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1. Strength variations in an ABcalloy Scalmalloy):

0.1 % of Al atoms
= Sc>5at.%

2. Hot cracking in a Nickebase superalloy Inconel 738LC
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A Strengtheningachievedby precipitation of AL(Sc,Z) nanoparticlesupon 2 %

ageingheat treatment a8

A Scalmalloy: AIMgSczsalloyswith hypereutectoidcontent of scandium :
developedby Airbus

A Rapidquenchingnecessaryto retain supersaturation
melt spinning+ hot compactionor LAMcan be employed

Atomlc percent scandlum .
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The problemo unexpected drop in strength
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A Same powder composition

A Similar process parameters

A Different powder atomization supplier
A Different SLMmachine vendor
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Sample overviewd low ductility and strength?

SAMPLE 2 3 5
e m—————— -I
Powder VIGA |  EIGA EIGA |
atomization ! |
e ittt |
1
SLM machine Concept Concept i SLM i
Laser Laser | _Slgly;u_o_n_s__‘.
Post
heat treatment s S = il s
Yield strength i :
/ MPa S T A
============
Ductility : ]
1 % 14 17 : 7.4 :

EIGA: Electrode Inert Gas Atomization / VIGA: Vacuum Inert Gas Atomization
HT Heattreatment (4 h@ 32%C)
HIP: Hot IsostaticPressing 2h @ 325C)
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Low ductilityd bonding defects on fracture surf.

Asproduced

at o A

e A A JEHT 21600k Wpmay=5/333 ignal A = SE2
— 100 ym —i [; S, i hrr POt :a‘.g.f\_"A__ WD < 7gmm= ¢ StageatT= 00° Dato 115 Jul 2015

bonding defects

A Unmeltedpowder particles and bonding defects in samples produced by
the SLM Solutions machine (samples 8 6)
A Bonding defects are not healed bidIPing
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Low ductilityo bonding defectson fracture sur

SAMPLE I 3 5 6
Powder I EIGA : EIGA EIGA
machine , Concept laser | SLM Solutions SLM Solutions
heat treatment : HT +HIP | HT HT+ HIP
ductility I s ' b b
yield strength | D : D D
Defect area fractionl_ _Clo_se 10 2%_ I 13.68% 14.62%
I Ductility

I Area fraction of unbonded zones

15 4 15

-
o
1

Ductility
Area fraction

3 5 6

Sample

ee Bonding defects are the reason for low ductility
soum & They cannot explain low yield strength (cf. sample 3)
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Influences ofunbondedzones on yield stress

Unbonded =« ®
zones

N\ s .

7 & Unbondedzones lead to a reductiorof
load-bearing area in cross section
] e Decrease ofapparentyield stress
L

But hardness measurement unaffected by bonding defects!
ng defects candot expl ain

e2ebondi
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Vickers hardness (HV)
n
(]

94.03

3 4 5) 6
Sample No.
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The problemo unexpected drop in strength

550
defects? \/
500
g precipitates?
=450 = o
2 ™~ grain size?
© 400
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A Same powder composition

A Similar process parameters

A Different powder atomization supplier
A Different SLMmachine vendor

Eric Jagled Alloys for Laser Additive Manufacturingd 8



Se precipitates in Alaterial and powde

sample 5

Ed

al sc 17 cross 20 pm al sc 17 cross
Image 1 MAG: 1000x HV: 15kV WD: 7,7mm Image 1 MAG: 1000x HV: 15kV WD: 7,7mm

A Large precipitates (2650 pm diameter) in the SLM / ‘2
produced parts areidentified by EDX apL(Sc,Z)

A They areonlypresent in powder atomized by the
EIGA process.

A Presumably the time in the liquid state is not long
enough to dissolve them.

NV
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precipitates: low strength, but high ductility

SAMPLE 2 : 3 i 5 6
Atomisation VIGA i EIGA i EIGA EIGA
Y.strength/MPa 520 | 437 | 395 410
Ductility/ % 14 | 17 L 74 79

TR
“

|

A Large precipitates apparentl
dondt deteri opm

A Cupand-cone fracture
around large precipitates

A Maybe they decrease
strength by o0
solute, which then cannot
lead to nmsize precipitates? .
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Influences of unexpected precipitates

EHT = 15.00 KV Mag= 53X Signal A = NTS BSD MPIE
IProbe= 40nA  WD=105mm - StageatT= 00° Me””‘

Matrix Precipitates
Areafraction 99.69% 0.31%

A Large precipitates only
oconsumeo aBobgj
A Does this explain the
remaining difference in yield
strength?

Elements nominal

Mg

Concecarations in at.-%

composition
4.50
93.87
0.17
0.66
0.50
0.30

0.9

0.8

0.7

0.6

0.5

| 0.3_ %

0.

0.2

0.1

0

composition

sample 3
4.52

94.02
0.17
0.57
0.50
0.23

sample 1

change

+0.02
+0.15
0.00
0.09
0.00
0.07

sample 2
sample 3
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Atom Probe Tomography of Ac

Sample No. 2 5
Number density ¢ 1023/m?3) 7.06 4.98

Average radius (nm) 1.57 1.80
volume fraction ~2% ~2%

W5 at.% Sc _
isosurface

10 nm

0.09 y T " T T T T T T T -
| sample 2
0.08 - I sample 5

0.07 1 -

Fraction
o o o
o o (e]
S ()] (o]
1 N 1 ) 1
1 N 1 N 1

@

o

@
!
!

0.02 + .

0.01 + .

0.00 -
0.5 1.0 1.5 20 2.5 3.0

radius (nm)

a Only small influence of coarse precipitates on secondary precipitates.
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Estimation of strengthening by Abc

Bypassing mechanism: "0gQ

Cutting mechanism: + \/—Qi 550
@O
500 —— - 500
| = 1‘ // 6?
= 7 /<4— cutting E 450
% 300 4 7 400
g only ~15MPa difference! =
- n
% 200
E bypassing g 350
) 100 - j =
300 D B
R 2 5
0 ' 5 ' 10 ' 15 ' 20 sample number

r(nm)

Precipitate strengthening follows cutting mechanism due to the size.
a Sample 5 should be even a little stronger than sample 2
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The problemo unexpected drop in strength

550
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A Bonding defects and largepts
alone cannot explain drop in
strength

A Strong difference in the fraction LAY

of small grains depends on the
atomization process (!)
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reduced cross sectional area
/ due to bonding defects?
500
fewer nmsized precipitates

R due to large precipitates?
\ larger volume fraction of

small, equiaxedgrains

EHT = 15.00 kv
| Probe = ¢ 4.0 nA

Mag=_ 500KX

—— build direction



Grain refinement by intermediate precipitates?

sample 4

sample 1

= Sc5%.at - Mn2%.at Mg 20%.at" O10%.3
) isosurface isosurface isosurface isosurfa

e Different number of mediumsized precipitates (2650 nm) &
grain refinement during remelting?
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Different fractions ofeq

ulaxe

dgrains
14 ' :

o
-

-

Area percent of equi-axed grains (%)

5um

Columnar ins Equiaxedgrains -EnmENG -
& Area fraction ofequiaxedgrains depends on atomization method!
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Micro-hardness measurements
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& No significant influence of grain size on hardness (and hence strength)
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The problemo unexpected drop in strength

reduced cross sectional areaV

£00 / due to bonding defects?
fewer nmsized precipitates

@©
o
< g
< 450 due to large precipitates? U
[7p]
% 200 larger volume fraction of U
2 small, equiaxedgrains
=
350
300
OQ) &
&S
& 2
AN Q@

A Same powder composition

A Similar process parameters

A Different powder atomization supplier
A Different SLMmachine vendor
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Observations of precipitates free zones

Matrix 1 PFZ Large precipitates in GB Matrix 2 010%.at

o - isosurface
L g;

IS

w
1

N
1 "

Concentration (at. %)

| R I v I
0 50 100 150 200
Distance (nm)

g Width of PFZs is significant compared to radius of smafuiaxedgrains
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Precipitates free zone

40 nm 100 nm

" — Mg % correctd
—— Sc % corrdctd

" ——Mg % correctd
I —— Sd % correctd

Concentration(at.%)
Concentraion (at.%)

Distance (nm) Distance (nm)

Sample No. 2 5
Total width / nm 38 70
; “g Width ofppt/ nm 18 28
gl ol |
: .j, ;,.2%{. g- Width of PFZ / nm 19 42

& Soft zone around PFZ may be 10 times wider th&F2.
& Considering of the fine grain size (less thandm), the PFZs
may contribute significantly to low yield strength.
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Smallchangesyield large differences

550

reduced cross sectional area

00
° / due to bonding defects? V

©
o
= . .
~450 — wider PFZs may contribute V
o to lower strength
2400
k2
=
350
300
< <
& (ﬁ@
& S
< Q@

A Bonding defects due to poor process parameters explain difference in ductili
and partially explain difference in strength
A Different atomization process leads to coarse precipitates, that in turn
A bind Scand Zr
A lead to a lower number of intermediatsize precipitates
A lead to a lower fraction ofequiaxedgrains
A lead to wider PFZs
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Outline

1. Strengthvariationin an AlScalloy (Scalmalloywy):

\ W - 0.1 % of Al atoms

Oy Yo ot%P g3 v - = Sc>5at%
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2. Hotcrackingin a Nicketbase superalloy Inconel 738LC
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