended teevaluate

if a hightemperature influences the transformations and thus the distdrtimnsteel has

a temperatre interval for phase transformation betw26@°C and 300 C. Becaus& high
temperature buildip is quite costly, thpreliminary studiesvere performed with standard
SLM Solution 280 HL system with a 20CQ heating system. To reach higher temperatures
the part is built on thin support walts disturb heat dissipation and foimeoverheating of
the componentsee Fig8. When boking at tle surfaces of the componentifferent
surface colordbecoms visible. The overheated sample loottark discolord like an
overhanging aredt could not be clarified directlwhether these are tempering effects, but
the color is a direct indicator for high process temperatures as the later performed high
temperature buildips show.
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Standard Overheating

Standard Overheating

Fig. 8 Cantilever pecimermadeof martensitic chrome steel. Different support structures were
used to enforce heat accumulation due to disturbed heat conduction

Remarkable is the different distortion level of the sampe®n though thesame
material and parameters are used, the @zdd sample shows a significant higher
distortion. It is assumed that the degradation of the heat conduction leads to a heat
accumulation of the sample almost above 3D@nd therefore abowds temperature. fie
higher process temperatures prevent a layse transformation as the standard sample
indicates. As a result the overheated sangflews high distortion due tthe not
compensatedshrinkage Fig.9 visualizes the measured upward displacement after
separéing the supportdeviation of the distortion behavior can be observed.
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Fig. 9 Measured upward displament of the martensitic chrome steahtilever samples

In order tocompare the observed behaviouthte1.4057 martensitic stedlrther tests
areperformed with a SLM Solution 280 HL machine with a heating systetih 650°C.

Samples are built with same parameters athpeding temperatures of 180, 350°C,
450°C and 650C, see Figl0.
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Fig. 10 Cantilever specimen of 1.4057 built with diféet preheating temperatures and
different colored surfaces

150°C 350°C 650 °C

Fig. 11 3D-scanning results of cantilever specimen of 1.4057 with color map of the deviation
to the reference geometry for different{r@ating temperatures

A threedimensional scanning system is used for measuring and visualization of the
distortion level, shan in Fig.11. The 150C sample reveals a minimum distortion. With
an increase of the temperatuae increase of the shrinkage can be observde
measurements of the longitudinal and upward displacemmspinssented ifig. 12.
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Fig. 12 Distortionmeasurementsf 1.4057 samples for different pheating temperatures
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HIGH-TEMPERATUREMATERIAL BEHAVIOUR

For a clear understandirad the material behavior of the martensitic steel 1.4057 next to
the dilatometer experiments, tensile test at different temperature are performed on Gleeble
machine [20], see Fid.3. The specimens are greated to 1350C close to solidus
temperature fothe complete austenitizatioburing cooling, the temperatuigheld at the
respective temperatuleveland the tensile test is performdtheresultsshow a significant
decreased flow stress even at 2G0For the components these results indicatgraficant
reduction of the high strepgaks in the process caused by plastic deformation. Furthermore
the events in lower temperatures ranges are of significant importance. That clarifies the
influence of the phase transformation which occur in ex#éutyrange.
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Fig. 13 Temperature dependent strassainpropertiesof 1.4057 martensitic steel

DiscussION

The experimental investigation with the cantilevers bupd using different process
temperatures confirms the thesis based on the macro simulation result. Higher temperature
lead to a reduced effect of the layeise shrinkage compensation. It is assurtted the
increasegbre-heatingtlemperature in combination with the heat accumulation caused by the
laser power prevent the material from dngldown. The upper layers stay abovi
temperature and therefore in austenite phase. The transformation beakeositic phase
occurs later in the process with a layer delay. It is assumeith¢natis a dependencytbie

layer delayof the transformation tdhe process parameter as well as pheheating
temperatureOn average, the layer delay for the entioenponent is expected to remain
constanif the heat transfer to the base plate is reasonably good due to sufficient amount of
support structures.
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NEW APPROACH FOR FAT SIMULATION CONSIDERING PHASE
TRANSFORMATION

STATE OF THESCIENCE

The new approach preged in this research work is based onrtfechanical static FEM
process moddor the fast estimation of residual stresaed strains, also known as inherent
strain methogintroduced by I-2].

A layerwise finite elementnodelis used to apply théherent strairmethodon the
additive manufacturing proceshe buildup process is modeled by a layégise adding of
the elements and the applying of the inherent strain tensor. The load of the strain tensor is
modeled as a yome strain boundary condin. The simulation is performed at room
temperatureThe inherent strain tenser represents the material conditionterms of
the remaining plastic strainaused by the solidificatioand shrinkageprocessand is
defined afteleqn. (2) In Eqn. (3, - denotes the total strain, the elastic strain, the
plastic strain- and- the transformation and creep strain. For simplification it is
assumed, that after the process the thermal strain is equal to zero as welieed@in.
In the current state of the science method also the transformation strain is neglected and set
to zero, that finally the inherent strain  are the remaining plastic strains.

. &Y
e @
¢- O

The strain tensax  can becalibrated for the specific process parametéthe build
up to be investigated. The calibration of the tensor is performed by the iterative comparison
between the displacement of an experimental built standard cantilever beam and the
calculated displacement by the numerical reproductitve results bthe inherent strain
method show to some extent a dependency on the layer thickness and mesh, as well as the
assigned strain and materid].[JAn overview of the method is shown in Talile

Table 1 Overview of the state of the science inherent strain ogeth

Load application Standard case Applied material properties
to
R E, £Yi+g 0 4
Layer wise £ Room temperature 4

to be calibrated

The main disadvantage of the state of the science inherent strain method is not
considering the phase transformation strain Also the appliedtemperature is ndaken
into account whiclean lead to larger deviations at high temperat(iestefore he method
is only valid for austenitic steedsd the applicability fomartensitic steels is not given.
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NEW APPROACH

To ensure a reliableumerical prediction of the distortions for martensitic steels the phase
transformation strain  have to be cmidered. The results of the thermmchanical
simulation demonstrated the temporal occurrence of the phase transformation as the major
influence on the mechanical behaviour. Even athgeting temperatures abowés
temperature a delayed transformat@mmuid be observedvhereonly austenitic structure
should be presentt is assumed that thee&at convection with inert gam the top surface
and the heat conduction to the powder prevent a constaheptieag temperature in the
entire part and cause temperatures belowhpeging temperature. Hence, the process can
be divided into thredifferent casesn dependency of thpre-heating temperature, see
Fig. 14. Case one represents a layer wise transformation forreegtiag temperature that

is significantly lower than th&ls temperature. In the second case, the heat accumulation
supported by higher pieeating temperatureads to a layer delagn of the martensitic
transformationThe third case is characterized by temperature field signifishate the

Ms temperaturghroughout the entire proceas a result of a high pteeating temperature

In this case, the phase tréorsnation took place only at the end of the process during the
final cooling of the component.

Fig. 14 Different cases for the sequence of phase transformation during the process in
martensitic steels

In a first model the inherent strain method has lmaanded by thadditional phase
transformation strain tenser . The tensor represents the increasing of the volume
caused by thehange of the lattice structure and is based on the dilatometer experiments,
defined in Eqn3.

- - 0®0325 3)

The application of the strain tensor is taken place with a layer deldgin parallel to
the application of the standartherent strain tenser  in the current layer. A numerical
series of testwere performd with a setup of 18t tand a variation of the layer
delaydnfrom 0 to 6. The results are shown in Fi§. The analysis shows that although
the total amount of the applied strain is zero and both strains have the same size, the
distortion can vey widely in dependency of the delain. Significant variables that
characterize the process are the distortinriengitudinal direction before separating the
support and the upward distortion afsralready stated in the experimental investigations

12
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Fig. 15Numerical analysis adn extended inherent strain method with regard to adeyayed
volume increase due to martensitic phase transforma@ontour plots of distortion in-x
direction before separating support (left) and distortioprdlirection after (right)

The numerical analysis was performed with the use of room temperature material
properties. Exceeds the deldn five layers, an upward displacement could be found.
Because this is contrary to the experimental result is asstinaidtie highyield stressat
room temperature preveatplastic deformationf the material and thus the reduction of
stress peak#\s a consequencéemperaturalepenént flow curves are introduced in the
model.

For another improvememtf the quality ofthe resultsthe strain tensor  is divided
into different strain tensors and- . The tensor represents the layavise
shrinkage due to the intermediate cooling fsmtidification temperaturéy to pre-heating
temperatue Y, , The tensor denotes the shrinkage straiaused by the final cooling
from preheating temperature to room temperati¥e

Table2 shows an overview of the final developed simulation procedure with three
calculation stepdt is also listel which temperature the material properties are applied in
the respective step

Table 2 Overview of the new approach of the inherent stra@thod for martensitic steels

Load application New Approach . Applied material properties
_ Step 1:£"F+4 0 4 £ )
Layer wise E, Pre-heating temperature 4
to be calibrated

With layer delay Step 2: £=1

™ _-) to be calculated/ measured Pre-heating temperature 4
to be calibrated
Step 3:
Post process n 4 4 n 4 4 Room temperature 4
grec "4 0O 4 grec "4 O 4

to be calculated

13
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The application of the new approach requiregdghewing parameters to be knowhhe
strain tensors ,- and- as well as the delagn. Those parameters can be
classified in ones which have to be calibrated and ones which can be calculate or measured.
Dilatometer experiment orraumerical reproduction are used to determine A numerical
Satoh test modelling [21] is used to calculate the post process shrinkagsee Fig. 6.
A further distinction is made hemehether the préeating temperature is above or lower
than the middle phase transformation temperatyrg
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Fig. 16 Satoh test modelling for calculation-of and dilatometer curve to determine

For the definitionof the tensor- and the delaydn an iterative experimental
calibrationis used with a numerical reproduction in analogy to the state of the art method.
In additionthe longitudinal shrinkaggx-x is measurethefore separating the supports as a
second input variable for the calibratioexnto the upward displacement.\J see Figl17.

With the two input variables it is possible to determine the missing parameters iteratively.

Fig. 17 Definition of calibrationinput variables Longitudinal shrinkage %Jx (left) before
separatingndupward displacemendy.y (right) after separating the support structures

In order to reduce the manual calibration effort, which can alré@aeéyconsumingvith
two parametes, an automated calibration is implementsele Figl8. The calibration
procedure is structured in a geocessing stage and a parameter calibration stage.

14



