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Abstract

As one of the advanced additive manufacturing (AM) processes, the selective laser
melting (SLM) process provides the possibility of manufacturing aimost any complex
parts in awide range of metal materials. In the SLM process, undesired distortion and
shrinkage are much more likely to occur in forming Ti6AI4V thin-walled parts due to
high-temperature gradients and thermal stresses. In this study, a three-dimensional
(3D) finite element model based on indirect coupled thermal-structural analysis is
applied to study the variations of temperature, stress and strain fields with different
scan lengths. At the same time, the corresponding validation experiments were
conducted. It was found that the scan length chiefly affects the second peak
temperature rather than the highest temperature. The strain is maorly decided by
stress generated during the SLM process. The deviations of thin-walled parts are
approximately proportional to the scan lengths. The most suitable scan length is
between 4mm and 6mm for thin-walled components with specified process
parameters, in which case the shrinkage per unit is close to zero.
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The influenceof scan length on fabricating thin-walled componert in
selective laser melting

Abstract

As one of the advanced additive manufacturing (Aivcesses, the selective laser melting
(SLM) process provides the possibility of manufaiciy almost any complex parts in a wide
range of metal materials. In the SLM process, une@slistortion and shrinkage are much
more likely to occur in forming Ti6Al4V thin-wallegdarts due to high-temperature gradients
and thermal stresses. In this study, a three-dimeals(3D) finite element model based on
indirect coupled thermal-structural analysis islegapto study the variations of temperature,
stress and strain fields with different scan leagtAt the same time, the corresponding
validation experiments were conducted. It was fothat the scan length chiefly affects the
second peak temperature rather than the highepetatare. The strain is majorly decided by
stress generated during the SLM process. The dawsatof thin-walled parts are
approximately proportional to the scan lengths. Tiest suitable scan length is between
4mm and 6mm for thin-walled components with spedifprocess parameters, in which case
the shrinkage per unit is close to zero.

Keywords: Selective laser melting; finite element analyssan length; thin-walled part;
additive manufacturing

1. Introduction

AM technologies have been successfully utilizedpmduct development and fabricating
process nowadays. SLM is the most sophisticated t&bhnology that allows making
complicated parts directly from the metal powderterial without using any intermediate
binders, this is needed for manufacturing the metahponent using the selective laser
sintering (SLS) process [1,2]. Due to its speciabcpss characteristics, SLM has the
capability to produce metal components of any ¢ate shape, such as components with
complex porous structures that would be impossibde fabricate in conventional
manufacturing processes [3]. In addition, SLM cdso ae used in making thin-walled
structures. Nevertheless, the great temperaturdiegris and high stresses could cause
undesired distortion and shrinkage for the thinledal structure; these are the major
shortcomings of SLM technology. The process pararaeaif SLM (such as laser power, scan
length, scan speed, hatch spacing, laser spot Isiger thickness and scan strategy) all
influence the evolution of temperature gradients msidual stresses [4].

Thin-walled parts have been widely used in aeraspldowever, in the traditional processes,
it is difficult to manufacture high precision thimalled products due to the effect of low
rigidity and the cutting force. SLM technology hasen successfully applied in fabricating
thin-walled metal components. Liu et al. [5] havwadsed the effects of powder concentation
distribution on the fabrication of thin-walled pain coaxial laser cladding. Chao et al. [6]
have investigated the influences of process paemein the formed wall thickness and
deposition accuracy of droplets, a micro thin-wdlructures with a wall thickness of
400um was manufactured by micro-droplet deposition. latcal. [7] apply laser-induced

forward transfer (LIFT) for manufacturing complexaped high-aspect-ratio pillars, and



demonstrate its potential for functional microdegdthat consist of multiple metals. Clijsters
et al. [8] have studied strategies to build thidlsvavith the correct dimensions using locally
optimised scan parameters; walls down to a sizZ80p can be manufactured by adapting
the laser power and scan speed. Abele et al. [@]Yaniroitsev et al. [10] have studied the
proper process parameters for thin-walled parteutyin experiments. Nevertheless, this is
time consuming, expensive, and it is hard to aeggiobal variations. To overcome the
shortcomings of conducting an experiment, the dindlement method (FEM) is most
commonly recommended in order to optimise the m®qerameters. The distribution and
history of the temperature field obtained from a BBat transfer FEM model with the
evolution of thermal conductivity fit well with theeasured temperature field [11]. Song et al.
[12] have studied the temperature distribution sfragle track of laser scanning on Ti6AI4V
powder by including temperature dependent heatatigpa ANSYS commercial software. It
was found that the qualities of built parts maidigpend on the temperature distribution
during the fabricating process. Contuzzi et al] [i@ve developed a subroutine in the FEM
model to simulate the powder-liquid-solid changemAre comprehensive understanding of
the thermal field has been achieved by creatin® an®del and considering the interval time
for recoating powder [14]. Hussein et al. [4] hapimised the SLM process parameters to
meet the special functional requirement by develg@ 3D non-linear transient FEM model,
which was developed by ANSYS parametric design uagg (APDL). As seen from this
survey, although FEM has been widely adopted inSb®! process, there is a very limited
number of research studies that use this methaduidy the relationship between the scan
lengths and the distributions of temperature anekstfields of thin-walled parts in the SLM
process.

In this study, a 3D non-linear FEM model based eqguentially coupled thermal-structural
field analysis is developed to predict the tempeeadistributions, thermal stresses, molten
pool dimensions and strains of a single layer of-ttalled parts built on a Ti6AI4V powder
bed. In this simulation, the latent heat of fusam the change of material physical properties
are taken into account. The corresponding expetsnkave been conducted to verify the
correctness of the simulation. Meanwhile, the flgtdghermophysical parameters of Ti6Al4V
are generalized. A finite element simulation andlgsis of global changes in temperature,
stress and strain caused by the different scartHemaf thin-walled parts built in the SLM
process are the key points of this study. An apaip scan length is obtained from the
experiment’s results and the simulation data.

2. The 3D FEM model for the SLM process

ANSYS provides the indirect sequentially coupledrthal-structural analysis method that is
suitable for analysing both the thermal and thesstfields in the SLM process. Firstly, a non-
linear transient thermal analysis is conducted dquae the global temperature variation
generated during laser irradiating. Afterwards,tress and a strain analysis are developed
with an automatic change element type from thertoatructural, and the temperatures
obtained from the previous transient thermal anglgse applied to the structural analysis
model as a thermal load. The 3D finite element rhoeleresenting the processing powder
layer of a thin-walled component formed in SLM pss can be seen in Fig. 1. In order to
obtain the best calculating precision in the slsdrtemputing time, the elements irradiated by



the laser beam are finely meshed with hexahedeahaht sizes equal to 2%, and a coarser
mesh is applied to the surrounding powder. Therpatars used in the finite element analysis
are summarised in Table 1.
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Fig. 1. The 3D FEM model

Table 1. Parameters of FEM

Parameter Value
Laser power, p 170 W
Preheating temperature 35 C
Scan speed, v 1250 mm/s
Scan length, | 2,4,6, 8,10, 20, 30, 40, 50, 60, 70, 80, 90, had
Number of tracks, n 3 tracks
Power bed thickness, t 30um
Hatch spacing, h 0.1 mm
Laser spot diameter, d 0.1 mm
Thermal element type, 3D Solid 70
gguctural element type, Solid 45
Surface effect element Surf 152

2.1.Physical description of heat transfer in SLM

Fig. 2 depicts the schematic diagram of heat teansafthe SLM process. As the metal powder
bed surface is irradiated by the laser beam, aiderable part of the laser’'s energy is

reflected and only a tiny percentage of energybsoebed. Metal powders are melted by the
absorbed energy, resulting in a micro-sized magtteol. The raw materials experience phase
changes from powder to liquid and finally to solMetallurgical bonding is formed between

the neighboring scan tracks and the adjacent polagers during the solidification process

[15]. A 3D finite element thermal analysis modetdmsveloped on the basis of this schematic
of thermal behavior in the powder bed.
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Fig. 2. Schematic representation of heat transaféne powder bed
2.2. Thermal modelling
The governing equation satisfies the classical iEoteat equation applied as follows [12,4]:

8T_5<k 5T>+5(k 5T>+6<k6T)+_ 1
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where p is the material density¢ is the special heat capacity;is the temperaturet is the
interaction time;k,, k, and k, are the thermal conductivities of x, y and z diats,
respectively; andQ is the heat source density. In this simulatioe, TI6AI4V powder bed is

assumed to be a homogeneous and isotropic medions, The thermal conductivities of the
three directions are supposed to be the samelfgalf be simplified as in Eq. (2):

ST 82T 82T 62T _
= k— +k 0
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where k is the thermal conductivity.

2.3.Laser energy modelling

The Gaussian distribution of energy is the mostelyidised model to represent the laser heat
flux in FEM [4, 12, 14, 15]. The heat flux distritben of this model is illustrated in Fig. 3(a),
drawn by the following equation:

2Ap 2r?
q = - exp ——2 y (3)

where A is the laser absorptivity of the powder materigl,is the beam spot radius amd
is the radial distance.
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Fig. 3. (a) Gaussian laser energy distributionifgofb) Movement of laser beam represented by
twelve elements

The laser energy absorptivity is known to depend noultiple factors, such as laser
wavelength, oxidation level, material type, andoso[14, 17-19]. The absorptivity of the
Ti6Al4V powder has not been determined as it charaggreat deal when the metal melts [14,
20]. Therefore, the absorptivity of pure titaniuowgler at a laser wavelength of 1u06, as
proposed by Fischer et al. [21], is consideredddhe representative absorptivity value for
the Ti6AI4V powder material. In this research, thger beam is expected to irradiate twelve
elements as shown in Fig.3 (b).

2.3.1. Temperature-dependent material properties of the T6AI4V alloy

The thermophysical properties of the material ca&n dwvided into field and non-field
characteristics [14, 22]. The thermal conductiwtijch is the most crucial parameter for heat
dissipation in SLM, is a field property. Nonethalegthe special heat capacity and enthalpy are
non-field properties, and are controlled by theegiwcomposition of the material. Many
models have been proposed to explain the relatipridhithermal conductivities between the
powder bed and the solid [4, 15]. The field projesrare very hard to express accurately due
to the complex pore geometries of powder materidismmler and Oberacker [22] represent
the thermal conductivity of the powder by a simptifgeneric relationship as follows:

kpowder = ksolid(]- - (P) , (4)

where kyopaer and kgy;q are the thermal conductivities of the powder ahd solid
materials, respectivelyy is the porosity of the powder and can be compagefbllows:

_ Psolid — Ppowder

) S
Psolid ( )
where pgoiia and pyowaer are the densities of the solid and the powder madge The

density is supposed to be proportional to the teatpee when the temperature is below the
melting point.

The effective thermal conductivity of a loose powded is basically independent of the
material but is controlled by the void fraction agak in the pores [14, 23]. It was found that
for powders of 10-50m diameter, the effective thermal conductivity resdypically from



0.1 to 0.2 W/(m-K) at room temperature and 0.3 WK)ns expected as the effective thermal
conductivity at melting point for the Ti6AI4V powde[24]. Therefore, the thermal
conductivity of the Ti6Al4V powder material begifrem a low value for the powder’s status
but increases rapidly at the melting point. In fRliE&M, once the elements are irradiated by the
laser beam, the element type is changed from powaldiulk automatically through the
subroutine written by APDL. Fig. 4 shows variatiarfsthe thermophysical properties with
temperature for the Ti6AI4V powder and the solid,[25].
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Fig. 4. Thermophysical properties for Ti6AI4V affdient temperatures

Regarding the latent heat caused by the phase ehan§LM, ANSYS will calculate the
latent heat by defining the enthalpy at differesthperatures. The relationship between the
enthalpy (H), the density), and the special heat (c) is expressed as follows

H= fpc(T) dT . (6)

2.3.2. Initial and boundary conditions

The initial temperature of finite element modeledgial to the preheating temperature, which
is 35°C.

The heat transfer at the top surface of the powddrcan be applied as:

oT
—kg s = h(Ts, —Ty), (7)



where h is the convective heat transfer coefficient atttdpesurface of the powder bed and is
taken as 8 W/(m-K)T, is the temperature of the powder bed; dRdis the ambient
temperature of the process chamber.

The substrate is much larger than the manufactwamng. Meanwhile, the conductivity of the
Ti6Al4V material is quite low. Hence the heat trf@msat the sides and bottom of the model
can be assumed to be negligible.

Heat flux and convection loads exist on the powed surface simultaneously. ANSYS
provides a surface effect element to solve a sttnathere the same element may be affected
by various loads and surface effects at the same fThe surface effect element employed in
this simulation is summarised in Table 1.

2.4. Structural analysis
2.4.1. Element birth and death

The method of element birth and death is appliedinaulate the unprocessed loose powder
material that has no influence on the thermal ade&dion during the structural analysis. The
laser beam moves on the powder bed with the amivaif corresponding elements at the
desired time points. Un-activated elements do wlot ta the overall stiffness matrix of the
model. This simulation technology has been apphgdRoberts et al. [14] in the multi-layers
temperature field simulation of the Ti6Al4V powdaaterial in additive manufacturing.

2.4.2. The fundamentals of thermal stress analysis

The temperatures from the thermal analysis bectvaédords for the structural analysis. The
same finite element mesh used in the thermal aisalyemployed in the structural analysis,
except for the element type (as listed in Tableahyl the boundary conditions. The
relationship between the stress and the straiafinetl as [26]:

{o} = [D]{°}, (8)

where {o} is the stress vectofD] is the elasticity matrix; ande®} is the elastic strain
vector and for the ideal elastic-plastic body,

{e} ={e} — {eP} - {e'}, (9)

where {¢}, {eP} and {e'} are the total strain vector, the plastic straictee and the thermal
strain vector, respectively.

Eq. (9) can also be written as:

{e} = [DI"Ho} + {eP} + {3, (10)

since the material is assumed to be isotropicabtee stress-strain equation can be expressed
in Cartesian coordinates as [26-30]:
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where E, G, u are the elastic modulus, shear modulus and Pdsssatio, respectively. A
typical calculation method of thermal strain from. E11) is,

et = a AT = ao(T — Tyey) (12)

where a, is the coefficient of thermal expansiofi; is the temperature at time t, affgl,» is
the reference temperature at t=0.

When the stress exceeds yield limit of the mateplaistic deformation will occur. According
to Prandtl-Reuss equations in plasticity theorg, phastic strain increment is proportional to
the instant deviator stress and shear stresslas/$o]29]:

de! de) def dyy, dyy, dyk,

7 = F = F = = dﬂ'
Oy Oy Oz Txy Tyz Tzx

Oy = Oy — Oy (13)
! — —

0y = 0y = Op

0z = 0z = Om

where oy, g, and o, are the deviator stresses of x, y and z directionartesian

coordinates, respectivelyil is the instant positive constant of proportionalit,,, is the
mean value of stress and is defined as:

_ax+ay+az

Om 3 (14)
Then Eg. (11) may be substituted by,
1
& =F [ax - y(ay + az)] + f 0xdA + a, AT
1
&y == [ay — u(o, + az)] + f oydA + a AT
E
(15)
1
& =% [O’Z — u(ax + ay)] + f 0,dA + a, AT

Tx Xz Tyz
Vay = o2+ [ Ty, Vaz = 22+ [ T0pdA, Vyr = 22+ [ 1,,d2

In the structural analysis, there will be a resldieformation after cooling when the vyield
point is met. Both the elastic and the plastic deftions affect the deformation zone. The



ANSYS program analyzes the deformation of the nedtexfter cooling according to the
elastic-plastic strain state.

The mechanical properties depending on the temperate required for the stress analysis as
listed in Table 2.

Table 2. Temperature-dependent mechanical properti€i6Al4V alloy

Temperature (C) 25 200 500 800 995 1200 1400 1650 1900

Thermal expansion, a,
-1

(1T  x1079)

Elastic modulus, E

2.9 3.4 4.4 5.7 69 765 79 8.6 9

o 1147 1053 89 75 723 646 568 454 0O
PoissoN's ratio, 032 033 034 035 038 039 040 041 05
Zée;)i)s”ength' Ty 1147 1053 89 75 723 646 568 454 0

Shear modulus, t(MPa) 887 847 778 334 38 27 17 3.8 0.38

3. Detalils of the experiment
3.1 Material properties of the Ti6AI4V alloy

The material used in this study is the Ti6Al4V gllpowder produced using the gas
atomisation method. The powder particles show a gmiherical morphology as depicted in
Fig. 5 with different magnifications. The titaniuailloy has many excellent characteristics
including low density, high strength/density ratt¢. The average size of powder particles is
approximately 20m. The process chamber is filled with argon asohggtive gas to keep the
0, level below 0.1% for avoiding oxidization durirgetwhole building process.

oo Ea s 2m T - I A e

Fig. 5. Morphology of Ti6Al4V powder at low (a) ahigh (b) magnification of scanning electron
microscopy (SEM)

3.2 Experiment

Test specimens have @3 x 10 mm cross section with different lengths equalhe $can
lengths. The lengths of the specimens and the gsopgarameters are listed in Table 1. The
specimens are shown in Fig.6. Each dimension issaned three times by a Vernier caliper
and the average is considered. The deviation ofthirewalled part in the scan length
direction is calculated as:



The percentage shrinkage per unit length can kendiy Eq. (17).

Ld_Lm

Lg

s = x 100% (17)

where L; is the designed length of thin-walled part alyd is the measured length of the
component after cooling.

Fig. 6. Shrinkage calibration test specimens

4. Results and discussion
4.1. Temperature distribution

Temperature distributions in the powder bed andsibiaified layers change quickly with
time and space in the SLM process. The resultaat h#ected zone and the maximum
temperature location move with the moving lasernbesynchronously. Fig. 7 shows the
temperature distribution at the beginning of treetaexposure, from which, high-temperature
gradients can be clearly seen due to the appliesdstn heat source. The temperature of the
powder particles rises instantly upon being irrsicby the laser beam, causing a molten pool
when the temperature exceeds the melting poini@Al#Vv (1660C). Since the powder bed

is supposed to be a homogeneous and isotropic methe surface profile of the molten pool
is a circle. The highest temperature at the sthttackl reached 2700 and far surpassed
the melting temperature of Ti6Al4V. However, theximaum temperature of the powder bed
increased to 2726 at the end of track 1 as depicted in Fig.8(a),2273at the end of track 2
as shown in Fig.8(b), and 2787 at the end of the last track as shown in Fig.8(¢ke
increase in the maximum temperature can be attibt heat accumulation. The powder
particle is preheated by the laser beam beforeeltsmand it will retain heat for a long time
because of its relatively low conductivity. Accardito Fig. 7, the heat affected zone is
investigated in the temperature from’@5to 1650C. The preheat temperature of the next
laser exposure spot is extremely high, but the &ratpre increment from the first to the last
spot (see Fig. 7 and Fig. 8) is only'@7This phenomenon is caused by the increased therma

10



conductivity of the laser processed regions contpavith the untreated Ti6AI4V powder
material [4]. Evaporation happens in the buildinggess though the maximum temperature
(2737C) calculated from FEM is lower than the evaporatmint. This can be ascribed to
the inhomogeneity of the powder bed caused by pasicles and broken metal powder
particles, etc. Un-spherical powder particles dasogé more heat from the laser irradiation as
the concave surface is conducive to energy accuionlarhe temperature of these particles
rises rapidly, and can reach or even exceed thaoeaion point of Ti6AI4V.

Temperature C
35

Molten pool T . ¥ I

627

927

Heat affected
Zone

Fig. 7. Temperature distribution at the beginnin¢he laser scanning

Both the temperature field and the molten pool mwitk the laser source simultaneously, but
the molten pool slightly lags behind the laser behra to the interaction time between the
powder and the laser beam. It is further found thatthermal gradient in the front of moving
laser beam is much steeper than that in the redésetions, as shown in Fig. 8. The trend of
temperature distribution can be explained by tret fhat the solidified material possesses
greater thermal conductivity than the raw powdertemal [14]. This situation was also
presented in the other temperature field simulatidn 24]. As shown in Fig. 8(c), substrate
temperature elevates faster than the powder miaberiaccount of the different conductivities
between the bulk and the powder material (see3jigSince a manufacturing layer requires
4.8ms for thin-walled part (length=2mm), the powgdbase changes momently, and the rapid
solidification technique is beneficial to the meaitcal properties of parts owing to the
structural modifications [29].

Temperature variations at Nodel, Node2, and Node® (Fig. 1) during the whole

manufacturing process are depicted in Fig. 9. Trediated spot’'s temperature increases
rapidly, and a certain region around the spot ish@ molten state. The liquid phase may
maintain about 0.3ms and then solidify into thdtgnThe second peak temperature of Node
2 reaches the melting point. However, the secondirman temperatures of Nodel and

11



Node3 are lower than the melting point, since thaing periods are long enough to dissipate
heat before reheating for Nodel and Node3.
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Fig. 9. Variations of temperature in a single lageNodel, Node2 and Node3

The various heating and cooling cycles of diveesifscan lengths taking place in the three
nodes during laser scan are displayed in Fig. 16{g) 10(b) and Fig. 10(c). The maximum

temperature is similar for various scan lengthshasvn in Fig. 10(d). The difference between
the peak temperatures of Node2 and Node3 becomatesms the scan length increases. It
provides sufficient cooling time when the scan tengxceeds a threshold value. The scan
length mainly affects the second peak temperatlgssribed in Fig.10(b).
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Fig. 10. Temperature variations in a single laygapNodel; (b) Node2; (c) Node3 of different scan
lengths; (d) the maximum temperature of multiplansiengths

The heating and cooling cycles continue in all tfaeks during the fabricating process. The
irradiated points suffer from rapid temperaturelegycThese thermal cycles are in connection
with commensurate thermal stress changes [30].I3ig scan track has negative effect on
the uniformity of the temperature field, while aogler scan length tends to generate a more
homogeneous temperature field [4]. There is someatien due to the acceleration and
deceleration of the scanning mirror during scantimegedges of a layer. The nodule is easy to
generate at the edges of the part due to theangfrthe scanning head. In order to reduce the
influence of the inertia of the scanning mirrore tecan length should not be too short.
Therefore, SLM technology should have a finely tlisean length.

4.2.Molten pool dimension

Fig. 11 (a) describes the molten pool temperatisiloution after scanning track 3 of the
single layer. The molten pool dimension is obtaittedugh measuring the size of the melting
point isotherm in the temperature distribution daquliot. The length of the molten pool is
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parallel to the scanning direction, whilst the wmidk perpendicular to the laser moving track.
The depth of the molten pool is measured from theder surface to the molten depth inside
the powder bed along the layer thickness direcfitve length, width and depth of the molten
pool obtained from finite element model are 37 188.9am and 64.Am, respectively.
The width of the fabricated track is larger thae tatching space (1), thus the solidified
section can be re-melted. The surface morpholodiiebuilt part is presented in Fig. 11 (b).
It is found that the front contour profile of theolten pool resembles an oval shape. The
similar molten pool profile is also presented ie finite element model as shown in Fig. 11
(a). The schematic of the scanning strategy wighnieasured molten pool size from the FEM
is illustrated in Fig.1 1 (c). There are no un-ranlpowders inside the fabricated components
with the process parameters listed in Table 1. 8foeg, the fully dense parts can be built. In
fact, due to the effects of thermal expansion &dd surface tension, the top contour profile
is torus rather than plane [31]. The modified madeadepicted in Fig.11 (d). The size of the
molten pool is controlled by two main parameteaisel power and scan speed [4, 32].

(a) (b)

Fig. 11. (a) Molten pool temperature contours atehding of the last track in FEM (scan length
=2mm); (b) Surface morphology of the part; (c) Suhtc of the scanning strategy with using the
measured molten pool size and (d) The modifiedreelie

4.3. Stress and strain analysis

Fig.12 illustrates the strong changes in the lefethe three directional stresses within a
single layer acquired from the finite element moddle X-component, Y-component, and Z-
component of stresses at Node2 are cyclic compeessnsile-compressive stresses. As
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predicted by Hussein et al. [4], the stress inrtlidten zone is tensile and it will convert into
compressive stress at the boundary of the irradlizd@e because of the equilibrium principles
of force and momentum as described in Fig. 13. fbipelayer will be plastically deformed
once the material yield stress is reached. Thermahigeld stress is lowered because of the
high temperature. During the cooling and shrinkpegiod, a bending angle towards | the aser
beam develops due to the fact that the upper iayavoling contraction, yet the bottom layer
is being heated by the energy obtained from thadiated surface. Since the non-scanning
zone is loose material, Node2 maintains a zeresstate at the beginning of the process and
the element birth and death technology of FEM gpéeld to simulate this situation.
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of stress and (c) Z-component of stress
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Fig. 13. Schematic of stress distribution

Node2 is firstly heated when the heating sourceesmn the centre node of track 1. The X-
component of stress changes from compressiveentilé when Node2 is heated as indicated
in Fig. 12(a). As the laser beam moves away, thé @aols down and the node remains
compressive. The X-component of stress gradualgases after scanning the last track. As
the material is expected to be isotropic, simil@ndls are also observed in the Y and Z
directional stresses of Node2 as shown in Fig.)la¢a Fig. 12(c). The three directional
compressive stresses reach maximum values wher2Nediestly heated and reach 300MPa,
330MPa and 300MPa respectively, whereas the peakdestresses of the three directions are
all found at scanning Node2 and reach 219MPa, 2G0Mfl 212MPa, respectively.

Fig.14 depicts stresses variations and the hisbbridode2 in the X, Y, Z-components of
different scan lengths. The maximum compressivessas are basically the same. However,
the peak tensile stresses increase with the soghke (ranging from 2-10mm). This can be
explained by the fact that a long scan length migdd to a large temperature gradient, which
is the major influencing factor of the stress fiedé$ the scan length is long enough to fully
dissipate the heat, the maximum tensile stressagldiemain constant. Nevertheless, they
begin to slightly decrease as described in Figd)LA{his can be attributed to stress relaxation.
The residual stress of Node2 in Z direction de@esagth scan length, but that in the X and Y
directions increase as presented in Fig. 14(e).pBad tensile and residual stresses all tend to
stabilise while continuing to increase the scargtlenFor this reason, a short scan length is
more suitable for the SLM process than a long lengb avoid a long scan length, a partition
scan strategy can be adopted [33].
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Fig. 14. Stress distributions of different scargliis at Node 2 (a) X-component of stress; (b) Y-
component of stress; (c) Z-component of stressyi@limum tensile stress and (e) Residual stress

As more layers are fabricated, previously solidiflayers prevent further deformation in the
top layer. Since this mechanism occurs at eaclr lafy¢ghe SLM process and accumulated
deformation takes on the already solidified layarsiery high level of residual stresses can
develop inside the built parts. On this accourd, 3.M components should be stress relieved
through a heat-treated process before any othdfpposessing, such as the removal of the
parts from the substrate. Otherwise, undesirakdstiol deformation may occur because of

stress relaxation [4].

The shrinkage of the thin-walled parts fabricatgdSi.M technology is affected by many
exposure parameters, e.g. beam compensation, cmgicand hatching, part orientation,
compensation positioning, scan length and laserepostc. [34]. The diameter of the molten
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pool is always bigger than that of the laser beanhia usually called as spot diameter. The
laser beam must be offset at the contour of theoblbgo as to compensate for the size
deviation because of the spot diameter. In ordetiminate the effect of beam compensation,
the test specimen (scan length=2mm) is selectedraterence due to its deviation, which is
less affected by stress, and then the specimenmigtois along the scan direction is mainly
decided by stresses and strains. As the balantieeair form in the X direction of the thin-
walled part is more unstable for longer scan lerggiacimens, residual stress has a growing
impact on the deformation along the scan vectornnthe scan length increases. The thin-
walled parts manufactured in SLM are illustratedrig. 15.

Fig. 15. Thin-wall parts built in SLM

Fig. 16 describes the deviations along the scatovet the simulation and the experiment.
The specimen’s deviation is calculated by Eq. (IB)e thin-walled parts’ lengths are
measured three times and the average value israddoi represent the length of the parts for
reducing the measurement error as far as pos&leldations of the simulation are in strong
agreement with the experimental results when tlam $ength is less than 50mm, but the
simulation results do not fit well with the expednt data in long scan lengths as shown in
Fig. 16(a). A calibrated simulation mode is introdd by considering the effect of the residual
stress along the scan direction. The modified satmid results are consistent with the
experiment data both in the short and long scagtlherDeviations of the simulation are
approximately proportional to the scan length. Timear fits of the simulation and the
experiment are indicated in Fig. 16(b). The catddasimulation results are closer to the
experiment data. According to the results of tinedr fits, the gaps between the simulation
and the experiment increase with the scan lengtenwihe length exceeds 20 mm. As
previously discussed, the residual stress hasat orituence upon the deformation along the
scan vector for the long length parts, which aeyda bend into an undesirable shape. Stress
relaxation may lead to larger plastic deformationthe long thin-walled components.

19



@) ., ()

038

- +S|mulal\0n . ) = Simulation
0.7 4| —=— Calibrated simulation 074 @ Calibrated simulation
—&— Experiment 4  Experiment | A
0.6 4 0.6 =—Lingar fit of simulation ,
L g Linear fit of calibrated
0.5 0.5 simulation ]
c i /./. c | Linear fit of experiment A /
E 04 L E 04 A
w w
£ sl e £ ol N2l
= 03 = 03
T T
o o] =
5 02 S 024
0.1 4 t 0.1 4
0.0 — i 0.0 {45 ! !
04 L, U, N SR RN N S I E— — B e e e e S e L e
Q 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110
Scanning length mm Scanning length mm

Fig. 16. Influence of scan length on shrinkagegpat{a) comparison of the shrinkage of simulation
and experiment and (b) linear fit of the shrinkage

Fig. 17 shows the percentage shrinkage per ungthenalculated by Eq. (17) in the scan
length direction. The experiment’s results fit tierd-order polynomial based on the least
squares theory. The shrinkage per length riseReasdan length grows. When satisfying the
mechanical properties, the scan length is one efiibst crucial factors. The most suitable
scan length of the thin-walled part is between 4amd 6mm as the shrinkage per unit in the
scanning direction is taken into account. The #age per unit is quite close to zero with the
process parameters listed in Table 1 only when 4smémm were chosen as the scan lengths.
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Fig. 17. The shrinkage per unit length of differscan lengths

5. Conclusion
The 3D transient indirect sequentially coupled nedrstructural finite element analysis
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model is applied to express the temperature, steggbstrain fields within a single scanning
layer of the thin-walled components in the SLM @ms& The conclusions can be highlighted
as follows.

» The difference among the peak temperatures ofrdiftescan lengths is small, whilst the
second highest temperatures vary considerably.

» According to the molten pool dimension computedrfrine temperature field, the fully
dense part can be fabricated with the hatch sph€elonm and the layer thickness of
0.03mm.

» The dramatic variations occur in the stress fialdrdy the process, and three directional
stresses are cyclic tensile-compressive-tenspsss.

» Deviations of the simulation are approximately mndjpnal to the scan length. When
residual stresses are taken into considerationdéwations of the simulation are in
strong agreement with the experimental results mothe short and the long scan length.

» According to the shrinkage per unit of built thimied parts with specified exposure
strategies, the most appropriate scan length vgdset 4mm and 6mm.

In terms of the potential applications of the sfuitie results presented here can be used in
industry for manufacturing high accuracy parts witm-walled structures. One limitation of
the study is that only one layer of thickness waslisd; different layer thicknesses might
generate different results. Therefore, the relewwntly should be carried out for different
layer thicknesses in future works.
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Highlights:

1

The paper studied the relationship between the scan lengths and distributions of
temperature and stress fields of thin-walled partsin the SLM process, using FEA and the
experiment method.

It is found that the scan length chiefly affects the second peak temperature rather than the
highest temperature.

The deviations of the thin-walled parts are approximately proportional to the scan lengths.
The most suitable scan length is between 4mm and 6mm for the thin-walled components with
specified process parameters.



