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Introduction

Development, metallurgical and tribological characterization of complex alloys and metal matrix
composites obtained from manufacturing processes under non-equilibrium conditions [PhD Thesis, T.
Maurizi Enrici, 2022]

Designing new materials from Additive Manufacturing Processes prior to checking for defined properties
Issue about hierarchical structures achieved that exhibit cyclical regime under dry sliding conditions
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Background
Conventional casting VS Additive Manufacturing
processes (DED) .

High energy beam
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Shrinkage Nozzle
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Powder feed—>
%ﬂponent

Dlrected Energy Deposmon (DED) process [Liu, 2022]
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Various issues related to DED process and interactions between
Macrosegregations in a large ingot [Pickering, 2013] powder, laser beam and melt pool (MP) [Zheng, 2019]

Length scales~cmtom Length scale for MP ~ microns



Background
Solidification modes and supersaturation
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Background
Subgrains (cell boundaries) as key features for
mechanical properties

R

Tensile Barrier effect of the cellular subgrain
Testing —

As-built cell

feature promotes slip band refinement

Cellular subgrain
feature offers
exceptional
combination of stregth

(d) Solidification (e) Cyclic reheating

€30.0.0m and ductility
% ' i
&
Cellular subgrain features offers exceptional
3 “T combination of strength and ductility [Wanni, 2022]
Columnar grain
Co:tra::tion Expansion

Schematic of dislocation cell formation process during AM [Liu, 2022]



Background
Subgrains (cell boundaries) as key features for
mechanical properties
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Enhancement of wear mechanisms (instead of conventional wear features (CoF, Wear Rate, etc.) to better

understand wear behavior of MMC 316L+20%WC...
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Materials

carrier gas NECESSARY
= good flowability
Jor precise powder-stream

Traffic-jam
(8 OO if not enough pressure
o o

Jirom carrier gas
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W€ powders

316L powders

Deposition . \\__]J Laser Beam

; . 3 Wi : v
direction The two powders are mixed inside

the nozzle prior the depositon

Two additional gas streams

form powder cone for the deposition

180306 Powders
MAGEZ0Dx HV:10.0 kV WD: 10.0 mm

316L powder as reference +
for MMC

= B p )
5 Pcwders ‘l e 100um

£ 200 x HV: 10.0 KEWD- 100 mm N o

WC powder

Scanningspeed 290 mm/min
Powder feed rate 23,4 gr/min
Laser diameter 1,5mm

Layer thickness 600 pm

As-built deposit
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Experimental methods

* EDM + final machining (Ra <0,2 pm)

* Macroscale : HV10 (ten points/layer), OM (quantitative metallography)
* Microscale : SEM/EDX - EBSD (local chemical compositions and
phase nature)

* Nano-indentation (grid; depth control of 2 um)

* Pin-o-disc tests (Al203 (86 mm), 10N, 10cm/sec, 1105 m (22000
laps)

* |nterrupted wear tests: @750 laps, 9300 laps, 11700 laps, 15000 laps)



Results : Macro scale... (Macro Hardness

and WC reinforcements size)
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Results : Macro scale... (Layer thickness and
melt pool sizes)
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Results : Micro scale... (phase identification

181113 W20.24. 200212 316LWC
BSE MAG: 150 0 kV WD: 10.2 mm SE MAG: 400 x HV: 20.0 kV WD: 10.1 mm

(d) Crystal |Parameters
Phisae System | a, b, ¢, (A)
£ 3.662
Austenite FCC 427
< 2.902
Q'::“v'('_g)"" H 2.902
2.831
4.721
w,C (] 6.03
5.18
5.185
w,C TRI 5.185
4.723
Tungsten (W) BCC 3.159
(FeW),C FCC 11.087

180204 W20.24 2 Vibr
BSE MAG: 12800 x HV: 15.0 kV WD: 11.0 mm

Fully/partial dissolution of WC with crown on the surface; in-situ eutectic carbides network within the matrix
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Results : Macro scale... (dissolution of the
WC reinforcements within the matrix)

Y
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dissolved in contact with the liquid metal MO o, B \5}\,‘
during cladding N
This part reinforces the matrix
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“Big”
Before After
cladding cladding

Fully/partial dissolution depending on the initial WC powder diameter.
Complete dissolution possible for smaller WC particles.
In-situ eutectic carbides network inside de matrix
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Results : Micro scale... (dissolution of the
WC reinforcements within the matrix)
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W distribution inside the MMC matrix clad (20%WC) away from undissolved WC for the first layers
(increasing amount) and in the middle of the deposit (maximum and stable amount)
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Results : Mlcro scale (cellular microstructures)
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Results Nanoscale (Solld solution strengthening)

Nanohardness (GPa)

Building
direction

Nanoindentation map and close-up view
(W diffusion)
Solution hardening increasing with deposition
(heat accumulation effect)
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Results : Wear behavior (Worn volumes and
wear rates)
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Friction Coefficient

Results : Wear behavior (MMC DEDed VS
316L DEDed; CoF and PDe evolution)

0.9 0.9
0.8 0.8
0.7 0.7
0.6 : 5 . i
' k= '§ 0'6 : ! :I [ '
5 g s R :
0.5 = 50’5 ‘ H Asegment ofthe e o :
S ! iy cyclical regime e '
= = ' T : J
04 5 Soal : 1 - 05
) B~
A~ '
0.3 03 i ;
¥ : 20
- " o2 :
——22000 laps pin-on-disc test STAGI'Z ! perlod ! I ——22000 laps pin-on-disc test
— Penetration depth : -t oo . :
0.1 1 1 1 1 I I 1 (Tnc = 101': °E 1 05 —0>1 l: 2 :31 4 ( :6 ) | | Pcncltratloq depth -
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 0 0.2 0.4 0.6 0.8 | 12 14 16 18 ) 2'2')"
Laps x10% Laps x 10*
316L (Constant CoF with increasing PDe) MMC (Cyclical regime)

18

Penetration depth (mm)



Results : Wear behavior (Interrupted tests)
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Results : Wear behavior (After 750 laps)

* Brittle failure after material delamination

[Komiwe i « Complex Al-rich oxide « coating » upon

and ahead of WC reinforcements

e E St o 8 BTl
190520 W2018 F63 190520 W2018 F63
BSE MAG: 317 x_HV: 15.0 kV WD: 9.4 mm Cimsewl =) BSE MAG: 317 x HV: 15.0 kV WD: 9.4 mm
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% At. C 0 Cr Fe Al w

Point Features in the vicinity of WC

1 5.7 21.6 12.9 46.6 1.2 26
2 12 65.5 28 9.4 44 89

190321 W20 19 F 6,3 L '. 5 : mna”uwmwre‘s 4{:' : g:,,:_’ 3 7.1 46.1 8.2 28.0 3.4 1.?

BSE MAG: 607 x HV: 15.0 kV WD: 10.0 mm BSE MAG: 607 x HV: 15.0 kV WD: 10.0 mm

: Jr?und\\/tjﬁ;’\ 7 4 6.9 318 10.3 38.9 15 26

) = 5 6.3 68.1 36 13.2 3.1 3.1
6 8.0 60.3 36 13.9 9.6 2.1

7 6.3 533 6.5 238 29 26

Hole in frant of WC carbide Sliding dicecto% s Stiding directioy

190329 W2014-F63 8mm 190329 W2014-F63 8mm 60 um
MAG: 400 x HV: 15.0 kV WD: 8.8 mm MAG: 400 x HV: 15.0 kV WD: 9.8 mm

* Brittle failure after material delamination
« Complex Al-rich oxide « coating » upon
and ahead of WC reinforcements
* Beginning of tribolayer formation

Protected matrix

180329 W2014-F63 8mm Sliding dire¢ | 190329 W2014-F63 8Bmm
MAG: 200 x HV: 15.0 KV WD: 9.9 mm ) MAG: 200 x HV: 15.0 kV WD: 9.9 mm




(After 9300 ‘ s)
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19032§ W2014-F63 8mm -
MAG: 800 x HV: 15.0 kV WD: 10.0 mm MAG: 800 x HV: 15.0 kV WD: 10.0 mm

% At. C 0 Cr Fe Al w Ni Mo
Point Features of the matrix

8 22 270 8.6 31.8 34 16.8 54 0.9
9 18 25 143 54.8 03 75 10.2 20

Crack within the oxide layer (compacted tribolayer) that covers
almost all the wear track
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Results : Wear behavior (After 22000 laps)

Sliding direction Sliding direction % At. C 0 Cr Fe Al w Ni Mo
Deformed matrix Different layers from plastic flow
@ s i o Point Perpendicular cross-section
! EEETTTRTI— - 10 59 494 31 9.5 299 0.5 12 03
11 12.2 70 134 52.7 0.1 24 93 0.9
12 94 403 8.0 311 19 2.0 55 0.6
) Debris
e P e e i Wy 62 M2z M3 452 46 s
14 25.0 8.5 10.5 446 0.4 14 94 0.9

Thin mechanical mixed layer (MML) within the wear
track, with debris on the borders made of cracked

7 3 P WC and oxidized matrix
4 Large debris _’—,‘—";", i

iy
<

‘190225 Esebvls wear test 15% 6.3 mm to sub - 10 mm radius
BSE MAG: 39 x HV: 15.0 kV WD: 8.3 mm BSE MAG: 200 x HV: 15.0 kV WD: 8.8 mm

190517 2018 F63 powder

* Cross sections with the plastically deformed layer on the
surface (= crack-free MML) ~10 um
* Debris on the edges of the wear track 23



Discussion : Wear mechanisms highlighted

Grooves and delamination
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1203 i‘(\(‘»‘ BSE MAG: 317 x HV: 15.0 kV WD: 9.4 mm Rt 21 = ¢ BSE MAG: 317 x HV: 15.0 kV WD: 9.4 mm
(b)
- Y
X \ 7z X,
Worn surface :
Cavity in front of the WC Enrichment of the

tribolayer

4
e
st - §

—3-body abrasion
on matrix

&

190520 W2018 F63
BSE MAG: 317 x HV: 15.0 KV WD: 9.5 mm

2]

WC completely exposed to

alumina ball Cracked or pulled out

WC carbide
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Discussion : Wear mechanisms highlighted

Delamination

Friction coefficient
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Conclusions

Complex hierarchical structure of cellular-type with reinforcements for MMC
316L+20%WC processed by DED.

Dissolved WC leading to both in-situ M,C eutectic carbides and solid solution
strengthening.

Cyclical wear regime achieved under dry sliding conditions.

Important insights into the complex wear sequence of the MMC thanks to interrupted
tests approach.

Higher wear rate achieved during run-in period (MMC + Counterbody) involving
delamination, adhesive and abrasive wear mechanisms.

Formation, compaction and stabilization of a tribolayer within run-in period.

Mild wear after run-in regime associated with oxidative wear and tribolayer breakadown



Thanks for your attention
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