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1.INTRODUCTION

The Work Package 2 (WP2) of the ADDITOOL project withTEitlenology transfer from MAM
to the tooling sectomproposed to develop and fabricate 5 pilots to transfer the AM technologies

to SMEs of the tooling sector in the SUDOE.
This report gathers the description of the manufacture and characterization of raw materials,

3D manufacturing testgost-processing and characterizations obtainedhie Activity 2.1Ma-
terials for metal additive manufacturin@nd Activity 2.2Manufacturing, posfprocessing and
characterisation of demonstrators.

2.0BJECTIVE

The main objective of this deliverable is ¢ollect the results of the characterization of the
different materials used in the five pilots.

3.DESCRIPTION

Tablel Type of characterisation done by the partners in each pilot.

CHARACTERIZATION
Raw mate| Microstruc- ) Thermal Electical Dilatometry Tomo-
FHOIE rial ture Mechanical Conductivit [Conductivity DT graphy
FR1 CEIT ENIT& ENIT&
LAUAK LORTEK LORTEK
PT1 ENIT
MOLDETIPO CEIT
SP1
MEUPE/INES- CEIT & ENIT CEIT ENIT
PASA
FR2 ENIT& LOR- CEIT & ENI LORTEK ENIT FerDEA-CC;A-
SOMOCAP TEK ENIT UPV/EHU
PT2
VIDRIMOLDE CEIT

4 RESULTS

The characterisation will be basedrisw material characterisatiomicrostructural, chemical
and mechanical propertiasf asMAM materials and also after peptrocessing for eachilot. In
addition, thermal and electrical conductivity properties will be analysed for the SP1
MEUPE/INESPASA pilot and NDT test will be performed by means of computed tomography

analyses in several pi&
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Pilot FRILAUAK

Raw material characterization

The original material 40CMD8 is not weldable. Hence a similar mategatdingmechanical properties have been
selectedwhichcan be obtained in powder and wiferm.

Table2. Material specifications regarding mechanical progestior different materials.
Designation Re (Mpa) | Rm (Mpa) AS (%)
Original 40CMD8 (40CrMnMoS8-6) 850 1000 11
Proposal | EN4334 (15CrMnMoV5-4-9-3) // AIR 9117 : 15CDV6 930 1080 - 1280 10

A batch of 10 kg of powder 15CDV6 (AIR 9fBBgasatomizedon the atomisation pilot plant

of CEITThe powder was sieved in order to obtain the required powder size range for LMD
process, 44-106 umwith an averageize of 73 umTable3. The powder shows spherical shape
with high sphericityclose to oneand very low amounof satellites, which make it suitable for
additive manufacturing technologieBigurel, Figure2.

wage 250X

Figurel. FEGSEM images of the atomized 15CDV6 powder.

Table3. Particle size distribution and sphericity of theCDV&owder

Dv(10) (um) 49.00 S (10) 0.74

Dv(50) (um) 73.31 S (50) 0.84

Dv(90) (um)|  107.68 S (90) 0.93

100 EG N 25

;\"‘ 80 [ . 20 "g_
:'.'% 60 [ /. wvsg
i, 71
° | R 7 % .0

Particle Size x / pm
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Figure2. Particle size distribution (up) and shape factor (bottom) as function of the particle sizel&5GB&/6
powder.

Physical properties fothis powder flowability and density,were also within the expected
ranges,Table4.

Table4. Physical properties of 15CDV6 powder

Flow rate Apparent density Tap density |Pycnometer densit
(s/509) (g9/cmd) (g9/cmd) (g9/cmd)
0.33 4,31 4,54 7,68

Cross section images of the powder were analységljre3. There was no presence of internal
gas poresand theparticleswere enriched with Si, V, Mo y Mn

ENT= 1500 KV Signal A= HOAsB
WO = 8.9 mm Mag= 1.00KX

Fe Lal 2

Mo Lal Si Kal

10um
Opm

V Kal

i

Mn Kal

Tioum

Figure3. FEGSEM imageand EDS analysié the atomized 15CDV6 powder

10um
T0um
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The chemical composition of ttmowdermeasured by ICP and the interstitial content by LECO
is gathered inrable5 Chemicatomposition15CDVowderTable5.

Table5 Chemicatompositionl5CDV&owder

Element Mn Si Cr Mo A P Cc o] S N Fe
(%owt.) 1.01 0.150 1.57 0.94 0.287 N.D. 0,122 0,0126 0,0049 0,0014 95.8
Min-Max 0.8-1.1 Max.0,2 | 1,25-1,50 | 0,80-1,00 0,20-0,30 Max. 0,02 | 0,12-0,15 - Max.0.0015

Microstructural characterisation

Processed material with DEWVire laser (LMBW)

The metallurgical state and the mechanigabperties of four DE®Bvire walls were studied
Figured.

e
| | - |
[ | . | |

---EE-

p v 3 l |
ImZNEEE 4
Sample n°1 Sample n°2 Sample n°A Sample n°B

Figure4. Metallographic sections of the differe{LAM 15CrMoVé@salls.

The composition of the walls was determined by UV spark spectrometry. Several zones in the
height of the walls were analyseBigure23). The results of the analyseegresented irTrable

6. The composition of the walls is homogeneous; it corresponds well to a standasalldyw
15CrMoVeé.

www.additool.eu 6
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Figureb. localisation of different zones of analyses (sample 1).
Table6. composition of differentr@as measured by UV spark spectrometry.
Fe C Si Mn P S Cr Mo Ni \%
Zone 1 95,92 0,127 0,162 0,85 0,006 - 1,4 0,92 0,187 0,246
Zone 2 95,99 0,12 0,148 0,85 0,006 - 1,397 0,91 0,182 0,237
Zone 3 95,94 0,127 0,149 0,85 0,006 - 1,401 0,92 0,183 0,24
Zone 4 95,99 0,131 0,147 0,85 0,006 - 1,394 0,91 0,185 0,24
Zone 5 95,99 0,113 0,15 0,85 0,006 - 1,403 0,91 0,188 0,243
Zone 6 95,97 0,121 0,148 0,84 0,005 - 1,398 0,91 0,185 0,241
Zone 7 95,99 0,123 0,142 0,837 0,006 - 1,404 0,89 0,187 0,238
Zone 8 95,95 0,127 0,149 0,85 0,0061 - 1,426 0,9 0,205 0,241
316L Bal. <0,03 <0,75 <2 <0,045 <0,03 1618 23 1014
15CrMoV6 0.12 0.2 0.81 <0.02 <0.015 0.25 0.81 0.20.3
0.18 15

The microstructure of the walls was analysed by optical microscopy according to their
construction directionFigure6andFigure7 show the different micrographs obtained for sample

1. No material health defects (porogijtcracks) were observed. The fine structure corresponds
to temperedmartensite or even bainiteNo evolution of theanicrostructurealong the building
direction was noticed.

Position indent N°70 Position indent N°79

N°1

=
6

S - | 4 ¥ &
Position indent N°46 Position indent N°51 Position indent N°64 Position indent N°

Y N°137

Position indent N°11 Position indent N°20 Position indent N°33 Position indent N°40 Position indent N°44

Figure6. Microstructural observations by opticalgroscopy obtained at the top of wall 1

www.additool.eu 7
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N°1

¥ N°137

Position indent N°84 Position indent N°88 Position indent N°97 Position indent N°98 Position indent N°101

Figure7. Microstructural observations by optical microscopy obtained at the top of wall 1

The microstructure at the interface between the 15CrMoV6 low alloy steel wall and the 316L
stainless steel substrate is shownHRigure8. Zones of different contrastsafter Nital etching,
make up this zone, as corroborated by the micrographsdguare24.

Figure8. Microstructuralobservations by optical microscopy of the interface between the wall (15CrMoV6) and the
substrate (316L).

They correspond to areas with different chemical compositidgtigure9 and Figure10). The
dark and light areas correspond to regions with the composition of 15CrMoV6 steel and 316L
stainless steel, respectively.

www.additool.eu 8
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316L

15CrMoV6

Fe Série K Ni Série K

area richer in iron and less rich in chromium and nickel

Figure9. EDS maps of the interfatzones between the wall and the substrate

S| 029 S 1 2 T
021]
[ 7,61] Ci 17,31
Mo 126 Mo 159

F?i 85,27 Fl 6846 316l

Ni [y Ni| 3,97 N§ 10,2
Mo 0 M 1,38] M 2,09

Figurel0. EDS analyses of the interfacial zones between the wall and the substrate.

Processed material with DEDire arc (WAAM)

Weld bead geometry and soundness was checked to select the best welding parantaters,

No se encuentra el origen de la referenci&or that, the cross sections of the weld beads were
analysedn the optical microscope. The selected weld bead had a thickness of 7.08 mm and a
height of 2.5 mm.

www.additool.eu 9
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Figurell. Image of deposited weld bead.

Moreover, the cross sections of small parts were also analysed to select the lzegiss to
grow in height. Walls done by two overlapped weld beads and circling strategies were analysed.

Figurel2. Cross section of wall and their microstructure. Left: two overlapped weld beads. Right: single weld bead
by circling.
As can be observed from the microstructure, quasi homogenous microstructure was found
without columnar grains with both strategiesError! No se encuentra el origen de la
referencia. However, the heat affected zones with the two overlapped weld beads shows a
more complex shapes than the circling strategy with single weld bead per layer.

www.additool.eu 10
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At higher magnifications, expected microstructure was found for both strategies, composed by
non-preferentially oriented small and equiaxed grains

Figurel3. Higher magnification of deposited material microstructure composed byrefarentially oriented small
and equiaxed grains.

Mechanical characterisation

Processed material with DEWV/ire laser (LMD-W)

More than one hundred Vickers HV10 hardness measurements were carried out at the height
of the wall. The hardness varies between 300 and 350 HV10. These values correspond to a
bainitic structure or a temperechartensite structure. No evolution of hardness on the sample
height was noticed. Hardness measurements at lower loads were carried out at the interface
Figurel4 and Figurel5. A hardness gradient is observed between the wall and the substrate.
This hardness gradient between the 15CrMoV6 and 316L stainless steel rich zoatsodam

observed

www.additool.eu 11
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Figurel4. Hardness evolution at wall/substrate interface
Titre du graphique Titre du graphique
12 100% 8 100%
10 80% ; 80%
N 60% 5 60%
6 4
4 a0% 3 0%
N 20% i 20%
o 0% o 0%
(258, 334) (334, 410) (410, 486) (196, 208) (208, 220} (220, 232)
15CrMoV6 316L

Figurelb. Hardness values of zones with different chemical compositions at the interface

The tensildbehaviorof the wall material was also determined by tensile testing. The tests were
conducted at room temperature at an imposed displacement speed of 2 mm/fhia.tensile
curves are shown iRigurel6.

www.additool.eu 12
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As build, Loaded along Building direction
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Figurel6. Tensile curves of vertical specimens taken fromRiEDwalls.

The values for yield strength, maximum strength and elongation are givEaibie?.

Table7.mechanical properties of 18@0oV6 steel walls.

YS UTA A%
Wall 1 747 936 13
Wall 2 782 966 9

The deformation fields of the specimens during the tensile test were also measured by digital
image correlation. The maximum deformation of the specimen appears in a zone of resumption
of wallafter a voluntary stop of manufacturingigurel?).

Strain fields : Sample A Wall #1
e=05% e=1% e=4% e=5%

1000

- —_

900 ~

600

Tensile stress o (MPa)
-
]
S

6 8 e ,'. S
Tensile strain £ (%) .
I "0 W

004 O 01 0 0.16

> N
o 0020

g =18.7 um/pix; RSe = 1,65 mm

Figurel?7. Deformation fields determined by digital image correlation

Fractographic observations of the fractar zones confirm the high elongations at the break.
The fracture surfaces show numerous cupules, which attest to ductile behBigargl8.

www.additool.eu 13
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Figurel8. Fractographic observations of tensile specimens after failure.

Processed material with DEDire arc (WAAM)

From big walls tensile specimens wesgtracted following the ASTM E8 standard in two
orientations.

Figurel9. Position and geometry of ASTM E8 tensile specimens extracted frondAldiwall.

www.additool.eu 14
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The obtained mechanical properties from tensile tests at room tempeeadwe shown imable
8.

Table8. Obtained mechanical properties from tensile test.

- 7778 +£8.5 1005.8+ 7,5 123+ 2.4
- 7744+5.9 1031.8+11.4 11.9+ 3.7

No anisotropy was detected between orientations. Compared with the material specifications
and the original material of the part done with conventional processes (40CMD8), obtained
results were very close.

9

Regarding the microhardness, an expected transition was found between the metal base and
the WAAM part. The WAAM part obtained an average hardness of 330 HV1, which could be
enhanced with a posterior therm#&eatment. The oscillations are due to the interlayer and weld
bead differences.

ww gz

4 -3 -2-10 1 2 3 45 6 7 8 9 10N
DISTANCIADESDE EL SUSTRATO (MM)

Figure20. Image of the wall with the measured HV1 microhardness fronstibstrateto the wall.

The hardness evolution at the interface betwethie substrate and the wall was confirmed by
low-load hardness testg~{gure21 and Figure22).

www.additool.eu 15
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Figure21l. Image of the wall with the measured HV1 microhardness from the substrate to the wall.
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Figure22. Evolution of the microhardness at the interface between the substrate and the wall (two overlapped weld
beads)

Pilot PTIMOLDETIPO

Raw material characterization

Physical propertieandchemical compositionf W360 powder withparticle sizer20-45 um are
gathered belowTablel0and Tablell.

Tablel0. Physical properties W360 powder

Flow rate Apparent density Tap density [Pycnometer densit
(s/509) (g/cn) (g/cn) (g/cn)
No Flow 3.78 4.43 7.74

Tablell. Chemicalcompositionof W360 powder

Elements C S Mn Cr Mo \/ @] N C S
(Yowt.) 050 | 0,20 | 0,20 | 450 | 3,00 | 0,55 | 0.280 | 0.004 | 0.481 | 0.0007

Electronic microscopy (SEM) images show a typical gas atomised powder with generally
sphericakhape and with the presence of several satellites and some, §itpire23.

Figure23. FEGSEM images of W3gtbwder. Spherical morphologhowing some satellites.

www.additool.eu 17
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Cross section images of polished powder have been analyéede is no presence of internal
porosity and the EDS analyses show homogeneous distribution of S, V, Mo aRijieZ4).

EHF = 180041
W0 =122 mm

EHT = T8.00 KV

b Signal A= HOASE
= W= {22 mm

. L .
Mag= 500X ceit — Mag= 200K X ceit

X Y 5
150KV X2,000  10pm WD 10.6mm

Figure24. FEGSEM images and EDS analysis (bottom) of the W360 powder

Particle size distribution and powder sphericity has been measured using a Sympatec QIPIC/L02
with Rodos and Vibri as dispersion modules and results are colleckdure25 and Tablel2.

It can be asserted that bothulfil the requirements to be deposited by LPBF (sphericity close to
one) with an average powder particle size of 32 um.

Tablel2. Particle size distribution and sphericity of the W360"s powder

DV(10) (um) | 21.25 | S (10)| 0.66
Dv(50) (um) | 32.05 | S (50) | 0.81
Dv(90) (um) | 45.77 | S (90) | 0.90
" /o ,

\o
—
=<

3
— |
\.\
Distribution Density qs

Cumulative Distribution Qs / %

‘0o —0'—0—o0—0—0—-0—0 Lo —e-—0!
500 700 1000

Particle Size x / pm
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Figure25. Particle size distribution (up) and shape factor (bottom) as function of the particle size of the W360's
powder.

Microstructural characterisation

In this part, the first production defect will be investigated with the surface roughness and
internal defect analysis then macro and microstructure will be analysed.

Methods

Surface roughness was measured using a numerical microscope (Keyence) ®ithtiagping

mode. For the material health and microstructure characterization, sample-sgt®ns were
observed using an optical microscope Olympus PMG3 and a ZEISS EVO HD15LS scanning electron
microscope (SEM) coupled with an enedispersive Xay (EDX; Oxford). The sample
preparations consisted of several steps, starting with automatic mechanical polishing (Mecatech
334) and ending with P4000 SiC grit papers. The final polishing steps were performed using
colloid diamond solutions (3 um, 1 um) andd& polishing solutions (OPS). A Nital etchant (97

mL ethanol, 3 mL nitric acid) revealed the microstructure. Quantitative image analysis was
performed using Fiji image analysisftwarg1]. XRDspectra were recorded using Rhilips

- Qt 9we Y OK A RS Adiatini with % IwAwgléhgtv odz1,540598 A and Position
Sensitive Device (PSD) (acquisition in a circular angle of 8°). The samples were scanned from 20°
to 90° with a step size of 0.022nd 2000 s per step.

Results: Composition

The adbuilt sample composition was measured by a Foundry Master spark OES spectrometer
(Oxford). 6 measurements were done, and the result is displaydélite13. Except for the
presence of tungsten, the composition is consistent with the one given by Bohler for the powder.

Tablel3. Material composition (weightgy cent).

(W9%) Fe C Si Mn | Cr | Mo \% w
Powder (Bohler datg Bal. | 0.5 0.2 | 0.25 | 45 3 0.55 /
Isobloc (Bohler datay Bal. | 0.5 | 0.2 | 0.25 | 45 3 0.6 /
91.05| 0.459| 0.181| 0.207|4.42| 2.83 | 0.582| 0.128
+0.02|+0.004 +0.003 +0.002+0.02 +0.01|{+0.002 +0.004

Asbuilt LPBF (exp)

www.additool.eu 19
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Results:Material Health

Surface roughness
Samples were built with a chess scanning strategy. An example of the measure of the roughness

on one island (top layer) is shown Figure26. Results give an average of Sa = 17.4 um. This
value is quite in the upper range of the literature and may be decreased by changing strategy
and optimizing lasingarameters2]¢[6].

2000,0 2485,0

Figure26. Micrograph of surface (left), 3D surface anaysight).

Qualitative defect analysis

t 2t AAKSR adaNFIF OSa 6SNBE 20aSNWSR G2 Ay@Sadaarlrd
investigation is shown iRigure27. Some pores are visible in the bulk part, and some are aligned

in the building directions. These last ones may be explained by a contaaratggy[7][8]. In

addition, some microcrackare observed in the upper area, especially in the last layer. Tool steel,

such as AISI M2 and AISI M50, with a composition close to W360, are well known to be prone to
cracking. Avoiding cracking is reached by reducing the thermal gradient{meatiegthe build

plate[9]¢[11]. Thecrack observed in the last layer may result from the different thermal history

compared to the bulk area. Due te upskin and contouring effect, defects will be removed by

machining; therefore, there are not expected to be harmful.

www.additool.eu 20
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Figure27. OM micrography highlighting pores (left) SEM micrography of the top surfacesacssn. Redrrows
highlight micrecracks.

A gquantitative analysis was also performed. Around 22 umz2 in each plan were analysed, and only
defects with an equivalent diameter higher than 0.7 um were considered. Statistical results are
summed up inTable14, proving the excellent material health. Sharp defects lead to stress
concentration which favors crack initiation; therefore, defects were separated into circular ones
(circularity> 0.9) and nostircular ones. The repartition of these defects with the size is plotted

in Figure28. 99% of circular defects have an average diameter lower thaum5while only 80

% of noncircular pores show this size. Noircular defects are less abundant but have a higher
equivalent diameter.

In conclusion, some classical LPBF defects are detected. However, the high density and the small
defect diameter givecellent material health consistent with LPBF literature results.

Tablel4. Statistical analysis of defects population.

Average surface density 99.86 + 0.06 %
Average defect diameter 5+6 um
Maximum defect diameter 76 um
Numberof circular/noncircular defects 1092/647

www.additool.eu 21



Sudoe
ADDITOOL

Eucopman Regicrl Dumiapmant Furct

100

90

Frequency (%)
1%, ]
[=]

=
o

1]

uuuuuuuuu

0 5 10 15 20

Figure28. Repartition of defects depending on their size.

Results: macro and microstructure

Samples macrostructure were observed with optical microscému(e29). Melt pool can be

s
25 30 35 40 45
Defects diameter (um)

50

55
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65 70 75

easily distinguished. This macrostructure is typical of the one expected for LPBF samples. The

22y 2y

iKS

Gg2LJ

83N RATTS NG dife®e protiek &

al YLX

difference in the microstructure or composition of this last layer. No specific reason can explain
a different composition in the last layer. In contrast, the absence of remelting and subsequent

heattreatment caused by the construon of the upper layer implies a different thermal history

of this layer which may lead to a different microstructure.

Figure29. Samples macrostructure with melt pool observations. The bottom images correspond to zoom @n the to
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From this last layer, melt pool dimensions were measured. Results are presentadlais.

Melt pools are isotropic, and the large height to width ratistiy to melting keyhole mode
[12][13]. The keyhole mode is due to a high energy density and may lead to keyhole porosity
[12][13]. Usually the conduction mode is considered preferable; however, in this specific case,
a good material health was noticed; therefore, the keyhole mode has not negative impact on
the production.

Tablel5. Melt pool dimensions.

XZ plan YZ plan
Melt pool height 19020 186£15
Melt pool width 8619 96+10
Melt pool height / (width/2) ~4.4 ~3.9

At higher magnification, the melt pool reveals a cellular microstructure. This microstructure is
typical for most LPBF samples. However, LPBF martensitic steel may present either a cellular or
needlelike structure. The needikke structure may be due tanin situheat treatment leading

to a more homogenoufL0], [14]As shown irFigure30, cells near melt pool boundaries or near
sample edge have no homogeneous size. For a given alloy, cell size is related with cooling rates
during solidification. This diffence in cells size implies different coolirages[15]. Cells size
average is 040.3 um which is in line with values mentioned in the literature for various alloys.
These smaltell sizes do not allow us to measure the composition gradient implied by cellular
structure. But an attentive observation of the cores of cells revealed a ndikdleor lathy
features, typical of martensitic microstructures.

K Gr 00KX  EHT=1500kV 17 Mai 2022
WD = 135mm Signal A = SE1 Chambre = 2.000-003 Pa  [iiodll =+ ] WD = 14.0 mm Signal A = SE1 Chambre = 8.70e-004 Pa

L7 L7 =)~ B,
X EHT = 15.00kV 17 Mai 2022

Figure30. SEM micrography of the cellular microstructure. Dash lines correspond to a microstructure modification at
the melt pool boundary (left) or the sample edge (contouring effect, right).

XRD investigated the crystallographic sturet of this alloy(Figure31). W360 is martensitic
steel. No remained austenite was detected with this technique. The presence of the double peak
for the (110) plan sggests the presence of both the ferrite and martensite phases. A similar
pattern was observed for the dsuilt AISI M50 (with a composition close W360) [11].
Martensite BCT phase may be transformiedituin ferrite BCC and carbides by thermally heat
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edges which may lead to a different crystallographic structure, undetermined for now.
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Figure31. XRD spectra. Phase is indexed as BCC.

In conclusion, an excellent material health was measured, and a microstructure consistent with
the literature was observed.

Mechanical characterisation

This part will investigate mechanical properties ioam and at high temperatures. Hardness,
tensile and impact behavior will be studied.

Methods

Macro and micro Vickers hardness were measured using Zwicki®9e¢R.5 equipment with a

10 kg (HV10) and 0.2 kg load (HVO0.2). All tests were performed using the EN 1SKOn6&67

The bulk global hardness was measured with 30 indents (microhardness), while 300 indents on
each plan were recorded for the microhardnednsile tests were performed with an
electromechanical Instron 5892 tensile machine with a ctesad displacement control mode

(2 mm/min leading to an approximative strain rate of 2 x*8¥}) on a dogbone sample with a
gauge length of 35 mm and a csesection of 5 x 3 mm2. Before the tensile tests, samples were
polished with P600 SiC paper to remove excessive roughness and to allow a reliable
YSI AdzNBYSy G 2-Bectidrs. YThéisttat @eafuMBentivas carried out with a digital
video extensomedr. Yield stresses are not easily determined, and the elastoplastic transition
was determined using 0.2% proof stress. The Charpy impact test were performedboitt 2s5

x 10 mm, Vhotched samples, using a Zwick HIT 50P with a 50 Joules pendulum.

Resuls: Hardness

Different hardness measurements were performed, as showrTable 16. Filiation was
performed, and no variation in sample edge or width was noticed. Wrhigcrehardness value
was measured. However, this-bgilt value is slightly lower than expected after heat treatment
(590630 HV) from the powdesupplier[16]. A low anisotropyetween vertical and horizontal
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plans was measured, indicating an isotropic macroscopic mechanical behavior. Anefifeskin
explain the higher value measured in the first layer. This first layer was neither remelted nor
tempered by thermal reloading. The supplier suggests heat treatment may improve global
hardness value.

Tablel6. Hardness value

XY plan XZ plan ‘ YZ plan
Macro-hardness 550130 Hw
Micro-hardness 678141 HY> 648131 HY ‘ 644+47 HY:
Top layer 819 + 54 Hy-

Results: Tensile properties

Tensile properties were investigated at room temperature orbailt net-shape samples.
Building direction strongly impacts the sample surface, as observEjime32. Horizontally

built samples show a surface roughness which is not isotrdpign skin is rougher than upskin.
Engineering stresstrain curves were recorded (drigure 32), showing very low ductility.
Properties were extracted from the curvaad are displayed ifiablel7. Contrary to hardness,
where a low anisotropy was registered, tensile properties are anisotropic and lower for
horizontally built sam@s. The high surface roughness of these last ones may influence the
properties. Even if the yield stress and UTS are high, they are slightly lower than the ones given
by Bohler{16]. However, reference values are mentioned for h&atated samples; therefore,
considering the abuilt properties, LPBF samples are expected to reach the targeted properties
after heat treatment.

1800
1600
1400
1200
1000

800

Stress (MPa)

600
400

200 !

0 1 2 3 4 5 6 Horizontally build sample (TRH)
Strain (%)

Figure32. Stressstrain curves bvertically and horizontally built samples (left), picture of tensile test specimens
(right).

Tablel7. Asbuilt tensile properties extracted from Figure 8 curves. A ca comparison of reachable mechanical
properties of the LPBF heimated sample promised by Boh[&6] is written.

YS2exp | YS Bohlerj UTSexp | UTS Bohlerl A% exp | A% Bohler
(MPa) (MPa) (MPa) (MPa)
Vertical 1189 £ 52| 1500 1552+ 52 1970 | 2.4+1.6 % 6.68.1%
1670 2010
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Horizontal | 94061 | | 1140:61 1.5+1.7 %] |
Some tensile tests were also performed at 300 °C on vertically built sampibsilaseither
polished/machined nor heatreated). Tests shows a good reproducibility. It was found a yield
stress YS = 1235+54 MPa, an UTS= 166512 MPa and an A % = 2.4+@&fdre, room
temperature mechanical properties are preserved at 300 °C.

Results: Impact properties measured by Charpy impact test.

Impact properties were measured at room temperature on arbat sample by the Charpy
impact test. As for tensile pperties, horizontal samples show lower values. It is essential to
notice that these need to respect perfectly the theoretical dimensions (some geometrical
inaccuracy was detectg@d\ertical samples almost reached theoretical properties. Therefore,
the property is expected to be reached after the heat treatments. SEM images after failure
(Figure33) revealed a brittle behavior and that fracture surfa€ghibits features whickizes
corresponds to melt pool measured above.

Tablel8. Asbuilt resilience values. A comparison reachable resilience of the Lir&Fatl sample promised by
Bohler[16]is written.

Vertical samples | Horizontal samples HT Bdler [16]
ASTM ‘hotch 10 x 10
mm

Sample geometry | ASTM Vhotch reduced size 2.5 x 10 m

Resilience (J/mm?) 9.52+1.08 J/cm 7.79+1.06 J/cm 10-17 J/cn?

Grand = 500X EMT = 15004V 23 Jun 2022

Grand = 500X EHT = 15 r.* 23 Jun 2022 T
H WO » 24 0 vt Signal A = SE1 INP :I\IT

Chamive = 1 500004 P> RASINN H WO = 24 5 o Signel A = SE1 Chamive = 4 05004 P> RASINN

Horizontal samples Vertical samples

Figure33. SEM observation after failure.

Heat treatment study

In this part, the influence of the production process on the heat treatments will be investigated
by differential thermal analysis and dilatometry. CCT will be established and compared with the
one given by Bohler for conventional W360.
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Methods

Phase trasformations were studied to investigate the influence of initial microstructure (LBPF)
compared to conventional material on heat treatment. A continuous cooling transformation
diagram was drawn by dilatometry. These experiments were carried out on a®Q.rh@chine
(Linseis) on 4 mm diameter, 10 mong cylinders. Before the measurement, the furnace
atmosphere was twice brought to vacuum until 2 x?h@bar and then filled with Argon. The
temperature was controlled using a type K thermocouple weldedhe sample. The heating
ramp were formed at 15°C/min, and samples were homogghat 1050°C for 30 min, then
cooled down at different cooling rates (from 0.7 to 3&'min). In addition, differential thermal
analysis (DTA) measurements were perfodmégth an equal heating and cooling rate° and
15°C, holding 1056Cfor 30min) under a 40 hmin flow of argon on around 80 mg samples.

Results: Dilatometry

During dilatometry measurement, the length variation is recorded (blue curve). An example of
the result (heating segment) is displayedrigure34. Phase transformation appears as a wave
on the curve, whilethers transformationgorrespond to slope modification. To detect them,
the derivative can be used (orange curve). Wiheating the martensite phase-FeC carbides

may appear between 100 and 200 5-FeC may appear alone until 25C then together with
‘-FeC (cementite), and above 45C only’ -FeC persist. Higher temperature precipitation
corresponds to nofiron cabides [17]¢[20]. Curietemperature can also be measured by
dilatometry[21]. Those transformations are also caughbir measurementRigure34).

Precipitation of n/e carbides Fe,C precipitation Precipitation of K, carbides Austenetization.

140
0.14
/120

140

120

100

80

60

Delta L (um)

Delta L (pm)

40

20

0 100 200 300 400

Temperature (°C)

-20

Temperature (°C)

Figure34. Example of dilatometry curve analysisthe heating segment.

During cooling segments, several phase transformations were noticed depending on cooling
rates. Curves with phase transformations and associated micrography are displdyiguine
72.

www.additool.eu 27



iiterreyg [ | D3.2.1¢ MOBILITY Report
Sudoe

v
ADDITOOL
B Rghorsd Bomtdegar P
:z 4 A i6isa =0, Cooling 0.7°C/min_.
380 Austenitization

~860°C 400 ~720°C pearlite .

| Austenitization 280

£ -
' ~gan®, < o _ ~430°C bainitt
2= 260°C Martensite BATC 230 Bolnlie *._ Austenitization E250 s N\
= 2 L S
§]3° hesting = ~270°C = 200 \Austenetization
cating £180 = - / ped +860°C
130 > 32 ~240°C  Bainite .~ Cooling 8°C/min 150 Pas
%0 130 Martensite 74
g 100 =
Cooling 3°C/s .« = : :
» L ~380°C Bainite 50 Cooling 1.5°C/min

0 200 , 400 600 800 1000 1200 30
Temperature (C) 20

~175°C Martensite . \
400\ 600 \ 800 1000 1200

~420°C h§nne | ~700°C pearlite
Temperature (°C)

0 200

o 200 400 600 800 1000 1200

~270°C Martensite

Temperature (°C)

Figure35. Dilatometry curves for different cooling rates and their associate micrographies.

From these curvesamodified CCT diagram is drawn and compared to the one furnished by
Bohlerfor conventional materialdHjgure36). For each cooling rate hardness was measured and
compared to Bohler data (for conventional wrought materialJlable32. The austenitization

step of LPBF samples was performed in the condition indicated by the Béhler CCT diagram. LPBF
samples show phase transformatios shift to the left (higher cooling ratesfompared to
conventional material. This may be explained by the homogenization on step not adapted to
LPBF samples (cellular structure) and/or by the slight composition difference. Martensitic
samples show a lower hardness comparedoventional oned-or dher cooling ratshardness

is also lower, but the difference in phase presence of phases proportion may explain it.
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Figure36. CCT diagram. Black lin&5hler datg22], coloured lines: experimental measurements

Tablel9. Harness values for different cooling rates.
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Hardness (HV5) Hardness (HV10) Bohler da
Experimental data [22]
8°C/min 492 + 12 HV 580 HV
1.5°C/min 348 + 20 HV 500 HV
0.67°C/min 212 £ 8 HV 450 HV

Results: Differential thermal analysis (DTA)

From the temperature difference between a sample amdflerence (air), heat flow can be
calculated by DTA during heating and coaligrious phase transformations were recorded, as
described irFigure37.

15
—15°C/min 5°C/min

10 Precipitation of carbides

martensite t;.:;\inite
Ic

urie point el
P austenitization

\ 200 600 800 1000 0
s

\ Precipitation DfJ.E
and @ carbid

o it
heating cooling

Temperature (°C)

Heat Flow (V)
1=}

Curij point

-15

-20

Figure37. DTA curves for two different heating/cooling rates

Results: Comparison of both methods

Phase transformations measured by DTA and dilatometry°/fin) during heating were

compared. Similar methods were applied for coolingwMdTA (5 and 182/min) and dilatometry

(8 °dmin). Results are given iMable20 and are compared with theoretical ones from the

literature [17]¢[20] for heating and the CCT diagramr foooling [22]. Evenif the same
transformations were detected for both methods, dilatometry makes cooling taansition

temperature more accurate. Considering heating phase transformation temperature, DTA

curves show some noise for low temperature (under 28Y), corresponding to troubles of

following the targeted temperature. For higher temperatures, the standidation is smaller

than dilatometry ones. Therefore, DTA seems here more accurate. In conclusion, both methods

I NB O2yaraidtSyid 6A0GK SIFEOK 20KSNRa @ fdsSa FyR (K¢
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Table20. Comparison of phase transformations megesd by DTA and dilatometry with references (literature for
heating, CCT diagram for cooling).

D3.2.1¢ MOBILITY Report

Transformation DTA Dilatometry | References
Precipitation of' /¢ carbides (heating) noise 282+ 17°C 100-250°C
Decomposition of residual austenite / / -280°C

(heating)
Precipitation of* carbides (F¢C) (heating) | 313+17°C| 419+53°C 250-450°C
Precipitation of K carbides (heating) 729+ 1°C 704+ 6°C ?
Curie point (heating) 766+2°C | 760+11°C | ~750760°C
Austenitisation (heating) 842+9°C 846+7°C 835+25°C
Curie point (cooling) 756+ 4°C 758°C ~750760°C
Pearlite (cooling) / / X
Bainite (cooling) 400+ 35°C 382 ~370°C
Martensite (cooling) 325+86°C 175 180°C

Conclusion and perspectives

W360 was produced by the LPBF method, arndbualé net-shape samples were analysed.
Excellent materials health was measured with a very high density (>99.8 %). Some defects, such
as cracks, and pores, are linked to the contouring strategy and upskin afiggtill be removed

during the machining of the final part. A cellular microstructure was observed with very thin
cells (around 0.7um). This submicronic microstructure should be investigated by TEM in the
future to get more detail, specifically on elemsensegregations. Concerning thelasit net-

shape mechanical properties, tensile and impact properties are already high. They are not
reaching the machined hediteated expectation but are very promising. In the future
mechanical properties of hedteated samples should be investigated. Finally, hizgaaitment
possibilities were explored by DTA and dilatometry. A modified CCT diagram was established,
and the transformation domains appears shiftechighercooling rate. Therefore, standard heat
treatment (for conventional materials) seems inappropriate for LPBF materials. And specifically,
in the future study a focus on the homogenization step should be done: the initial cellular
microstructure may need a higher temperature or longer step to disappear

Pilot SPAMEUPE/INESPASA
During the development of this pilot, 2 different aluminium alloy have been studied: AlSi10Mg
and Scalmalloy ®.

Raw material characterization

No characterization on the raw materials (powder) have been considered on thisgsltie
main objective was to characterize electrical and thermal properties of both material (AlSi10Mg
and falmalloy ®) once that they are melted (solid). The information delivered by the powder
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supplier was considered as baseline (flowability, partidles T S RA&GNA O dziA2Yy S X0 d
powder was supplied by TOYAL and AISi10Mg from LPW.

Microstructural characterisation

In this part, the microstructure analyseof two aluminum alloys, AlSil0OMg and Scalmalloy,
manufactured by LPBF will be peaged.

All the AISi10Mg samples presented low porosity content (less tha#).bhis same result was
obtained for the first DoE of Scalmalloy However, after carrying out a secondoE with
optimized process parameters, the porosity contesft Scalmalloyvas rediced tovalues close
to 0.1% Table21.

Table21. Porosity fraction in @th alloys AISi10Mg and Scalmalloy

Material Heat Porosity Hardness
treatment (%) (HV0.2)
AlSi10Mg No 0.43
AlSi1lOMg | 325°C /4h 0.39
No 0.34
Scalmalloy
DoE 1
325°C /4h 0,56
113
No 0.13
Scalmalloy
DoE 2 173
325°C /4h 0.10

A microstructural study of each material has been carried iouasLPBF andheat-treated
samples The dendritic (cellular) structure of 4®BFAISi10Mgcollapsesafter the heat
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treatment and forms equiaxed particlekarger in size and with a spherical morpholpgigure
38. This change is usually motivated by the formation ofSilghaseq23].

T

1om EHT= 1500 KV Signal A= SE2
wo= 85mm Mag= 30.00K X

Figure38. FEGSEM microstructures of ALSi10kkg PBKleft) andheattreated (right)

AsLPBFScalmalloyshows avery fine andhomogeneousamicrostructure Figure39. AsLPBF
Scalmalloy have a super fine grain structure including ultrafine equiaxed grains as well as more
refined columnar grains compared toher aluminium alloy$24]. Scalmalloy shows FCC crystal
structure as seen in th&Raydiffractome, Figure4O.

After heat treatment,Mg, Sc and Zenrichedprecipitatesare formed on the edges and inside
the grairs, Figure 39 and Figure 40. Other authors also found nargize AJISc and ABc
precipitates after heat treatment in ScalmallfB4].

ENT= 15001 Sigraf A = HOM=E
WD = 8 dmm fag = TEOOH K
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Figure39. FEGSEM microstructures &calmalloyasLPBF (left) and hediteated (right)
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Figure40. X-Ray diffractogranof ScalmalloyasLPBRup)andheat treated bottom)

The metallurgicadtructure is bimodal or duplex, consisting of regions of very fine grains located
at the edges of the melts and their bas&gure4l and Figure42. This bimodal structure is a
characteristic ohluminumalloys whose chemistry has been modified by the addition of Sc or Zr
elements[25], [26], [35], [27¢[34]¢ The very fine grains have a rather equiaxed geometry and
are submicrometerin size. The coarser grains are columnar. In fact, in an XZ section, they are
elongated in the direction of manufacturena in an XY section, they have an equiaxed eross
section with a diameter of the order of micrometer. As the grains are very small, the EBSD
analysis did not allow a total indexation of the structure, especially in the zones where the grains
are the fines.

-@’.ﬁ,‘

F|gure42 EBSD analysis of Scalmalloy manufactured W|th aﬁmﬁeat treated.

Mechanical characterisation

Micro-hardness tests (HV0.1) were carried out on both treated and untreated M8ia0d
Scalmalloy alloys. In the untreated state, the AlBig@lloy has a higher hardness partly due to
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its cellular network. In the untreated state, the processed matévdal an excellent cell structure
consisting of aluminum cells surrounded by a silidoh eutectic. The solid solution is

supersaturated with Si. However, after heat treatment, ScalmalloyMgAMn-ScZr) is much
harder due to the formation of the hardenjrprecipitate.

200
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140

120 i = AlSi10 no HT
= AlSi10 HT
=== = Scalmalloy no HT
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80
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40

20

0

Figure43. Average hardness values obtained for AlBi@g@nd Scalmalloy

Electrical and thermal conductivity analyses

U Electrical Conductivity
The test method has been adapted from the following standard IEG3488T n 0 da S K2R ¥
YSIF&dZNAYy3 (GKS NBaradGAgAaide 2F YSGFEEtAO YFGSNRI
temperature of 20°C + 2C, 50106 RH. The measurement method is theides method.

Prises de courant

Figure44. Measurement of theesistance of the test piece by thevire method

The diameter of the specimens was measured at 12 points along their length to calculate their
average crossection. However, due to the roughness of the material and the measurement
method, the measureslalues correspond to a "peak to peak" measurement of the diameter. As
a result, the crossection of the specimens is undoubtedly overestimated. This overestimation
of the crosssection will mathematically lead to an overestimation of the resistivity and a
underestimation of the conductivity.
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The diameters were measured for the different specimdiable 22 present the results for the
AlISi10Mg Heat treatesamples

Table22. Diameters of the samples AISi10Mg Heat treated.

Number Sample Sample Sample
1 1.086 1.096 1.08

2 1.13 1.102 1.126
3 1.065 1.162 1.165
4 1.127 1.143 1.122
5 1.079 1.11 1.121
6 1.157 1.135 1.187
7 1.168 1.109 1.127
8 1.094 1164 1.105
9 1.109 1.08 1.127
10 1.194 1174 1.113
11 1.104 1.104 1.162

12 1.048 1.038 1.119
Average 1.11 1.12 1.13
Median 1.11 1.11 1.12
Standard 0.04 0.04 0.03

The electrical resistance of eashecimen is measured by thewdre method. A fixed current

(1A) is passed through the specimen, and the potential difference generated is measured
between two points on the specimen, remote from the current sockets. The measurement is
carried out using a\OIP OM 21 microhmmeter. The measuring equipment automatically
calculates the resistance.

The current is applied in alternating mode: the direction of the current is alternated, and the
value measured is the average resistance for the two directiorsuent flow. This makes
avoiding parasitic currents (thermoelectric currents, etc.) possible. The current is sent in pulsed
mode to limit the heating of the test piece. The distance between the two potential taps is
measured with a ruler.

S
p=RX~-—
l
[ : resistivity p.m]
R: measured resistanca\]

S: crosssectional area of the test piece [m?].
I: standard length [m].

The results of electrical resistance measurements by taérd method on the four material
references are given in the followirigabk 23. The electrical conductivity of materials is shown
in Table24.

Tabk 23. The working distance between the electrodes and measured resistance values
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Standard length (distance Measured resistance
sample .

between the potential taps) (mm) (mW)

Sample AISi10Mg 1 85.5 4.805

heat treated 2 9 4.420

3 78 4.301

1 80 5.99

Sample AISi10Mg 2 74.5 5.659

3 74 5.620

Sample Scalmalloy 1 8 7423

Heat treated 2 715 6.917

3 715 6.866

1 78 9.27

Sample Scalmalloy 2 715 8.47

3 71 8.402

Table24. Resistivity and conductivity values of AlSi10Mg alloy and scalmalloy

Sample Resistivity (Ohm.m) Conductivity (S.crl)

Sample AISilOMg Heat treate 1 5,47.10° 1,83.16
2 5,49.1¢° 1,82.10

3 5,53.10° 1,81.10

average 5,5.108 1,82.16

Sample AISi1l0Mg 1 7,13.10° 1,40.10

2 7,37.10° 1,36.10

3 7,24.1C° 1,38.10

average 7,3.108 1,38.10

Sample Scalmalloy Heat treate 1 9,73.1C° 1,03.16
2 1,00.10° 1,00.10

3 9,87.10° 1,01.10

averag 9,9.108 1,01.16

Sample Scalmalloy 1 12,1.1¢° 0,83.10

2 12,1.10° 0,83.106

3 12,1.10° 0,83.16

averag 12,1.108 0,83.1G¢

U Thermal Conductivity

The thermal conductivityanalysesof AlISilOMg and Scalmallmarried out between room
temperature and 200 °C arghown inFigure45. The conductivity of bothaluminium alloys
increases after the heat treatment. In the case of AlSilOMgtreuctivity (K) isonstant but

the Kof Scamalloy increasslinearlywith the temperature Rapid solidification in AM processes
produce a nanosized cellular structure and a supersaturated lattice that give a very low thermal
diffusivity and thermal conductivity, but when heat treating a &rgiantity of microstructural
features (i.e. Sc and Zr rich precipitates) reduce the heat transfer properties of AM produced
samples[36]. Comparing both aluminium alloys can bbserved thatAlSi1OMg has higher
conductivity than Scalmallagnd this has been related thmore homogeneous microstructure

of AlISi1l0Mglue to a lowemumberof alloying elements.
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Figure45. Thermal conductivityol asLPBFand Heat treated AISi10Mg and Scalmalloy.

The effect of manufacturing orientation on thermal properties with analyseéidgnre46 can
be seen that the conductivity isotropicas it remains constamegardless ofhe build direction
(Z or XY).

140
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E‘ 100
= ~-TT XY
¥ 80 -

60 ~ w2
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U T T T T T
0 50 100 150 200 250 300

Temperature (°C)

Figure46. Thermal conductivityol asLPBF and ¢t treatedScalmalloyn the two manufacturing orientations,
build direction (Z) and perpendicular to build direction (XY).

Finally, the effect of porosity in the materiahs been analysedrigure47. Sampleswith less
porosity (DoE2) show higher conductivity due to lower dispersemiresand therefore higher
heat transference.
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Figure47. Thermal conductivityesults for Scalmallogamples from two batches, DoE 1 with elevate porosity and
DoE 2 with low porosity.

Mechanical characterisation

Several build jobs have been manufactured in ordeslitain enough coupons to characterize
mechanically both materials (Figure 48). To analyse the influence of surface roughness,
machired and asbuild coupons have been considered. Also, coupons to study the influence a
thermal treatment have been takeinto account.

Recoater

Figure 48. (left) Schematic view of a generic tensile and fatigue coupons, (right top) image of Scalmalloy ® and (right
bottom) AISi10Mg build jobs

Figure 49 shows the results of mechanical test performed in the AISi1OMg coupons. Finally, 20
different sample have been analyses:build with HT (x5), abuilt without HT (x5)machined

with HT (x5) and machined without HT (x5). It can be observed below that the heat treatment
increases the elongation but reducing the strength. With regatus surface condition,
machining coupons produce a slight increase in the properties when comparing with the sand
blasted samples.
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Figure 49. Mechanical properties of AISi10Mg with and without heat treatment

Regarding the Scalmal®ycoupons (Figure 50) only heat treatment samples have been tested,
since preliminarystudies has demonstratedbetter results in terms of hardness whehis
material is heat treated. It can be observed below when comparing both surface conditions
(sand blating and machining), that the roughness has a slight influence on the properties,
decreasing them.

Tensile-Scalmalloy

r 526
600 515 - 492 16
m Sandblasting
500 14
® Machined
12
400
10
300 8
200 6
70 70 4
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2
0 0
Rm [MPa] Rp0,2 [MPa] E

(GPa] A atbreak [%]

Figure 50. Mechanical properties of Scalmailayith heat treatment

Additionally, dynamic behaviour (fatigue) of Scalmailayas alsanalysed since this material
was detected as betteapproachfor this pilot (lower thermal conductivity, better static
LINP LISNIASAX0d CAIdZNBE pwm akKz2ga GKS brastiigard dzS
machining samples. It can be observed no bifipdinces between both surface condition and
low dispersion in the results, excluding the results obtaine®fr MPa.
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Figure 51. Fatigue curve of Scalmaiayith heat treatment (machined and sandblasting)

Thermal simulation and experimental test ooaupons

The UPV/EHU together with FADA CATEC have performed the thermal simulations of the
proposed geometry. In order to ensure the validity of the results, as an initial step the thermal
behaviour and the heat dissipation capacity of the different getiiee have been evaluated
experimentally and the results have been employed for defining the convective coefficient of

the different surfaces.

Reticular

Gyroid

Figure 52. 3D views of the studied geometries.
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As shown in Figure 53 the temperature of each component is measured using a thermal camera.
The component is heated from the back by means of radiation coming from a lamp and the time
required to reach an 85°C temperature is measured, as wels @@sterior cooling.

Warm up Cool down
—> 1md4ss ————>

0 min —> 1m56s ——— 4m18s
Warm up Cool down

Figure 53. Experimental thermal fields during the heating and cooling cycle.

The simulations are run using the software Ansys Workbench-B224nd the transient thermal
module is employed in all cases. The heat introduced via raditdamthe lamp is defined as a
constant input for all situations (00 W/n¥) and the convection coefficient for the heat
dissipation is determined based on the experimental tests. The obtained convection coedficient
are summarized in Figure 54 and the comparison between the simulated and experimental
results is shown in Figure 55.

Convection coefficient

Situation [W-m2K1]
External natural 10
External Gyroid 4
Internal natural 1
Internal Forced 100

Figure 54. Convection coefficients employed in the simulations.
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Figure 55. Comparison between experimental and simulation behavithe cbmponents.

Conclusion and perspectives

1

Scalmallo® seems to béhe bestapproach for the functionality of this pilot at it has
better mechanical properties but also, at it has lower thermal conductivity, the heat
produce by the motors inside the case has more difficulties to reach the surface and
burn the operator.

In both mderials, AlSi1l0Mg has higher thermal and electrical conductivity. Moreover,
in the caseof thermal conductivity, the presence of porosity reduces the heat transfer.
Tests on couponsave shown a good match between thermal simulation and
experimental tests This procedure will be evaluated amaken into account when
redesigning the final AM case. A thermal simulated analysis will be performed in order
to validate the procedure.

Pilot FR-SOMOCAP

Raw material characterization

First, polymemmetal wires were analysed.

Methods
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The filament samplegrovidedby Markforgedwere subjected to the same polishing procedure

as the assintered samples. However, due to the small size of metal powder particles in
filaments an additional step of polishing with a colloidal solution containing silica particles of
0.25 um (OPS) was added to the process. The 12 optical images of the filament samples were
acquired randomly using a PMG3 optical microscope from Olympus at x2(ficetgpn and

were captured using the Archimed software. These images were then treated with an open
source image processing software called Imdggtb determine the size and surface ratio of

the metal particles that are bound with the polymer. The images captured comprise a total area
of 1.55 mmz2 that was analysed, and only metal particles with a minimum diameter of 0.2 um
were considered during the image processing.

Results

The metal powdersn the 174 PH and H13 filaments were spherical, with an average

roundness of 0.7% 0.26. The 1# PH filament had relatively smaller metal particles with an
average diameter of 3.6 um compared to the H13 filament, which was around 4.6 um. Metal
powders @n be seen ifrigure48 and Figure49 as grey particles, whereas polymer matrix can
be seen in black. It is essential to appch the interpretation of metal particle size results
cautiously since the metallographic section preparation technique may not completely
represent the particle shape. This limitation can hinder the ability to conduct a thorough analysis
of the metalliccharge. Although removing the matrix through chemical or thermal debinding
could be beneficial, it was not feasible to perform this procedure safely using available
laboratory equipment.

o Polymer

Metal

powders <

Figure48. Optical micrographs of 1 PHmetalpolymer filament a) before etching b) revealing microstructure

Furthermore, the metato-polymer powder ratio was higher in H13 filaments (46.2 £ 0.7 %)
than in 174 PH filaments (41.2 + 0.7 %) from optical image processing. As both shetet,of s
17-4 PH and H13, are martensitic steels, the metal particles in the filament samples exhibited a
microstructure similar to martensite after etching, presentedrigure48 and Figure49.
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Figure49. Optical micrographs ofMarkforgedH13 metalpolymer filament a) before etching b) revealing
microstructure

Material health

Methods

The preparation of samples involved cold mounting in a resin and a series of abrasive
grinding using Silicon Carbide (Sitapers from the grit of 800 up to 4000, decreasing
coarseness. This was followed by polishing with a solution comprising diamond particles of 3
and 1 um and ultrasonic cleaning for at least 10 minutes. After these steps, the samples were
etched by expogid G KSY { 22orNitd I % efcBadts formround 30 seconds to reveal
0§ KSANI YAONR & (i NUzO.G2dzbEBeht istaKsBlution lof doppst Zithodide KGUCI
hydrochloric acid (HCI) and ethanol§DH) which is used for particularhghispeed steels and
stainless steels (2 PH in this case). In contrast, Nital 3 % is a solution of nitric acid,(Ea8I0
% pure) diluted in ethanol §8sOH) compatible with H13, which is less rich in chromium. The
assintered samples were also processea similar way using an optical microscope and image
processing software, as mentioned above. However, this time the focus was on determining the
porosity content and the size of the pores rather than the metal density. The optical images
captured at a mgnification of x20 were converted to greyscale2Bb being blacko-white
intensity). The porosity was defined as an intensity threshold ef2H While processing the
images for porosity measurements, pores having less than oneare® werenot considered
in the analysis; they were too small to be adequately detected, and such tiny pores have a
negligible impact on mechanical properties.

Results

The analysis of the surface of-sistered 174 PH and H13 steel specimens revealed the
presenceof several cavities, as shownkigure50 and unfilled deposition layers. Porosity and
deposition issues, as observed here, are typical of metal extrusion additweifacturing
processes. It is likely caused by material unebdrusion, meaning that the extruder is not
supplying enough filament to the manufacturing process or manufacturing process parameters
are inappropriatg37].
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a)

Figure50. Optical images showing porosity and cavities in ayIFHand b) H13 on XY plane.

In 174 PH specimens, the porosity was primarily dominated by tiny pores measuring around 3
um in diameter. A significant percentage (approximately 85 %) of pores were less than 20 um in
size, as seen iRigure51. Additionally, most pores were found to e the typically spherical
shaped with an average circularity of 0.85. The analysis was conducted on a 6.5 %%nd 12
surface area out of the available 40 and 13 mm?2 sections.

In H13 samples, pores with a diameter e4 2m were the most prevalent, with around 97 of

pores measuring under 12 um in size, as showrignre51. These pores were circular in shape,
with an average circularity of 0.86. Pores with a circularity between 0.2 and 0.6 could be related
to cavities as they were also considered in the porosity analysis. & thavities were not
considered, the porosity percentage and circularity would have been improved. A summary of
the results can be found ihable25. Comparing theseesults to the reference, it can be derived
that the porosity percentages found in this study are similar to the ones reporti@®jnwhere
relative porosity of 4.08.48 % on the XY face and 2287 % on the XZ face in-4APH sample

and in[37], where relative porosity of 66 in 174 PH and 56 in H13 on the XY face was found.
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Figure51. Pore size distribution and circularity distribution ofsastered samples.

Table25.Summarized results obposity for both steel samples.

Samples 17-4 PH H13
Direction XY plane XZ plane XY plane XZ plane
Property Value Value Value Value
Diameter of pores 3.2 um 2.3 um 4.2 um 3.7 um
Circularity 0.85+0.14 0.861+0.14 0.86+0.13 0.85+0.14
Porosity 48%+21 21%+0.38 56%+2 45%+1.5

Microstructural characterisation

Ceit and Enit has fulfil the characterization of H13 andRHA samples manufacturdy Fused
Filament Fabrication (FER)7-4PH was manufactured using Markforged FFF equipment while
H13 samples were manufacturadth two different equipment: open machine Lynxter with
NANOE filamerand Markforgedequipment

Methods

The Xray diffraction analysis was conducted using aiphiX'PERT machinesing Cekh

radiation with a wavelength of.540598 A. The samples were scanned at a voltage of 40 kV and
current of 50 mA, using a 0.5 mm beam diameter, over a range of 30° to 125° with a curved
Position Sensitive Device (PSD} ttavers a circular arc of 8° with a step size of 0.012° and 30.05

s per step. Additionally, an H13 sample was scanned between 43° to 46° with a step size of 0.01°
and 1000 s per step for a more detailed analysis of the peak in that range. The phase
identification was determined by analysing the XRD spectra using the X'pert High Score software
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and the JCPDS database, which included potential phases such as ferrite, martensite, and
austenite of steel.

{FYLX S& 6SNB LINBLI NBR | althfdid.Jrhe migrésRuctire/of theK S Y I G S
assintered and heatreated samples was examined using a PMG3 optical microscope from

Olympus. Additional analysis on-sistered samples was performed using a ZEISS EVO10HD15
Scanning Electron Microscope (SEM) equippéth a LaBgun. The SEM had a Secondary

Electron (SE) and Backscattered Electron (BSE) detector. An Energy Dispersive Spectrometer
(EDS) MaxN 50 XMX1003 from Oxford Instruments wigikzedto highlight the concentration

of alloying elements in micreegregated zones and determine their composition. An
accelerating voltage of 15 kV and a work distance of 10 mm were used during this SEM analysis.

Results

17-4 PH Parts done with Markforged

The microstructure of 1-4 PH steel at room temperature is shownHigure52. It comprises
pores and martensite laths arranged in packets of varying sizes. It chanoied out that a

small amount of retained austenite may be present, as the quantity may be so low that it is
nearly impossible to observe through optical microscopy. It is also possible that delta ferrite may
have formed during the higtemperature sinering process of X4 PH stainless steel. This is
supported by the irorcarbon phase diagram of steel, which indicates that low amounts of
carbon can increase the formation of delta ferrite. Previous research by Wu[@®hsuggests

that sintering 174 PH stainless steel above 1220 °C can form delta ferrite in a continuous grain
boundary morphology. Black tolarger than the pores (mentioned in the previous section)
could be observed after etching the sample. From an optical microscope, it was impossible to
conclude if this feature was a precipitate revealed or dissolved by etching or pores. In summary,
the microstructure of 174 PH steel is closer to that of the wrought-4/PH stainless steel
described by Sabooni et §.0] than the microstructure of 1-4 PH LPBF dmililt parts reported

by Yeon et a[41]. Scanning Electron Microsco{8EM) and-Xay diffraction (XRD) analysis were
conducted to understand the microstructural components better. SEM analysis reveals that the
dark point observed by OM after etching are pores and composition in the range-oPHy
standards.
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Figure52. Optical micrograph after etching (left) and SEM images (right)-sfrasred 174 PH stainless steel.

The sample phase analysis was conducted through XRD, and the spectra collected fid 17

are shown irFigure53. UnlikeLPBHR42], comparinghese spectra to JCPDS Powder Diffraction
File(PDF) revealed that any retained austenite phase or carbides were not detected in-the as
sintered samples. Due to the low carbon quantity in these alloys, the BCT martensite displays
minimal lattice distortion. As a result, it is not possible to diffeiatat between the BCC ferrite

and BCT martensite by XRD alone. In this case, the standard convention for steels is applied, in
which both phases are considered to have the BCC structure and hence, indicated iphése
(representing' -/1 -ferrite and marensite phase).
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Figure53. XRD spectra of esintered 174 PH stainless steel specimen

In the XRD spectrum of 4/ PH, the (110) peak at & angle of approximately 44.51° has a
higher intensity than other peaks of bcc structure at 64.63° and 82.13°. SirdePH is a
precipitatehardened martensitic stainless steel, the sample is likely composed of multiple
phases, with martensite being theodhinant phase and potentially some ferrite. However, the
positions of the experimental peaks do not perfectly match theoretical peaks due to the
presence of the different amounts of carbon and alloying elements in the sample compared to
the reference. Stil they are closer to the characteristic peaks of martensite than ferfigdble

26). Additionally, the relative intensity of the (200) and (211) peaks show a streital to the
thermally debound 14 PH sample XRD spectra peaks reported by Schroeder[48lThe
remaining two peaks (220) at 99.26° and (310) at 117.07° were difficult to distinguish from the
noise created by the diffractometer. The diffraction pattern is generally consistent with the
standard diffraction pattern, indicating thatéhne is probably no preferred orientation or texture

in the sample along any of the diffraction planes. In conclusion, the microstructure is martensitic
and in harmony with the literature.

Table26. Diffraction angles for each peakhoth steels and referential data for steel phasasd? correspond
respectively to data from referen§43] and Standard JCPDS no-0lB-0696.
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Samples Phase reference
17-4 PH H13 Martensite® Ferrite? Austenite’

hkl 20 1(%) 20 1(%) 26 I (%) 20 14(%) | hk 20 Iy (%)
110 4451  100.0 | 44.63 100.0 | 44.652 100 44674 100 | 111  43.695 100
200 64.63 14.3 64.97 61.0 64.817 116 |65.023 20 200 50.794 425
211 82.13 17.1 82.22 9.3 82.095 174 |82335 30 220 74.739 17.8
220 99.26 - 98.75 8.0 98.711 4.5 98.949 10 311 90.629 16.6
310 117.07 116.44 6.7 115.83 6.2 116.39 12 222 95.98 4.6

H13 Parts done with Markforged

The microgucture of H13 steel at room temperature is illustratedRigure54. It features a
combination of pores and prior austenite grain boundaries. The martensite laghstiould be
present in the matrix could not be observed, leading to the perception that the microstructure
is mainly composed of ferritic/pearlitic phases. The grain boundaries appeared to have
segregation zones with high concentrations of alloying metalserefore, Scanning Electron
Microscopy (SEM) was conducted to understand the microstructural components better. The
composition determined by the energy dispersiveay spectra suggests that it is similar to the
standard ASTM A681 composition of H13.

Figure54. Optical micrograph (left) and SEM image (right) ebedered H13 PH steel after etching.
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