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Abstract

316L stainless steel arnidconel 718alloy functionally gradedmaterialswere
fabricated byselective laser meltingiith a novel approach whiotombinedpowder-
bed with powvder-feedpattern Two differentscanning strategies have been used to form
the steel/NiFGMs. Theinterfacial characteristics were analyzsdscanningelectron
microscopyandenergy dispersive spectrosco@yantitative evidence of good bonding
at the interface was obtained from the teraildsheartestsof the steel/NiFGMs.

Introduction

Functional gradient materials (FGMs) have beencernedwidely due to the
important applications incorrosionresistant and weaesistant electronic @vices,
coatings and thermal barrier coatir{@s3]. Recently, amount of researches focus on
the forming process,gradient of structure or composition microstructure and
mechanical propertiesf the FGMs fabricated badditive manufacturingnethods For
example,Ti-47Al-2.5V-Cr/Ti-6Al-2Zr-Mo-V gradient material was fabricated bye
laser melting deposition (LMD) manufacturing processl he roomtemperature
tensile strengthwas upto approximately 1198.8 MPd]. In referencg5] Co-Cr-Mo
material was depositazh a Tt6Al-4V substrate transitioning from 0% to 1008ad
it indicated that control over the cooling rate was a key to rettheceffects of thermal
expansion differencdsetweenthe two materials However,there is little research on
the interface between the two materialduding the elements distribution, tensiésnd
shear strengthActually, it is very significant to makeuse the interface characteristic
which determines the whole property of the FGMs.

Due to thehigh corrosion resistancef the aistenitic stainless stee@nd the
excellent hightemperature property of th@ckel-chromium alloy the 316L stainless
steelinconel 718FGMs have been widely used muclear power generation and oil
refineries[6]. Nevertheless, these two alloys are often still joined together by fusion
welding, which can result weak resistance to solidification crac§fifY]. To overcone
the cracking, selective laser melting (SLM) approach which is one of itditiae
manufacturingnethods is chosen to form the steel/Ni FGMs.

This study firstly investigates the effectsifanning strateggn the densification



of thesteel/Ni FGMdy theSLM processThen thdensileandshear strengtlelements
distribution of the interface are characterized in ordéultg understand the interface
property of thesteel/NiIFGMs.

Materials and methods

Materials

ThesphericaB16L stainless steel amdconel 718lloy powders prepared by gas
atomization vereused in this studylhe powders have an average particle gi@gm
and35pm asshown in Fig.1, respectively.

Fig. 1LSEM image shows the characteristic morphologfap816L stainless steel
powdes and (b)nconel 718alloy powders

Machine and procedure

The HRPMII SLM machine, developed by Huazhong University of Science and
Technology, China, wasmployedo formed samples. This SLM machine is equipped
with a continuous wave fiber laser, whigtocessea maximum laser output power of
approximatelyd00 W and a wavelength abD70a 10 nm.The spot size of the laser is
about 100um, and the scanning speed dam adjusted from 50 to 1000 mm/s. The
minimum thickness is 0.02 mm. Commercsl6L stainless stegblate with 10 mm
thickness was used as the forming substrate platebdiltéing chamber of the SLM
machine was vacuumized prior to the manufacturing processing, followed by filling of
argon to form an antixidating atmospherd=or the experiments of this papéne
following parameters were applied:
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Fig. 2 Schematic diagram tie forming process of the FGMs by SLM
Laser beam power @20W.



Laser scanning speed &80 mm/s

Laser scanning spacing of 0.08 mm.

Layer thickness of 0.02 mm.

316L stainless stedirstly formedwith 1 mm in heighby powerbedon the
bottomandtheninconel 718lsoformedwith 1 mm in heighby powerfeed
on the topas shown in Fig. 2.

Analysis equipment and techniques

The morphologies and microstructure of the samples aeatyzedby optical
microscope (OM, Shanghai) and (SEM, J3BDOF, JEOL,Japan). The element
variation was investigated by tlemergy dispersive spectroscof3DS) equipped on

the SEM.The shearing strength test was carried out by the equipment developed by our
team at room temperaturen Instron testing machine was used for tensile testing.

Results and Discussion

Influence of thescanning strategy

A simulation result§8] show the antiparalleland parallel interlaced reverse
scanning patharefound to be better than the other scanning strateglies asni-spiral,
out-spiral andzigzag The optimized scan strategy produced a high degree of thermal
homogeneity while ensimg lower maximum temperaturealues. Given this, two
alternative scannmstrategies are selected (Fig. 3a and 3b). Firstiose; al | ed @Al i ne
by line scanning stratggo(strategy A) with long bidirectional vectorsAnother
strategy, reducinthe vector length by dividinthe crosssection into islands called
fipiecescannings t r a {steatpyy B) scanned with shotbidirectional vectorsand
change®(® for some intervalSamples with dimensionsf 50/ 10 2 mm (bottom
1mm for 316L, top 1 mm for Inconel) are produded each scanning strategjes
respectively

The investigation first focuses on visual inspection surflace glosso compare
the quality factors such aelamination and porosity of the partie surface and side
wall of the FGMsby different SLM strategieareobvious different(Fig. 3¢c-3f). It is
easy to find that the poor surface gloss and apparent warping for stratEmy 2c),
accompanied with théelaminatiorbetween the two materials in the side walhile,
for strategy B(Fig. 3d), the samples exhibit excellent formability whicletphorosity
has almost not been fouadd the interface of the side wall combined Wieid). 3f).

According to the above results can be indicated thdhe laser is much more
uniform due to the shorter scanning vecamd the smaller scanning interfat piece
scanningstrategythan the line by line scanning strategy at the same forming parameters.
Moreover, less energg absorbed and heat is conducted away more quicklpng
vector scanningDue to the different properties of tB&6L stainless selandinconel
718 at the interface, the shorter vectand smaller interval can reduce the difference
step by step and obtain a good combination for these two mat€hatefore, the piece
scanningstrategy is beneficial to form the FGMs accordinthe performance.
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Fig. 3 The scanning strategy of (a) line by line scanning (b) piece scanning, the
surface of reaFGMsby (c) line by line scanning (d) piece scanning and the side wall
(e) line by line scanning (f) pieseanning.

Mechanical properties

Mechanical properties obtained from the tensile tests done on samples formed in
two different scanning strategi#sand B(as depicted in Fig. 3) are shown in Fig. 4.
There are fouavailablesamples for strategy A (Figla) and five samples for strategy
B (Fig. 4b). Afirst observation shows that the stress of samples with strategy B is much
higher(720-800 MPajthan thesamples with strategy A (26860 MPa). Furthermore,
the strain of samples with strategy B (@%) appars bigger than strategy 2%-7%)
at the same timél'he difference also can be explained byftirenability for the two
scanning strategies as depicted in Fig. 3.

Generally speaking, theensilestress of 316L stainless steel formed by SLM is
about 700 MPa, and the valueln€onel 718 is 68MPaapproximatelyIn thisstudy,
combining 316L stainless steel with the Inconel 718t¢hsilestress of the FGMs is
higher or at least comparable to #&ch materialFrom these results, it also can be
concluded that there good bonding at the interfaéer the steel/NiFGMs.
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Fig. 4The tensile stresstrain curve okteel/NiFGMs formed by SLM with (a) line
by line scanning (b) piecgcanning.

Fig. 5 displays theensile fracturesurfaceof the samples formed in two different
scanning strategies (as depicted in Fig.18)s worth notingthat there are some
spherical particledistributing in thdracture surface for both scannisigategiesSince
thelower laserenergy densityor thelong vector, the morspherical particles cannot
be melted together for scanning strategy A as showiiginba In addition,it also can
be indicated that the bonding of the two materials is so @omrdingto theobvious
crack at the interface for scanning strategyHAwever, there is not apparent crack at
the interface and less spherical particles in the fracture surface for scanning strategy B
in Fig. 5h Thereforethe well bonding of the FGMs by SLM benefits frdne shorter
vector.The samplesvith shorter vector are tested in the subsequent experiment.

Besides,t can beconfirmed their brittle cracking of theboth sampls from the
fracture surfacewhich is accordance with the lowfeacture strair(as depicted in Fig.
4). This is true formost maerial processed by SLM becau#iee rapid cooling
conditions always lead to lrittle phase Therefore, in the aspect of the practical

application of thematrial, it is necessary to apptiiermal treatment for increasing
ductility of the FGMs inhe next stage of this wark
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Fig. 5 Thetensile fracture surfacef 316L stainless stedhconel 718~GMs formed
by SLM with (a) line by line scanning (b) piece scanning.



The samples andlevices for the shear stress teste exhibited in Fig. 6. The |
shape part islesigned by ourselves which is made up of 45steel and the size can be
adjusted accordintp the samples at some extefie force is provided blgydraulic
jackwith digital readouto the sideas shown irFig. 6a The samples used for the shear
test include two segmenbne is 316L stainless steel wittmension®f 20} 7, 1 mm
on the bottom and another is Inconel 718 with the same dimensions on the top. The area
of overlapis 7} 7 mm at the interface. Theasample is plugged into theshape part
and undergone the huge force from tiydraulic jack At last, the data of thierce can
be written down when the sample breakap.the samples are formed by the piece
scanning strategy due to the good performancksptayed from Fig. 3 to Fig..5

Fig. 6 The device of the shear stress test (a) and the samples (b) formed byitBLM w
thepiece scanning.

Fig. 7 shows theshear stress of the samples formed by SLM with pieee
scanning. It can be found that the shear strength varies from 516 MPa to 614 MPa. And
the average valus about 58% 11 MPa, which is much higher thaihe cemented
carbidesstainless steel (34@Pa) [9] andWC-carbon stegl370MPa) [10] by brazing.

The results are understandable, since the combination of the FGMs formed by SLM is
metallurgicalbondand it can reach up to a high shear stress.
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Fig. 7 The shear stress of the samples formed by SLM witpitee scanning.



