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Please note thathe ongoingPhD ofT.Q.D. Phamand C.Gallodevelopinghe couplingof

FiniteElement approaches witbther modelssuchasDeepLearningand Proper orthogonal
decompositiorarestill partly relying on some Méxperiments performediuringthisinitial
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This doctoral thesis is structured indofferentchapters each aimed at equipping the reader
with the necessary knowledge and skills to comprehend the methodology for develaping a
FEA model capable of accurately calculating thermal fidlde thermal fields serve as the
foundation for predicting microstructurgarticle 1¢ Chapter 2)and residual stressdatrticle

2 - Chapter3). Additionally, a novel method is introduced for generating a variable laser

n
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power function, enabling the production of constaiiteightmelt poolfor each layeusing
DED(article 3¢ Chapterd). The effectiveness of thifEEapproach has been validated through
experimental investigations.
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Additive Manufacturing (AM), also known as 3D printing, has revolutionized the
manufacturing industry by enabling the production of complex and customized parts with
unprecedented design freedomt. K S (1 SOKy 2t 23AS4a4 YR YSiK2Ra&a 2
SELI YR Ay GSN¥Ya 2F LW AOLe2ya YR YIFIN]SG &
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| Processes of metal AM ‘
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Among the various AM processes, Laser Directed Energy Deposition @MeDRnown as

Laser Claddings the process of interest for this researdh has emerged as a versatile
technique for manufacturing fully dense parts through the progressive welding of a wire or

metal powder onto a substrate material. DED offers advant&@esfth 1999 such as high
controllability,a high potential in cladding uneven substrates, achieving high cooling rates,
andgenerating fine microstructurenceoptimized,the process€anminimize distortion and

produce highquality depositsThistechnique is widely usetbr manufacturing new parts,

adding feaures to existing parts, as well & costeffective repair applicationslt is also

suitable forthe production of functional prototypes and small ser{Bsmkerton 2008Gibson

2015, Hascoét2038 y2 G KSNJ F RGF yial 3S 2F 595 2@SNJ 20KSN
fA1S {StSO0a@S [IFASNI{AYUSNAY3I o6{[{0 2N CdzaSR
Ydzft oLt S YIGSNRAFE A &AAYdzZ G yS2dzate 2NIyaSajHzSyasl
Ydzivds G SNRAFf 3INF RASYyGas FyR 0KS AyO2NLI2NIasz2y

|l RRAa2YyIFHfféZ 595 LINRPOSS%A SEK &ai SIND f 2 KAAR REMNIR2 N
I LILIE A GHowegey, éexdain challenges still need to be overcome, such as microstructure
monitoring, geometry accuracy, and crack formation at the substdsposit interface or

within the clad itself(Griffth 1999. Achieving accurate predictions of thermal history,
microstructure evolution, and residual stressssthusa key to controlingthe quality and
performance of the manufactured parts.

TheDEDprocess begins with a CAD model of the desired part, which is then sliced into layers
for the deposition process. A highowered laser is used to melt a wire or powder feedstock
materialprojectedonto the substratepr previous layersreating a molten pool. The laser



beamand the powder feedingcan the surface of the substrate, melting théded powder
material and allowing it to fuse with the previous layers, forming a solid part. During the
deposition, the laser power, scanning speed, and material feed rate are carefully controlled
to maintain optimal conditions for bonding and minimize defects. Tloegss is performed

in a controlled environment, typically with the use of shielding gases to prevent oxidation or
contamination(Figure 2. After the completion of thedeposition, the parimight undergo
post-processing steps such as heat treatment, machining, and surface finishing to achieve the
desired final characteristics.
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Thermal model

1. Plasticity

2. Stress/strain
3. Deformation
4. Creep

Solid mechanics |}

Heat transfer

1. Conduction
2. Convection

3. Radiation

5. Evaporation

Part-scale

Thermal model

Thermo-mechanical model

-~

'
4. Phase change ! . .
N i || Solid mechanics

1| 1. Plasticity

i| 2. Stress/strain
i| 3. Deformation
i| 4. Creep

i

Fluid dynamics

1
1
¥
! '
1 ' A
' ' !
7 \ ' ' 1
1. Navier-Stokes H ' !
. : 1 1
2. Continuity ' ' {
= : ' ' !
3. Buoyancy ' '
'

4. Solidification drag i d
5. Marangoni cffeet ! ! !
6. Recoil pressure
* Melt pool flow 7. Surface tension
* Sudace. typology 8. Surface tracking

Thermo-fluid model
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Name & Type Expression References

(Alimardani et al., 2007a, 2007b; Fallah et
al.,, 2011; Johnson et al., 2018; Labudovic
Q= —5ex — et al.,, 2003; Madireddy et al,, 2019;
Surface e g Manvatkar et al., 2011; Neela and De,
2009; Wang and Felicelli, 2006)

Gaussian: AP (,Zrz)
P

Top-Hat: AP Y ep ey
Q =1{mr2’ e= T (Peyre et al., 2017)
Surface 0, r>m,
Conico-Gaussian: AP ; . (Biegler et al., 2020, 2018b, 2018a;
) Q= wZH(l _ﬁ) exp (1 _r_Z) Mukherjee et al., 2017; Liang Wang et al,,
Volumetric ° ° 2008; L. Wang et al., 2008)
Cylindrical: AP Y eper
Q =<mrZH’ o= T (Lu et al., 2018a; Piscopo et al., 2019)
Volumetric 0 r>r,
(Anca et al.,, 2011; Erik R Denlinger et al,,
Goldak- 6v3APS 3w 32 3z 2015; Denlinger and Michaleris, 2016;
0=— jﬁ (—a s cz) Goldak et al., 1984; Heigel et al., 2015;
Volumetric afrOCT fr

Michaleris, 2014; Xie et al., 2019, 20203;
Yang et al., 2016)
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0, (MPa)
25196402 0 181.7 363.3 47470402

N T -

=

o, (MPa)
-1.117e+02 0 131.9 263.9 4,160e+02

V— 5>

033 (MPa)
-3.570e+02 -224 0 2242 5.399e+02

Standard model Inherent strain
(Liang et al.)
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Hardness of LC B deposits - as-built
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High Speed Steels (HSS) are widely used in various applications including cutting operations,
high speed machining, hot stamping, moldiagd hot strip mills. They withstand severe
mechanical and physiechemical stresses in service, thanks to their alloy design and to their
carefully tailored microstructure. These alldyslong to the complex FEFG-X system, where

Xis a strong carbidg®rming elementsuchas V, Nb, Mpor W [1].

DED (Direct Energy Deposition) is an additive manufacturing technique whererger is
projected on the substrate and melted while passing through a laser b&arg.high cooling
rates ranging from 10to 10’ °C/s are achieved and yield ultrafine microstructures.
Advantages such as the reduction of thermal distortions, porosity, cost and machining time
as well as the possibility of manufacturing material gradients through powder of different
chemical compositins are the specificities of DED [2].

High temperature gradients are generated during DED leading to directional microstructures.
To understand their genesis, the thermal fields predicted by Finite Element (FE) analyses often
complement experimentsyang et al. [3] studied the heat affected zone while Wang et al. [4]
analyzed the melt pool. Kong et al. [5] investigated the effect of different processing
parameters on the deposit height whil€ranet al. [6] focused on the evolution of the

* Corresponding author,
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nmm


mailto:anne.habraken@uliege.be

microstructure in the deposit. Howeveworks focusing on the solidification of thick HSS
deposits processed by DED are innovative. Heat tends to accumulate in such thick deposits
due to the laser power of 1 to 2 kW, leading to microstructural heterogeneities within the
deposit height [7].
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Using conductiorconvectionradiation exchanges, the thermal field was computed by the FE
code Lagamine from the University of Liege. The details of these simulations applied to DED
can be found in [6]. In the present case of 36 layers, 2D simulationspreferred to save
computational time. A planar mesh witin element height of 0.764 mm within the deposit

and coarser elements within the substrate was designed. It simulates a vertical cut in the
middle of the deposit, parallel to the laser displacemaffithin the deposit, the element

width of 0.75 mm corresponds to half of the laser spot diameter. Basetieexperimental

laser beam velocitythe element birth technique models the heat source movement and the
addition of material The ambient temperature is assumed constant at 298 K.
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The thermal conductivity, the densitand the specific heat capacity were measured for
samples extracted from the deposit and the substrateT8le radiation emissivity factor was
set to 1 and a convection coefficient of 230W/m2K was appligte liquidus and solidus
temperatures used in the model, 167,7kind 1503K respectively, were obtained from
thermodynamical simulation. Laser heat flux was fitted in the 2D model to obtain the range
of substrate temperature experimentally measured. This inverse approach ponatizble
results as alreag shown by [9].

3000 - e Peak 1 A A TPOI1
P N dT/dt POI1
T Peak2 mmmmmm e DR T POI2
2500 - h Peak 3 dT/dt POI2
K TPOI3
/ dT/dt POI3
7 2000 \
;- M
= N k A Liquidus
3 NINN ¥ :
E 1500 - : Seve — -
5 f vy v’ - —— | R Solidus
' ¥ E 4
= E : ;
— 1000 - ! i :
' i :
] i W
i 1 i
500 -
0 AT L | B L —— LI | I I T T T 1
100 120 140 160 180 200 220 240 260 280 300
t(s)

CAdd HY t NBRAOGSR OdzNBSa akKz2gAy3d GKS GKSN¥YIFE KAadG20NRSa o Fdz

A~ Ve ~ ~

wSadzZ & YR RAA&AOdzaaiAzy

CAad ml O2YLI NBa GKS YSIFadzNBR F'yR LINBRAOGSR
GKSNXY202dzLJt S® LY FRRAa2y>X (KS W5 C9 aAYdz | a2
flrad OftFR fF8SNY HdPo YYI &AYRNMREDEYE SRED 55 ECLYS
oFlaSR Fff2& wcB8>X RdzS (G2 KAIK KSlFeay3d NIXraGdSaxz |
0KS f Clpd®»Rdza @  KSNB (§KS LINBRAOGSR GSYLISNI G dzN
thLmM> yYRLHhL0oYX GKAOK I NB f20F0SR Ay (GKS OSyi!
0KS FTNBS adzNFIF OS 06CAId mMouvd YS@& NBadzZ Ga F2NJ
RdzZNAYy 3 a2f ARAUOlFea2Yy 0602fdzYy NBIBBRYS8aa229 S0k
ddzLISNKSFay3d GSYLISNI GdzZNBEd ¢KSNBEF2NBE | dadzYAy3

NEIaz2yl ofsRaxS1 8aS@&R8) 200dzNNBy OS 27F LI NbFf YSf
GKSANI NBfFGSR OSty¥SRAKSNBEEBEDSBIRIZOSR | a SELX I



¢-ofS MY YS@& LINBRAOGSR GSYLISN) (dzNBa a8a20A1F GSR gA0GK (KS RAL

~ , !’A b & ~ .“ «
5SLIK F, . OSNI IS O21, 5o ays np|2FES LMD
G2 L édZNtSI-“[ O0SUgGSSY LJSf)\I'dzAIfzdzé I- a dzZLJISNJ KS
5 vy ydzyo S|t yR Yay @8, o) % (S Y LIS NG g
6YKao GKS YStd
MO DT T HY R MMNY MNHP Mon m
t hLwm o NR M Mg MM MCYTF
nop o NR M dc MAnp MT N F
t hLH nikK MO0 p 1 MCCYy
nedTC ma i MPp C O MAHC HTCY
thLo HYR |[MHMC M1 H H HNTPF

F fFadg YStey3d 2F GKS thl

4 aK2gy Ay CAIDd o (GKS YAONRAGNHzOGAzZNE A& Y
& dzZNNE dzy R S RO 20y@s yldz2liddal ayASi g2 NJ] 2F Ay aGdSNOSt  dzf | N

. FASR 2y CA3Id wx AG OFry 0SS FaadzYSR KFG 020K
G2 GKS flrad a2t ARAUOlFIsa2y>X 46KSNBIFA& thLo Aa
O2NNBalLl2yRa (2 NBKSlFay3a | 620S (KIS NA L tzA R84a0 b
aidSLla faz2 200dzNJ F2NJ 620K thLm |yYyR thLHX 0
YFEAYdzY NIl y3IAaAy3d 6SiG6SSy (GKS &a2f ARdzA | yR (GKS
a2t ARAUOFa2Yy NI y3AS F2{f26aKIS REQBBIf aNVFH oy NE ¥
I NPdzy R 6§KS YARRES 2F (GKS a2t ARAUOFa2Yy NI y3S
thLHY OGKS LI NbFE YSftoy3a aiGdSLEA NBE Y2NB LINRYy?
GSYLISNY G§dzNB O2YLI NBRIFI i2Y$haw® FadDK 2F LEKS O
RSYRNAaO FTNIIAYSYyills2yn KIRKISRFRYS y@ANJoMaad a6 ! YR Iy
LIKSYy2YSy2y (G2 595 gKSy FTNI3IAYSyillazy 2F RSYRN
08 YSEfl b2g SKXOKoRZSONBAYEa2FKBRSYRNAGS®
C2NJthLmZ Al Ol y /0SS deidSa0daYORR | (NKSI v SX VifSeR as KA £ S
al dzy YSTGSR 2N 2yfeée LINblIfte YSEtUSRZI RdzS G2
LINPY 2dzy OSR YSfoyad LIKSy2YSy2y 3IASYySNIGSm avyl ¢
AKlI ISR a/ KAANRORSN®IG 2y OFy o6S NBfFiSR (42 o
St SYSyil 6AGKAY (KS WHVERIBRIDEECIACATOPI&KSO ®SY

V- R

AYOGSNOSt tdzt F NJa/ FNE BNBABSY NI Ay LINBOX LKAKS NSR

UNBRG a2t AR dzy RSNJ I O2dzLJt SR INRgGK LINRPOS&aaod
| 26 SOSNE GKS aAlS 2F 020K OStfta FyR AyidSNDSH
OCAIDd ol I yYRSONSBUGAYWENNMNPDSEE | OKASOSR oA GK
¢KS NBflIa@dS OKSYAOIFf O2YL2AaA 6K MWpdA B BBA RS &
F2dzyR 6AGKAY AYyUSNOSttdzE I NJT2ySa 2y 020K t hl
ONRIAKGISal 2ySa LINBaSyd Ay thLu O2yiGlFAy 20KSI



a2y bo O0CAIP ovLP® ¢CKAA& NBadzZ d Aa Ay 3F22R | AN
ARSYOS oYS Rm@XMKRA YA (ItKS FEWA thLud ¢KAA LIS
AfAONRdZY F2NJ YIye StSyYSyia AyGRdzREyHax | D
y3 RAaA&2f OSR/ TNZYSNRSt dztbl KOS AD A RS & LINBEa
GKSe O2yil Ay KSI@ge StSYySyita adzOK a a2 |\

kS A
e R
\-'*‘i .7

4

~. ~

St oy
MAGI000 x HV: 150 kv WO: 90.0.mm

0 00

CAdo T[O{Y9 {\97aON23NJ LIKatmta¥sSt a/t hL[R ﬁﬂN&f}/ﬁJLSNMKDIS(ﬂZ[ﬁ SZOJBNJ &

IYHMfIM al wy%x&wmyo&@uﬁNDSfthlm i2ySao

/| 2y Ot dzAA2Y A

¢tKS C9 (GKSNXYIFf USfR O2YLJziSR F2NJ 595 2F 1 {{
ASYySandeSydO y20StaSa NBE &ddzYYSR dzLJ a F2f
1 G2 0KS RSLIR2aAlG 1&E J‘séKaﬁzNimpsznyész
S& LINBOALMAGEFEOISR Ay AYOISNOSE f dzf F NJ 1
S S | GSYLISNY GdzNB 2F (GKS YStdG L2
S YSku ®EBRIKG 2F GKS RSLIZaArild LINRY2GSa
f )\UO|-92y LK 4S&a Ay Of dzZRAy3a OSftfa | yR
SNYSRAIFGS RSLIGK FTNRY (KS RSLI2aAi
J GdzNB | Yy R Y KiAalyKSB NI T diYKOSS NY |20FS NWE- €
SO)\LJﬁd\IleSEyé/Z?OICNZ)I\MRfSé AyaiARS OStf &
i K
f

~—
N
ax
(0p))

<

Q__
~ =
o o
zZ >
X
%
)
()
<,
m

SYUNRAEa28 RSB I O2dzLIt SR 3INRSGK
| GKS t20lsa2ya ¢gAGKAY (GKS GKAO]l R
fIFNE €fSIRAY3I (2 UKOINBB®ASEMIF a2y 27F

D¢ ) ™ S S~ QD¢ O QX O( =~

>N >R WSS N R

1 O1ly2s6t SRAYSylGa

CKAA ¢62N)] o6& adzLlll2NISmroép 2wE622¢f WS&EX 2¢b w
tcdonnodpdmn YR Ll2aAez2y 2F la | FToNF{1Sy8x C959v
WwWSTSNBYyOSa

oMB8 ad® . 200t AYyREGEMIPDRE BB ymd SAw/En My GdPH ©

WHB 9d ¢28aSNJIYAZ ! @ YKFE2SLI2dzNE {® / 2NDAYZ
woB8 W [ Fy3dAs {® {dzyZ a® . NIYRPZIOHAMAWY B HWP bda

np



woné [® 2Fy3IT {d CSEtAOStftAT _,d D22NRP2OKWzZINYyZ t
M OHNAYyULO®

wp6 CP® Y2y3IAs wod Y20 OSOAO:X aSidlftftao al
wcB |1 ® ¢CNIFYyZ Wortd ¢OKdzZAyR2lIy3IsZ | & t 1 &
| FoNJ {1 SypSaap MSINGP OHAMT O Mon®

WwT8 DPtd S5AYRI I | dYD/ 2F &8 DdzLISOKY WO da b hdzY RS Nm H

0SN¥d ¢N
Fas 1 d

T« <
ax

Owed | FaKSYAZ tK5 (KSaia !'[A83IST wnmt KJLBAYK
OPp6 | d [ AYI {d5d0 CSEtAOBOTAINn Ay 2y @dn e | ST
oMn8 bd I FAKSYASZ ''d aSNISyaz | @& az2y(iNMSdzES W

. SO1SNES {dNFd /2F{id ¢SOKYy2fd omMp OHAMTUO pwMmd
oMmMB8 t® DNHIFIOX ad® [ALWF]1X ad . SKdz 203 [D [ |
Oy3Id: nnd SHANTO cpyd

OMHB W I ff202y> 50 ad | SN EDK>¢ NIy 4 S yYISR yiEy
ntTop®

OMO B8 TIKWAYWRAYEL . & g It NROERE D Itwdi0 Wgh2niéMmiDS Mic o H P
oMnB8 !AaAYlIys>S 50X wdz0Saz2d0Fzx YPI gmaldodIMT o. & |



/ KI LJG SNJ o

CKAA PNAAORE dzLl2y GKS Ayaiaakida 3IFFLAYSR FNRY 0

60/ KILIGSNI Hod | SNBs ¢S SELX 2 MY &Sl GARAGENR YOULIOS &

| {{ @&INYLIAEMSUzZNAY I (GKS YIydzFlI OGdzNAy 3 LINROS&as

Of ' YLISR ¢6KAf S (KBI RBETKNER2NAR 24/10d tft RDE I Gl a2y

GSNBOIZt FYRWAY I kS HINYEBEXGE2 NRA & LIA 10 @GS MRRR S
.QI.

OF LG dzNBE (KS GKSNXYIFf KAaG2NE | OOdANY (BK & >a dzda
G 1Se LlRaisz2yad {dzoaSljdzsSyidtes S 02y Rdz0OGSR
a0FyyAy3a StSOGNRY YAONRAO2LER I|yR 2LWkOlf Y
2aSNDIa2yad

Il O2YLINBKSYAADS 05 UGKSNY2YSOKFYyAONBt aYRYRE({ 2y
YSI AdzZNSR EINP YISNb SadzY LI S Y I &RISY LmIEPK b 2 WHKED & =
YSI & deBNPRIISNIKS®S A (SR aA3IyAUOIyi RSOABSEEHI FNRBY
YSI &AdzZNER 2y Ol add 2RRNF2NAISRE &% YAE SIASNF 2 NY SR NJ
NI S 2F wnn d/OREYD2SRE (8 MY NSNS NI (S2E Ll kySa ALING
0SOSY AF asff FINI FTNRY NBIf RERAFDOSHIAI R 2 A Y
RAGSNEYOSa O2YLI NBR (2 YSIadaNBYSyida 200l AySH
CARSYIKTE YI (i SNAR dzNRY B SiRK S5 HINBR2OSRO G SR | ASNR S
GS®2ya al YL Sa SEGNI OGSRG T RP NA R dza dzfi § Y BIS BlI & tzMEBJ
GSYLISNY G§dzNB=X onn ¢/ X pnn ¢/ 2 FYR dpn c/ ® 28
GAGKAY GKS IylFftel SR NIy3ISs (GKS &adNFAynNIGS |
AONIAY 0S8KIYEHAE2Z MLIBIBESA 2y diSad NBL2Z2 NI

¢CKS GKSNWIfE ARARSE 61 & adz00SaaFdzZ te O2yUN)XSR
KAZG2NRSE NBO2NRSRYRE O KNS KSRY&ADS WWERE a¥A ONR
¢KS RAVYOdzZ aSa ¢S KI @S KIR (42 @GFftARIGS (GKS a
KIS 0SSy a2t 9SR3E SyKIyOAy3 3FAYy (KS RAGSNB
I YA ONPR X KNMHzGHzzNB ®F §S LINRLISNbS& Ay GKS &AYdAf |
LISNF2NXYSR 2y nu/ N2l SNG RST AT B K3 yade®a G NF S dza ¢
2F LINBOA2dza OKIFLIISNID | 26SOSNI I Of2aSNJ £t221 I
GKS nH/Nah2n 3AN}RS dzASR |4 adoHRANIOBY & NYSRIKEe |
YSIadz2NBYSyiGa Zy dABRROIEADAHORIGNG 685dzNJ 6 KSNXYFf LINBRAO
a0 3S 64SS bdzYAF2N)X LINPOSSRAY3 I NOfS WENRAY H
08 aAYdZ la2yada (2 NBO2OSNI GKSNXIf USt RS Y¥%S13adzNE |
K2gAy3ad (GKS KAIKLIBRE YA b 10X DNSIHPKNBYBEGMIN2dzNI dzy R S NA
LINERAOUSR BKBAND2YRBESORER || aASyaAis@Aaite Iyl fea
0 KSNY2EKERANDIYSISNE 2y AYyKSKEKENKIOf SKAINBARFGS

CdzNJi KSNRERB NN KEY LINSRAOa2y | OOdzNY O&8 4l & Ay«
0KS Y2RSt (i KEBSidaf ddSIB QIKE RR & LI K © SRS (5SRIzZMNATS 3

Qx¢

3 Published in Metals, volume 10, 2020, 1554



020K YIydzZFF OldzNAy3 FyR O22fAy3 LIKIaAaSad ¢KSa
dzy RSNEO2NAYy 3 GKS AYLERNIIFIYOS 2F LINBOA&AS YSI ad:
dzy RSNJ G KS aLISOAUO GKSNXIFf 3INI RASREINGE a6l daR ACRR/d
F2NJ GKS [ 2dzy3 Y2Rdzf dza ' yR (GQSLIE A S RE25R[9\BMER 4 (0 €
¢tKS RAAONBLI yOASa 0S0sSSYy GKS aAayYdz &aRyia yR
22 Ydzf oL S dzy OSINKS A&y (pESESHY RRKESK KWAZNENBNGOR lya | LILI
0SSY AY ol RRRo2y (G2 O2YLI SYSYUdl NB YIFGSNRLf

Y2RHEXGK ySg O02ftfSI3dzSas K26SOSNI Al RAR y2i



Sensitivity analysis in the modelling of a high speed steel
thin-wall produced by directed energy deposition

Ruben Tome JardihVictor Tuninett?*, Jérome Tchuindjany Neda Hashend, Raoul
Carrug, Anne Mertens, Laurent Duchéné Hoang Son Trah Anne Marie Habrakeh®*

! Department ArGEnGBISM, University of Liége, Quartier Polytech 1, allée de la

Découverte 9, 4000 Liege, Belgiuatjardin@ulg.ac.be

Department of Mechanical Engineering, Universidad de La Frontera, Francisco Salazar

01145, 4780000 Temuco, Chilgctor.tuninetti@ufrontera.cl

3 Department A&MMMS, University of Liege, Quartier Polytech 1, allée de la Découverte
9, 4000 Liege, Belgiuranne.mertens@uliege.be

4 Sirris Research Centre (Liége), Rue Baie&@t 12, 4102 Seraing, Belgium;
raoul.Carrus@sirris.be

® Fonds de la Recherche ScientifiqguE.R.S- F.N.R.S., 1000 Brussels, Belgium;
anne.habraken@uliege.be

* Correspondencerictor.tuninetti@ufrontera.c Tel.:+ 56452325984V.T.),
anne.habraken@uliege.h&el.: +32496607945 (A.M.H.)

Received: date; Accepted: date; Published: date

Abstract: This paper reports the sensitivity of the thermal and the displacement histories
predicted by a finite element analysis to material properties and boundary conditions of a
directed energy depositioaf a M4 high speed steel thin wall part additively manufactured

on a 42CrMo4 steel substrate. The model accuracy is assessed by comparing the simulation
results with the experimental measurements such as evolving local temperatures and
distortion of the sipstrate. The numerical results of thermal hisgoare successfully
correlated with the solidified microstructures measured by scanning electron microscope
technique, explaining the neaniform cellular type grains depending on the deposit layers.

Laser power, thermal conductivity and thermal capacifydeposit and substrate are
considered in the sensitivity analysis in order to quantify the effect of their variations on the

f 20t GKSNXIE KAAG2NEY gKAES |, 2dzy3Qa Y2 RdzZ dz
on the distortion response of the sgple. The laser power showed the highest impact on the

thermal history, then comes the thermal capacity, then the conductivity. Considering
RAAG2NIAZ2Y S OFENRFGAZ2Yya 2F GKS | 2dzy3Qa Y2Rdz

Keywords:DED additive process; thin wall deposit experiment; distortion; thermal history;
finite element simulation; thermomechanical model; M4 steel

1. Introduction

Within the additive manufacturing (AM) processes, Directed Energy Deposition (DED) is
a generic name for layered manufacturing of fully dense parts based on progressive welding
of a wire or metal powder (Figure 1) on a substrate. The energy sources rédaiimaelting
the feed metal in DED processes can be provided by electron beam (EB), laser (L), plasma or
electric arc. The most known DED processesaser cladding (LC) or Laser metal deposition
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(LMD) such as wirbased laser metal deposition (LMM) or powderbased laser metal
deposition (LMEP); electron beam melting (EBM) powder or whrased; plasma
transferred arc (PTA) deposition; and wire arc additive manufacturing (WAAM) processes
such agyas tungsten arc welding (GTAW) or gas metal arc welding (GMAW).

Nozzle

- . I eoentitl 02
measurement

Protecting
cap

Argon inlet TC

Insulator Substrate

TC o TC
Steel and Aluminium Plates

TC - Thermocouple

Figure 1.Scheme of laser metal powder directed energy deposition (LMPB&D)mMent
used for manufacturing thin wall specimens.

The main advantages of DED processes compared to Powder Bed Fusion (PBF) processes
(Laser tPBF or Electron Beam{PBF) are their high versatility and controllability. They can
be used for manufacturing new parts, including directional solidificationirgle crystal
cases, for adding features to existing parts and for functionally graded par3§1L.is often
used to provide an effective and minimally invasive approach, preventing the replacement of
price-sensitive products [2]. Its use in repair opeoas receives increasing interest in industry
[3-5]. Production of functional prototypes is another market, alongside with production of
small seriesThe variation of powder composition and the process parameter windows allow
a tight control of chemical compositiomelt pool size, thermal gradients and solidification
rates to control the generated microstructures [6ftedicting and adapting the temperature
distribution in parts produced by additive manufacturing processes is the basis for preventing
distortion, residual stresses and microstructural phenomena. To this end, Graf gf]al.
performed numerical analysis to determine the influence of wire feed rate and weld path
orientation on the temperature evolution of multayered steel and magnesium alloy walls
manufactured by cold metal transfer (CMT) technology, a new form ehggalarcwelding
process. Kiran et gB] focused on developing an adapted weld model for DED simulations of
parts size between centimeters and ongeter with a costefficient computational time.
According to their results, the so called thermal cycle heptitrreduces the computational
time considerably but some limitations with transient heat input model are still required.
Manufacturing defects such as low forming precision, coarse grains, and pores caused by local
heat accumulation can be mitigated witbhrex onlinecooling[9]. Aldalur et al[10]reported
the use of oscillatory strategy for building a wall geometry with Gas Metal Arc Welding,
resulting in an improved flatness and quagmmetrical geometry with a more homogenous
microstructure than theoverlap strategyDespite these improvements, many issues are still
to be mastered such as geometry accuracy, and microstructure monitoring and control. Crack
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events during the manufacturing process or during cooling stage either at substeptusit
interface or in the clad can also be an issue.

In order to be cost efficient and avoid expensive experimental work, different models can
0S FLIWX ASR® tAY]1SNI2yQa NBOASG LI LISNI-omm8
statistical models and the physical models devoted to powder flow, melt ppotpstructure,
stress, distortion or geometry. This article confirms that finite element (FE) analyses can be
used to predict the thermal history and the distortions during the process, as well as the
residual stresses or the microstructure at any maépoint. This quite extensive review [11]
presents the current low level of knowledge about the DED models related to high speed steel
with their complex microstructure, while titanium alloys or superalloys have been extensively
studied. It reminds alsdiat nonequilibrium material state presentin DED process prevents
easy use of classical continuous cooling transformation diagrams.

The simulation targets usually define the model scale. For instance, to prevent balling
effect and understand pore formation, detailed melt pool modelling and fluid simulations
cannot be avoided. Note that with such a fluid methodology, in DED, Khaiedl&h12]
explains the flaw mechanism for both stainless steel 316L and riessd superalloy
IN738LC, while Heelireg al.[13] presents the optimization of the process parameters for
stainless steel. However, the micro scale of these models prevbeta to address the
simulations of whole parts, while even lower scale and other type of models, for instance
Phase Field approach [14,15] would be required to analyze the segregation behavior and the
generation of phases. As explained by Jaeded.[16], the precipitation of the carbides within
M4 cladding results in a heterogeneous distribution of the carbide shape, size and nature
along the depth of a cladded sample. A phase field model is a further step for ULiége team.
Another example of the intest of low scale method is the study of the diffusion between Si
inclusions and Al matrix for AISi10Mg determining the rupture location [17].

At the macroscopic scale, more adapted to industrial parts, the inhes&nain-based
method [18] is often used. It assumes incompatible strains from different sources and
decouples stress components. However, the accuracy of this method for complexsyaots
guaranteed and a careful calibration is always required either based on direct experiments or
based on a detailed validated simulation. Detailed FE simulations close to the physical
phenomena is this paper scope. It provides a deeper understanditigeanaterial history
within the process and helps to identify its control parameters. However, those simulations
still present CPU issues, which limits them to simple parts. As demonstrated hereafter, the
mechanical result accuracy is not guaranteeddomplex material as M4 steel deposed on
42CrMo4 substrate.

As the thermal field is the key factor, numerous 2D and 3D FE simulations at the
macroscopic scale have been developed for academic samples providing the thermal history
of deposits. For instance, special focus on the heat affected zone is chosen byt ¥afitPé
while the effect of the laser scanning speed on the thermal evolution and on the melt pool
size is studied by Patil and Yadava [20], of laser power by Yin et ahrf@14f preheating
temperature by Chiumenti et al. [22]. However, those prewaurks do not discuss the
impact of the accuracy of the input material parameter data on their predictions. Often by
lack of knowledge, strong simplifications are done. A common simple assumption is to neglect
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the variations of the thermephysical properties with the temperature [23] or adopting
constant heat convection coefficient for the boundary conditions [24], while the variation of
this coefficient with the geometry and the temperature was demonstrate{?by. The shape

of the heat input developed by Goldak work [26] intended to model the laser beam heat
source could be used, however, a constant local value of heat input or a simplified shape is
often adopted [27,28].

Another cut off from the complex physic concerns the geometry of the added material at
each track within a new layer of added material. By convenience, it is often a cuboid volume
related to mean size of the track height and the track width. Within themechanical solid
FE simulations, only some models like the one of Lindgteal. [29] compute the added
volume shape based on physical assumptions. Another way is chosen by @aiakzf80]
which defines it by regression formulas based on an exterestperimental campaign.

Key material information such as visptastic behavior within the mechanical model is
usually based on experimental measurements from samples not manufactured by DED [29].
However as pointed by Lu and hisworkers [31], this approach is not reliablegenerate
accurate predictions as mechanical and therpioysical properties strongly depend on
microstructures which are different in casting or forging or Additive Manufacturing processes.
The sensitivity analysis of etial.[31] about the effect of mecanical properties of T6AF4V
alloy shows that the distortion and residual stresses strongly depend on the values of the
GKSNXYIt SELIyarazy O2SFFAOASyd |yR GKS St aid

The present research is focused on a thin wall sample of ten layers of M4 material on a
substrate in 42CrMo4 steel. Theramoechanical finite element simulations compute thermal
history of the cladded material as well dstortion and local temperature of substrate. As
shown next, the access to accurate material data for this specific high spee@$&2grade
is more problematic than CPU issues. A thorough validation of the model results is conducted
using the predicted displacement and temperature curves of different points in the material,
which are compared with their corresponding measured valinesughout the process,
including substrate preheating, deposition and cooliRoal microstructure is measured by
optical and scanning electron microscopy performed at the middle esesgon of the thin
wall and substrate for further correlation analysis with the thermal history. Note 4t
material was selected because of its enhanced performances in wear and hardness when
manufactured by DED [32,33]. However high amount of carbon in the material composition
combined with thermal and/or phaseansformation stresses generates a high sypsitslity
to crack formation [34,35]. This feature explains why DED of tool stemhains very
challenging. In additionto the usual process parameters such as laser power, scanning speed,
powder flow rate and scanning strategy (laser path, idle time, track idigtance), the
identification of the preheating temperature level is mandatory step.

The cracks easily appear due to the tensile stress generated in the clad bottom or at the
clad-substrate interface during the cladding process. The preheating temperature of the
substrate decreases the space thermal gradient, the cooling rate and minithezé&sermal
distortions and stresses during the process. As shown by Leetrald36] for CPM 10V and
Vanadis 4 extra tool steel powders, the crack appearances can be avoided by a preheating
temperature below the maximum tempering temperature. For Mdnaer, Shinet al.[32]
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specifically analyses the effects of the substrate preheating on the metallurgical and
mechanical characteristics of the manufactured parts. The results enhance the effect of the
preheating on the cooling history and solidification rates. Specimens witpoehieating
mainly include equiaxial fine grains whereas the inductieated specimens generate
columnar grains. However, no significant hardness differences were measured, which could
be explained by secondary hardening mechanism caused by hard and stabides. As
pointed by Jardiret al.[16], for a preheating of 300 °C and a 36 layer clad of 40 x 40 x 27.5
mm3 (a bulk sample compared to the thin wall geometry studied here) a strong heterogeneity
appears within the clad deposit due to different thermal histories. Close to the deposit free
surface and at midheight, the angulatike MC carbides precipitated in intercellular zones just
after the primary cells. The high superheating temperature within the melt pool atiraight

of the deposit promoteshe coarsening of the solidification phases including cells and
intercellular carbides. At intermediate depth of 4.5mm from the deposit free surface, a lower
superheating temperature and a higher number ofnelting of the material points promote

the precpitation of coratlike MC carbides inside cells.

The present article aims to quantify the variation of the numerical predictions due to
different material properties such as stresgain relationship, thermephysical variables or
boundary conditions such as convection and radiation flow. The predictiafistortion
currently achieved lacks precision when compared with experimental results, however,
forthcoming work on improving predictions, reducing residual stress and increasing
microstructure homogeneity will be based on numerical optimization. Tingadexity of the
multi-phase materials of both the clad and the substrate demonstrates that the model
sensitivity analysis presented in this work is a required stage for obtaining reliable results.

The paper describes the thin wall experiment in Section 2.1, the metallographic
observations in Section 2.2, and the FE model in Section 2.3. The results of the material data
measurements are provided in Sections 3.1 and 3.2. The validation of the mpdgisned
through a comparison between thermal history predictions of the substrate with
experimental results in Sections 4.1. In Section 4.2., the observed microstructure by Optical
Microscopy (OM) and Scanning Electron Microscopy (EM) are explained lbas¢he
predicted thermal history of the clad The thermal and thermomechanical sensitivity analysis
and discussions are given in Sections 4.3 and 4.4, respectively. Finally, Section 5 provides the
summary of the key results and the perspectives for ongagsearch.

2. Materials and Methods

2.1. Thin wall experiments

The composition of the HSS M4 commercial powder with its particle size ranging from 50
pm to 150 pm is provided in Table 1. Thexds Irepa Laser Cladding system with a¥¥d>
laser of maximum power capacity of 2000 W from Sirris Research Centre is $adiyna
described in Figure 1. The laser has a wavelength of 1064 um and operates continuously. The
metal powder is injected with an angle of 45 degrees. The laser has -aabbpnergy
distribution with a mean diameter of 1500 pm (1400 um at the top an@0Lfm at the
bottom). The substrate consists in a small rectangular bar of 8 mm height, 10 mm width and
120 mm length of 42CrMo4 steel (Figure 2b). The bar supports are shown in Figure 2b while
the thermocouple (TCs) positions are given in Figure 2c. fdteepting to prevent the crack
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appearance in the deposit is performed by preliminary laser passes (red line in Figure-2c). Pre
heating temperature values from 217 °C to 400 °C were generated. For the lowdstgting
temperature, cracks appear during the deposition of the fifth lagtethe extremities of the
substrateclad interface (Figure 2a), but when manufactured with a-peating of 400 °C
sound samples were achieved (Figure 2d). Table 2 gives the process parameters of the
simulated manufacturing cases. The final manufactured thalls of 40x4x1.5 mm3 are
centred on the substrate top surface.
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Table 1.Chemical composition of HSS M4 (wt. %).

C Mn Cr Mo \Y W Ni Si Fe
1.35 0.34 4.30 4.64 4.10 5.60 0.9 0.33 Balance

Table 2.Process parameters and TC2 thermocouple values.

Laser pass Laser beam Laser Temperature at TC2 Number

length for pre speed power at the end of pre of laser
heating and (mm/s) (W) heating and at passes
cladding (mm) beginning of cladding
(°C)
Substrate pre 40 41.7 260 217 20
heating 1
Clad deposition 1 40 8.3 500 134 10
Substrate pre 70 41.7 260 400 20
heating 2
Clad deposition 2 40 8.3 6001400 310 10

1 The power decreases linearly with the number of layers from 600 W for the first layer to 400 W at
the end of the clad.

2.2. SEM and OM metallographic observations

The samples were mirror polished with OPS finish, followed by etchingswithf St f | Qa
reagent. Figure 3 shows the cressction observations of the sample obtained by optical
microscopy (OM) and scanning electron microscopy (SEM). OM images show a dark region of
the deposit in the lower layers, except for the junction area, atidlaer region at the top,
specifically in the last two layers. The fine precipitates in the dark areas are not present in the
light areas as observed in the SEM images. Both zones show a cellular type microstructure
with eutectic carbides in the cell juhons, as already demonstrated in bulk deposits after
manufacturing [16], or after tempering [33]. The matrix is of the martensitic type with
eventual zones of residual unprocessed austenite, as already observed in a similar alloy [37].
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Figure 3.Vertical crosssection observations of the thin wall sample obtained by OM and SEM.

2.3. Finite Element model

The coupled thermomechanical simulations are performed usiAGAMINEOde, a
finite element software developed at the University of Liege since 1985. It has already been
applied on many material forming processes. The FE results of Pascon et al. [38] predicted the
crack events in a continuous casting process. Neira Tortesl.e[39] studied the
manufacturing of bimetallic rolling mill rolls and computed residual stress state validated by
Xray diffraction. Guzman et al. [40] simulated incremental shestifag and focused on the
geometry and force predictions with comparison with test measurements.

In Tran et al. [28], a 3D thermal simulations of DED of Ti6Al4V alloy with microstructure
predictions validated by a measured hardness distribution map and microscopic observations
was presented. In the present work, an extension of this model to mechleamedysis is used
where temperature and displacement fields are simultaneously computed within an implicit
strategy. Note that other thermanechanical FE models like the ones of Mukheejes.[41]
or Chewet al.[42] apply sequential analyses where ttteermal field is assessed in a first
stage and applied as static load during the mechanical analysis defining the second step of
the model. As the final goal is to reach a complete themmechanicametallurgical model,
this staggered solution was not seted to prepare the future steps where all the couplings
will be taken into account as the phase transformation key temperature can be strongly
impacted by mechanical stresses.

However, currently only thermonechanical simulations are performed. The lack of
material data prevents the activation of the coupled thermmmchanicaimetallurgical
module able to predict kinetic of solid phase transformations like in previous resedB%ies
Currently, the thermal expansion coefficients used for the clad and the substrate take into
account phase transformation events through a multi linear curve depending on temperature.
The latter is however not related to cooling, heating temperatusgdes and phase
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distribution. Without a more accurate input, the measured displacement field could not be
totally correctly predicted as shown below. However, a reference case was defined to allow
a sensitivity analysis. The material model of the clad and the substral&sito-plastic based

on von Mises yield locusnd multilinear tangent modulus for isotropic hardening2 dzy 3 Qa
modulus, elastic limit and isotropic plastic hardening are temperati@@endent. Note that

the set of associated tangent plastic moduli is kept constant for each curve. Besides, as low
viscosity effect is confirmed by the mechanical tests (Section 3), the strain hardening model
is rateinsensitive.

The 8node 3D brick (BWD3T) thermomechanical finite element implemented in the
Lagamine code by Zlet al.[43] is selected. The element is based on the {fioear three
field HUWASHIZU variational principle of stress, strain and displacemegd@fi4ind uses a
mixed formulation adapted to large strains and large displacements with a reduced
integration scheme only one integration point and an hourglass control technique.

The FE solid model simplifies the physic of all the phenomena present in the melt pool.
The effect of the latent heat of the fusioky) is integrated in the definition of the thermal
capacity &), defining an apparent property. The effect of the fluid motion due to the thermo
capillary phenomenon (i.e. Marangoni flow) is not considered. Other solid studies just
consider a multiplicative factor to enhance the conductivity value within the meltl poo
[42,47]. Such a factor varies according the researches$tance, Cao et al. [47] uses a value
of 3 for Ti6AI4V alloy while Bt al.[48] uses a value of 5 for irdmased martensitic stainless
steel METCO 42C, respectively. Initially for welding, Laah@l[49] suggested a value of 2.5
for an Austenitic stainless steel. Hereafter, following the arguments of Linag@@{29], no
multiplicative factor is applied as it counteracts the energy distribution defined in the heat
source model. Clearly, such assumptions are not independent on the powder laser
abd 2 NLIGAGAGE FILOG2NI I H6KAOK Aa (GKS OdzZNNBy
process to agree with the observed melt pool size and the measured thermal history.

A second simplification consists in the energy distribution of the heat flow of the laser.
While the model developed by Goldak defines a double ellipsoidal power density distribution
[26], a simple circular Gaussian is often considered [27,50]. The modsidered in this
present research is even simpler: the mesh size has been adapted to the laser spot radius.
The clad finite cubic elements have a 0.75 mm width to model the laseh&bgnergy
distribution with a diameter of 1,5 mm. As only half of thepgess is simulated by symmetry,
the final clad volume modelled #.5 (length) x 0.75 (width) x 4 (height) finndeed, the
mean height of the layers has been measured and corresponds to 0.4 mm. The effect of the
moving laser beam is taken into account by updating the laser input power within the affected
nodes, based on the real velocity and the trajectory of thser processing head.

The 3D mesh of the substrate presents a mesh refinement depending on the space
position. Refined elements are defined near the clad in order to accurately model heat fluxes,
while the substrate bottom is meshembarsely. To generate an accurate mesh, transition
refinement elements were used as shown in Figure 4. The thermal boundary conditions of the
model consist in convection and radiation in all surfaces except the symmetry plane and the
supports where heat isransferred by conduction. Figure 4 also shows the mechanical
boundary conditions of fixed support and roller support at the end of the substrate bar.
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Figure 4.Initial symmetric mesh with the stored clad element (green) for future element
activation, the mechanical boundary conditions in red (on the left, all the displacements x,y,z
are fixed while on the right, only z displacements are prevented).

The principle of the element birth techniqgue modeling the addition of material within the process
is shown in Figure 5 on a simplified me$khen a new layer is created during the material addition
process, a group of four solid elements for the complete sample width (two elements, by symmetry
here) is activated withtheir boundary conditions. LAGAMINE software applies convection and
radiation by interface elements that rely on classical thermal equations as described iatBid28].

When the laser bea is ongoing, new solid elements are activated with their new convection and
radiation surface elements around them while the convection and radiation elements under the new
solid elements are dactivated. The laser power is directly applied at the tople® of the activated
elements.

The concept of numerical annealing temperaturgn{ds) [51,52] from welding models is applied
here. It seems physically consistent to neglect any plastic strain performed at higher temperature than
a wellchosen annealing temperature. In the finite element code, if the temperature of the material
point (integration point within an element) is higher tharnfea the material will lose its hardening
memory; this effect is taken into account by setting the equivalent plastic strain to zero. When the
temperature of the material point falls lower thanfear the material can work harden again. For
instance, several authors [25,31¢&85] exploit this approach in order to compute the stress field and
perform a sensitivity analysis to this annealing temperature value. However, the sensitivity of the
predicted displacement field was lower than that of the stress and it seems not a kayedeéa the
current validation. Three different annealing temperatures (527, 727, and 1027 °C) were investigated
plus a case without annealing. It was observed that the annealimpeeature had low impact on the
thermomechanical model and thus a final temperature of 527 °C was used, as it led to faster

convergence.
The thermal boundary conditions considered in the numerical simulations takes into account an
Foaz2NLIiAz2zy FILOG2N) i SKAOK RAFFSNB F2N) G6KS LINBKS

respectively 0.65 and 0.4 and were adjusted to recover the themmzdsurements. During the pre
heating the surface is flat compared to the clad deposition, implying a better absorption of the laser
energy and a higher absorption factor.
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Figure 5.Schematic representation of the element birth technique.
3. Material parameters

3.1. Thermophysical properties

The thermephysical properties of the clad samples (Figure 6) manufactured by DED and
the substrate were measured by He pycnometry, dilatometry (densijy,differential
scanning calorimetry (DSC) (thermal capaaity, and laser flash analysis (LFA) (thermal
diffusivity,h) within a range from 20 to 1100 °C (Appendix). LFA measurements were carried
out by steps of 100 °C. For the clad material, latent heat was also measured by DSC up to 1410
°C and added to the thermal capacity (J/kg.°C), defining an apparent heat capadity
(J/kg.°C):

. —— OhQWOo 4 Y
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whé @i 0 QI Q
where 0 (J/kg) is the latent heat of fusioly (°C) the starting melting point (solidus
temperature) and"YO(°C) the ending melting point (liquidus temperature). Finally, the
thermal conductivityk was obtained using the following equation:
QY | YD Y30 Y 2)

The errors associated with the equipment (Accupyc 1340 Micromeritrics, DIL 402C
Netzsch, DSC 404C Netzsch, LFA 427 Netzsch) and measurements ag, 3P%ftork and
2% for’.

To measure the enthalpy of melting, sigmoidal baseline type was used to determine the
area of the peak (Figure 7). The accuracy of enthalpy measurements is about £5%. The
measured values were 1230 °C T¥r, 1404 °C forY'CGand 313 J/g for the area of enthalpy of
melting, 0 . The thermephysical data identified for M4 can be found as a function of
temperature in the Appendix. It is worth noting that the measured values are within the range
of partial results given in [59] for M4 HSS.

The substrate properties first relied on previous tests performed on 42CrMo4 grade in
BainiticMartensitic state. The used values in simulations were similar to values found in [60].
However a closer look at the material certificate identifies a peadttite which justifies the
final use of properties reported in [61], similar to what was finally measured on the substrate
(Figure 8) where phase transformation occurs. This modification was a mandatory pointto be
able by simulations to recover the thermiéld measured during substrate pfesating,
showing the high sensitivity to thermphysical properties.
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Thermal expansion coefficients of the clad and the substrate are key issues for distortions
and the stresses related to thermal gradients. However it should be measured in similar
conditions as the ones happeningin the process to provide correct vallagedeo the real
microstructure events. As non equilibrium and heterogeneous thermal histories and
microstructures are known to be present within M4 clad samp]&6], the applied
temperature dependent coefficient should be not related only to temperatuaéue. The
transformations are affected by temperature heating and cooling rate and succesive
transformations vary the chemical composition of phases. Finally, the stress state is known to
shift key temperature features. One should build the dilatatioefécients from knowledge
related to the kinetics of transformations and representative experiments. Within the
cladding process, the material is submitted to temperature rates up to 4750 °C/sec during
cooling for instance, while the available measuremem¢se limited to of 200 °C/s cooling
rate. This cooling rate is enough to achieve phase transformation without diffusion. Last but
not least the initial state of the sample affect the results. To be close to real values, samples
were extracted from bulk saples manufactured by DED process (process paraméi@ssr
power of 1160 W; nozzle speed of 462 mm/min and powder flow of 86 )nBisatometry
tests, for cooling down from 1200 °C to room temperature at 120 °C/sec provide Martensite
start temperature Mg260 °C) and, for a cooling rate of 0.5 °C/Sec, Bainite start temperature
Bs (370 °C) is olteed. However the microstructures were different between the thin walls
and the bulk samples as bainitic, martensite and residual austenite were not in the same
proportions. So extracted data (Figurel9) are still not reliable as the tested samples were
neither remelted (maximum temperature in dilatometer is 1100 °C, far from 1404 °C Liquidus
and superheating temperature experienced within the melt pool not hest) nor submitted
to correct the cooling rate during the process. Note thad effect from the cooling ratio and
stress state is actually not taken into account.

Finally,the thermalexpansion measured on DED samples (Figure 9) and data found
within the literature defined a basis to assume the curves plotted in Figure 10 used within the
referene thermomechanical simulation.
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Figure 9.Thermal expansion coefficients for M4 from bulk sample (bainite/martensite)
obtained with quenching cooling of 200 °C/s.
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Figure 10.Thermal expansion coefficient used in reference simulations for 42CrMo4.

Note that those thermal dilatation coefficients follow the classical metallurgist
definition of:

| Y pi0O 0 O )Y Y (3)
where index 0 means room temperature and initial sample lerigthL().

3.2. Stress strain curves

Compression tests of cylinders of 8 mm diameter and 10 mm height were carried on HSS
grade M4 samples at different temperatures and different strain rates in order to determine
the stressstrain curves. The tests were performed with a Schenck 400 kN neaghtha quad
elliptical radiant furnace 4x2000 W was used for high temperature tests. The compression
samples were cut using wire electro discharge machine from a part of a bulk defozkited
by DEOsee Figure 11a and manufacturing conditions defime8ection 3.1)Samples were
tested at room, moderate and high temperatures (20, 300, 500, 950 °C) and at different
constant strain rates (2x19) 10x10° and 50x1G s*). For each combination of temperatures
and strain rate conditions a minimum of three samples were tested. Note that the very high
elastic stiffness of the samples compared with the press stiffness at moderate and high
temperatures often affects the axidisplacement actually applied on the samples. This test
feature must be taken into aotint to reach an accurate constant strain rate test. An
approach based on a linear speed of the press plateau decreases the precision of the
measured elastic limit. The methodology of Tuninetti et al. [62] is applied here to achieve a
real constant straimate and an accurate yield stress.

As shown in Figure 12, the effect of strain rate in the analysed range{2050 x10° s
1 is not very significant. The highest strain rates show the lowest hardening. This effect is
more obvious at room temperature (Figure 11b). If the plastic range can be trusted, the
L 2dzy3Qa Y2Rdz dza A& y20 NBf Al ofe®thananadcéi@aEe S O2 Y
characterization and its identification is explained in next paragraph. For the case at 950 °C
just one sample was successfully tested, hegrehe stressstrain curve measured by Neira
Torres et al[39] on a similar composition and forged samples are in close agreement. Based
on those results, the strain rate sensitivity can indeed be neglected in the DED simulations of
this material. Within the Lagamine simulations, the mean curves for 2x10strain rate



described by multilinear segments for each measured temperature define the hardening law.
The intermediate values are interpolated for any strain and temperature.

CKS @I fdzS 2F uwmcdo Dtl F2N 0KS |, 2dzy3Qa Y2RK
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al.[39] on high chromium steel heat treated samples are used, the heat treatments provided
different phase percentages. This input data base allows to correcreloable experimental
L 2dzy3Qa Y2 Rdzf A afnikturé IKwifér thélddpfsessHdsEmpes® According to
the observed microstructures of the bainitic blggégure 11aand of the martensitic thin wall
(Figure3), Figure 12d provides more an evolution trend than an accurate characterization of
0KS | 2 dzy Bith fhe t¥n@pRralzfrelFor 42CrMo4 mechanical data, the simulations are
based on the stresstrain curves provided by Habraken and Bouffioux [63].
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4. Results and discussion

4.1. Thermal history validation and potential effect on distortion

The laseabsorption, convection and radiation coefficients were inversely identified by
using the Levenberg Marquardt approach (Table Bpe simulation results of local
temperature for preheating, cladding and cooling are compared to the measured values at
the thermocouple points showing good accuracy predictions (Figure 13). The obtained local
temperature values in the substrate near thledding are more accurate than those at more
distant substrate points especially during the cooling stage. These errors cfietd #e
thermomechanical predictability of cladding distortion. However, by verifying the substrate
mechanical boundary conditions (Figure 2 and Figure 4) and the low temperature values at
TC6 and TC7 (less than 200 °C), the performed analysis indltatése effect of this error
on the measured-displacement can be neglected. This affirmation was investigated through
extreme fixations conditions and with high extraction of heat in the left fixation part.
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Convection coefficient for the clad Convection coefficient Radiation

for substrate coefficient
Temperature Pre-heating and Cooling (W/m2.°C)
(°C) deposition (W/m2.°C)  (W/m2.°C)
20 1 1 1
500 32 5 5 0.59
950 50 5 5
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Figure 13Validation of numerical results with thermal histories computed at the substrate
thermocouple points TC2, TC6 and TC7.

4.2. Metallurgic validation

In Figure 14,red and blue shading zones give the range of temperature variations
(maximum and minimum) after the last total remelting for material points belonging to the
1%t and 8" layer respectively. The purple line (minimum temperature reached during the
deposition process) increases until a maximum value of 527 °C. This curve confirms that
neither bainitic nor martensitic transformations occur during the process time accordeng th
Bs (370 °C) and Ms (260 °C) temperatures. When the laser processing is switched on, the
matrix is austenitic. It is transformed totally or partially to martensite at the cooling stage
when the laser is switched off.

As the solid matrix of a material point remains austenitic during the laser switch on
period, once the temperature stays under the liquidus, a Pseudo Isothermal Annealing (PIA)
period can be assumed. Such an approach is inspired from the work achieveti@aldv
alloy processed by DED [28]. For each material point, the PIA temperature is set as the average
from all the temperature levels contained within the shading domain processing. This
information helps to generate simplified approach for microstruetpredictions based on a
similar way to what is achieved with TTT diagrams.

In Figure 14, the material point history of the central point of tifddyer (blue curve)
presents a first maximum peak (2081 °C), then the peak values gradually decrease with
successive layer deposition. The situation is different for an intermediate layer such d5 the 5
one. The first peak (2161 °C), slightly higher than within théager, increases when the
upper layer (the B) is added (2248 °C). These increases are due to the phenomenon of heat
accumulation. This material point of th& Sayeris melted a third time when the'7layer is
deposited, but at a lower temperature. According this thermal computed history, layer
number 1 melts twice, while layer number 5 melts three times. However, none of the
recorded points show more than one peak within the solidification interigiidlussolidus
range). In Jardin et al. study [16] that focused on a bulk sample, it was established that
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temperature fluctuations in this solidification interval strongly modify the solidification
structure. In particular, it generates a microstructure with inggenular pseuderimary
carbides. For the studied thin wall, the cell structure is such thatidagoare present only in
the cell junctions (integranular carbides), and not in the cell core for any layer.

The superheating temperatures of the last complete melting (1825 °C, 1456 °C, 1953 °C
in layers 1, 5 and 10 respectively) and the cooling rates define the size of the primary grains
and the cellular type solidification mode. The average size of the soéitidn cells shows a
slight variation (see Figure 3), starting with a decrease between layers 1 and 5, and ending
with an increase in the last deposit.

These observations are consistent with the solidification parameters experimentally
observed: a cell refinement is favored by the very high cooling rate, the multiple remelting
cycles and overheating of the liquid metal (Figure"B|ayer).
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Figure 14 Thermalhistory of the %, 5", and 1¢' deposits during the thin wall cladding
process computed at a central point.

4.3 Sensitivity analysis of thermal response

This section evaluates the uncertainty of the model results caused by the effect of
different error sources on input parameters such as power, thermal capacity and conductivity.
The evolution of temperature over time at the measurement points T2, T7 andr@6
evaluated as a function of £20% variations in the thermal capacity of the cladding and the
substrate (Figure 15), the conductivity of the substrate (Figure 16) and the laser power (Figure
17) with respect to the values used in the validated referesiogulation. Thermal histories
computed for independent variations in either the conductivity or the heat capacity of the
clad revealed an insignificant effect due primarily to the low mass of the thin wall cladding
compared to the mass of the substrate.elhegligible effect of such variations is not shown
and becomes considerable when bulk deposits are analyzed as reported in [64].



Variations in the thermal capacity of the cladding and substrate significantly affect
thermal history predictions (Figure 15). The largest temperature difference found with
respect to the reference simulation is 16% at 27.4 s at the TC6 during the pregstdge.
Increasing thermal capacityc] by +20% produces a decrease in temperature by
approximately 12% during p#ieeating, followed by a linear increase of up to 5% difference
at the end of the deposition. On the other hand, a negative variation of @&ogenerates
a maximum temperature increase of 25% during substratetpating stage, which then
decreases linearly to 2% above the reference temperature at the end of the clad process. This
asymmetric temperature behavior can be related to the interact@tween conduction and
heat accumulation, which makes the transient response-toear with respect to thermal
capacity. Finally, the results demonstrate that overall temperature is asymmetrically and
inversely proportional to the thermal capacity.

The sensitivity analysis of thermal history to conductivity (Figure 16) shows different
trends. Here, the effect of the variation is mainly visible closer to the clad. The phenomena
observed are expected because with an increased conductivity, heat prgsamg@re easily
in the substrate. There is less heat concentration close to the deposit (hence lower
temperature), and far from the deposit there is more heat transmission before being lost by
convection and radiation. Conversely, lower conductivity insesathe temperature near the
cladding zone because more heat is transferred from the free surface of the substrate to the
environment. This latter behavior is consistent with the lumped heat capacity of the
substrate, where internal resistance to heat tfar becomes negligible in comparison to the
external resistance of convection and radiation. This fact also explains the small effect of
conductivity on temperature variations at TC7 and TC6 points located far from the clad. From
figures 15 and 16 it calme concluded that the thermal history of the thin wall of HSS is more
sensitive to thermal capacity than to conductivity.

Global sensitivity analysis of power (Figure 17) on thermal history ieselicative.
Results show that increase in power leads to an increase of temperature andevgae Such
high sensitivity helps to an easy identification of absorption coefficient
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4.4 Sensitivity analysis of thermomechanical response

The identified evolution of thermal expansion coefficienfghe clad and the substrate
(Figure 9 and 10) are essential and highly influential for determining the behaviour of
deformation and stress fields. However, these coefficient values strongly vary with the phase
transformation kinetics of both material¥he impact of these phase transformations are not
assessed in this article, as for that there would be the need to include a metallurgical model.
Currently, metallurgical data and models for very high heating and cooling rates for high
speed steel are lagkg. Thus, in a pragmatic exploratory research, the assumed average
GKSNXYIFt SELIyaArzy Odz2NBSa 2F CAIdzNBE wmn | NB
modulus and the yield stress accuracy are investigated.

The predicted vertical displacements of the substrate bottom point at-fardjth (ZZ
sensor at Figure 2b) are compared with their measured values (Figure 18a) during the

c o



preheating, deposition and cooling processes. Figure 18b shows the sensitivity analysis of the
elastic modulusH) and initial yield stress (Sy) on this displacement during the cooling stage.
Note that the elastoplastic behavior of the material is based on a multilinear isotropic
KINRSYAYy3 tFg> GF1AYy3 Ayad2 | 002dzyi 020K GSY
and the initial yield stress. The hardening shape defined for each temperature has not been
modified. The FE predictions are in close agreemadttt tihe measured values denoted by

Exp curve for both the preheating and the first five deposition stages (Figure 18a). Note that
3 similar experiments were performed with low scattering. The mismatch can be related to
the microstructure transformations hgpening within the first layers as their temperature is

low enough to reach solidtate transformation zones. A zoom on the process last stage, the
cooling, is shown in Figure 18b.

It has been numerically checked that within preheating and deposition stages, the effect
2F ,2dzy3Qa Y2RdzZ dza YR @ASfR aAGNBaa QI NRIF G,
sensitivity analysis is limited to the cooling stage.
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modulus of both materials simultaneously produces similar effect than theatran of the
substrate only. The latter result gives the conclusion that almost no sensitivity effect of the
clad elastic property on the vertical displacement of the sample is found, which is expected
due to the relative strength of the bar (volume of 8120 mni) compared to the thin wall
(volume of 4.0x1.5x40mMms A 1 K &aA YA T I NJ , 2dzy3Qa Y2Rdzf dzaAo ® 2 ¢
it is observed that the substrate is the main contributor to the observed displacement, with
the clad having, comparatively a small impact. In this case, a decrease of yield stress leads to

a smaller elastic region which apparently has a major role on the displacements.

Figure 19 provides a summary of the sensitivity analysis. Thermal capacity, conductivity
and power deviations affecting thermal history of substrate immediately close to cladding
zone (TC2) are shown in a radar graph as an average value for the cladd@@at to 150
seconds). The values are the normalized difference between results computed with the +
20% variation of parameters and the results computed with the reference parameters.
| SN 3S RSOALFGAZ2Y O fdzSa 27F (KandyiSly strassi A A G &
affecting deflexion (vertical displacement due to thermal history) are considering the clad and
0KS adzoadNI 0SS QGFNRIFGAZ2Y 60dzNSa OF t f 0B Wo2 ¢
secondsFigure 19 visually shows the main conclusions drawn from each sensitivity analysis:
1) thermal history is more sensitive to positive and negative variations of power, thermal
capacity and conductivity, with a decreasing influence in this order; ii) ctefles are more
AaSyaariuArgsS (lsthagyeldsi@ess. Y2 Rdz
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5. Conclusions

The identification and the validation of a theramechanical finite element model as well
as the simulation analysis of a ten layer DED thin wall M4 steel part deposited on a 42CrMo4
steel substrate were presented. Distortion and temperature measuremeittssosubstrate
were used for model validation and sensitivity analysis. The result analysis emphasizes the
following points:

91 Predicted thermal history can successfully explain SEM and OM observations of
solidified microstructure showing variation from the first to the tenth layer of the thin
wall;

1 From the thermal point of view, the most influential factor is laser power, followed by
thermal capacity and finally thermal conductivity;

1 55FtSOGA2Yy 2F GKS adzaidNr¥GS RdzZNAYy3I (KS
than to yield stress;

M4 steel needs prdaeating in DED process and presents solid phase transformations
(bainite, martensite) sensitive to temperature rate, as well as carbide formations that modify
austenite composition and martensite temperature start (variation can be hititeen 80 °C).

The accurate thermanechanical cladding simulation of this material is still a challenge as
accurate data on transformation kinetics and associated thermal dilatation curves are still
missing as well as accurate thermal and phase depend2rd2y’ 3 Q& Y 2 Rdzf dza &

Due to the multiple uncertainties, a deep learning approach is currently investigated in
addition to complementary material characterizations to improve the FE model and its set of
material parameters. The final research goal is to determine the optinwdgss conditions
that generate samples with low residual stresses and a homogeneous material. This last
feature can be expected through a constant size of the melt pool for each clad layer.
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Appendix. Measured thermephysical properties

Table A1 Thermophysical properties for M4 HSQaterial obtained by DED process.
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Table A2.Thermalexpansioncoefficientfor M4 HSSnaterial obtained by DED process.
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Table A3. Thermophysical properties for 42CrMo4 materiaheasured on one substrate bar.
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Table A4 Thermalexpansion coefficient for 42CrMo4 material measured on one substrate bar.
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Fig. 1.Wear properties of AlSI M4 DED and casted samples under two different sliding speeds and for DED, at the
sample surface associated with the last deposit layer and in the core sample.
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Fig. 2. SEM micrographs (BSE) show the ultrafine aredlulartype microstructures of DED AISI M4 sample
manufactured with a constant laser power, (a) near the surface (within top layer), (b) at the sample mid height, and (c)
BSE images of the coarse microstructure of a conventional cast sample (notegehenbgmification of ¢ image
versus a and b ones).
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