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@Al Outline

* The need to evaluate Additive Manufacturing (AM)
defects for Fatigue.

e What are the AM defects to evaluate?

* The experimental campaign:
Specimens / Findings / Evaluation.

e Conclusions.



eur

The need

AM Applications » Driven by quality control

Jet Engines -Primary Structure:

Quality as Computer-Tomography
etc., to detect defects.

Turbine blade/nozzle, etc.

High-pressure turbine blade/ nozzle

Susceptible to fatigue cracking

Airframe-Secondary Structure:

Lack of generic, economic quality control
methods, to detect manufacturing defects.

Cover bracket, connector etc.

W, Nacelle hinge bracket
. ,_(Copyright: Airbus)

Machined )_»‘:""

manufactured

Ti cabin bracket connector (Copyright: Airbus)

NOT susceptible to fatigue cracking
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@Iﬂl What are AM the defects to be detected?

To develop generic inspections,
need to know, what to look for
(that will compromise Fatigue strength).

Ti-6AL-4V Powder Bed Fusion (PBF) / Selective Laser Melting (SLM)
for “Critical Defects” Criteria, to be Detected based on:
Experiments
Micro-CT inspections, &

SEM/Fractographic failure analyses.

AM Defect Types:

{ Pores (Local Voids), with/without trapped non-melted-powder {¥}.
A Lack of Fusion Surfaces {%}. (%} Included in the study.
O Inclusions (Contaminations) {%}.

Q Residual Stress fields {%%}.

{*%*} Not included in Study = Internal Stresses Relieved by:
Heat Treatment (HT) / Hot Isostatic Pressing (HIP)

50% of the Specimens: Heat Treatment (HT) of 800°C for 2 hours.
50% of the Specimens: Hot Isostatic Pressing (HIP).
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The experlmental campalgn

Type of Tests: [ﬁp

a Quasi-Static per ASTM ES8.

Q Crack Growth per ASTM E647-15;
R=0.1, C(T) Specimen.

Q Fatigue per ASTM E466-15;
R=0.1; Kt=1.0.

Type of Specimens:

Ti-6Al-4V powder via SLM — PBF per ALM EOS M290 Machine Loading $
(Laser-Power:340W, Print-Layer-Thickness: 60um). Print- ’

. . . . Layer 90°
8 AM different qualities = 8 Distinct Specimen Type: "\
a4 AM Printing Parameters Sets , |
A 2 Thermal-Post-Processing procedures: &

50% of the Specimens: Heat Treatment (HT) of 800°C / 2 hours (Argon).
50% of the Specimens: Hot Isostatic Pressing (HIP) per ASTM F3001.
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The 4 AM Printing Parameters Sets:

> leld] >

Tray #1 — All parameters per EOS recommendation
(Reference: good quality).

Tray #2 — Stripe Width, increased to double EOS ‘ | ]
recommendation (best quality).

Tray #3 — Stripe Distance, increased to double EOS

"El (a) Stripe Distance
Beam movement line
distance (lack/over fusion)]

EOS Default =0.12 mm
(b) Stripe Width

Back & forth Beam Cyclic
distance (Temp.

differences)
I EOS Default =5 mm

recommendation (poor quality).

Tray #4 — Laser Power, decreased to half EOS
recommendation (the worst quality).

Note: The Trays #2 to #4 — all other Printing
Parameters were per EOS recommendation.

The specimens were Machined per ASTM’s.
Surface Roughness: N6 (32uin. 0.8um).

UNCLASSIFIED
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Quasi-Static Test Results

ASTM F3302-18
tensile requirements

for Ti-6Al-4V

Yield Tensile (UTS) | Elongatlon (%)
Strength Strength, A (Lo=25mm)
Rpo.2 , MPa R. , MPa o=

825 min 895 min 10 min

Ti-6AL-4V Linear-elastic/isotropic/homogeneous,
as required of AM to replace Forges & Plates.

Default AM meets EIaStiCity/Elongation Req |mpr0ved AM better meets Requirements
Specimen ID | Yield Stress 0.2p, MPa| UTS, MPa | Elongation (10=25mm), % Specimen ID | Yield Stress 0.2p, MPa| TS, MPa | Elongation (10=25mm), %
P1m-03 . 1071 1111 13.5 P2m-03 1050 1102 16.7
P1m-05 WLtITSUt 1070 1114 13.2 P2m-05 Wg?gm 1056 1104 16.5
P1m-07 1068 1115 13.3 P2m-07 1053 1102 16.3
av 1069.67 1113.33 13.33 av 1053.00 1102.67 16.50
std 1.25 1.70 0.12 std 2.45 0.94 0.16
P1m-02 934 1012 11 P2m-02 916 1004 1773l
PIM-04 [ With | 922 1005 12 PaM-04 ] 918 1006 17.3
P1m-06 HIP 936 1013 12 P2m-06 HIP 920 1010 17.3
P1m-08 931 1011 L7y P2m-038 920 1011 17
P1m-10 940 1013 10.7 P2m-10 917 1004 172
av 932.60 1010.80 11.48 av 918.20 1007.00 17.18
std 3.99 1.22 0.56 std 1.47 3.16 0.12

LG VAR IR For some, HIP increase Elongation to meet Req.

Specimen ID  |Yield Stress 0.2p, MPa| WIS, MPa

Poor AM don’t meet Elasticity/Elongation Req.

| Elongation (10=25mm), %

Specimen ID

LR \E: 7S e \Worst AM don’t meet Req. HIP don’t “help”

Yield Stress 0.2p, MPa | WTS, MPa

| Elongation (10=25mm), %

0.47

PIM-03[\\ i ] 898 909 PAM-03 [y 1 | 768 809
P3IM-05| | yip 920 978 Pam-05| " y|p 818 876
P3m-07 912 978 PAm-07 824 881
av 910.00 955.00 av I 80333 ] [ s5.33
std 9.09 32.53 std 25.10 32.83

895 960 PAm-02

894 983 Pam-04| \With

899 986 PAmM-06| HIP

848 853 PAm-08

895 981 PAm-10

886.20 952.60 av I 74320 | 805.00

23.32 61.87 std 23.21 11.17
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No practical
differences
for 8 distinct
Specimen
Types

&

All correlate
well to
NASGRO
da/dN vs. AK
Data.

Crack Growth Test Results

AM Tray#1 C(T) Specimens Crack Propagation Test Results

AM Tray#2 C(T) Specimens Crack Propagation Test Results

AE-03 T — AE-83 : - T : rAmE
——— [ R = 0.1 P3EB23ABL Tivemn‘.v;Fz;:;x;siiwmzec/.Shouzsr/uer:/zm / ——— FR = 0.1 P3EB23AB1 Ti-6Al-4V; sz;;;l;s‘}:-;wws.‘m/.5h+1325?/7lsC/2n) :
,,,,,,,, P3EA23ABL Ti-6Al-4V; MA(1350F/7320/2h) Forg P3EA23ABl Ti-6Al-4V; MA(1350F/7320/2h) Forg [

R = 0.1 P3EA13AB1 Ti-6A1-4V; ?;Figi/;iicl.ﬁm/)\c) 0.25in P1t; ” R = 0.1 P3EA13AB1 Ti-6Al-4V; }:‘IE;,{‘liii/;iic,-ShUAC) 0.25in P1t; :
+P11-1data —I— # 2 1
|

1.E-05 || °P131data . ray |

i OP15-1data — - {

S <P 6.1 data S Specimens |

2 +P18-2data o ;,

£ 1.E-06 1| LHIPP122data ghE0e |

- AHIP P1 3-2 data — OP2_1-1_Pcecimen DATA I

3 4

S ra ° 0P2_2-1_Pcecimen DATA

S 1.E-07 o1.E-07 :

° T - < +P2_3-1_Pcecimen DATA I
S p eC I I I I e n S «P2_6-1_Pcecimen DATA ‘

P2_8-1_Pcecimen DATA ‘

P 1.E-08 XP2_8-1_Pcecimen |

4 HIP_P2_2-2 Pcecimen DATA |
AHIP_P2_3-2_Pcecimen DATA |
1.E-09 : 1.E-09 : {
1 10 100 1 10 100
Delta K [ksi*sqrt(in)] Delta K [ksi*sqrt(in)]
AM Tray#3 C(T) Specimens Crack Propagation Test Results AM Tray#4 C(T) Specimens Crack Propagation Test Results
=03 T T
- 2h) S— Re=
R = -
1.E-05 - 1.E-05 =

f Specimens : Specimens

o o

~ =

£1.E-06 c1.E-06

— —

=z 4

° °

& -

S1-E-07 OP3_2-1_Pcecimen DATA | g1 ‘E-07 OP4 1-1_Pcecimen DATA ]
AP3_3-1_Pcecimen DATA AP4 5-1_Pcecimen DATA
+P3_5-1_Pcecimen DATA +P4 6-1 Pcecimen DATA

1.E-08 + P3_6-1_Pcecimen DATA — 1.E-08 + P4 9-1_Pcecimen DATA =
< P3_8-1_Pcecimen DATA - )
O HIP_P3_2-2_Pcecimen DATA X HIP_P4_3-2_Pcecimen DATA
# HIP_P3_3-2_Pcecimen DATA
1.E-09 E 1.E-09 -
1 100 1 100

10
Delta K [ksi*sqrt(in)]

10
Delta K [ksi*sqrt(in)]




@Iﬂ[ w Fatigue (ini.) Test Results

+P1AB  ©P2AB  #P3AB  +P4AB  +P1HIP  eP2HIP  +P3HIP < P4HIP | . P1AB @ P1HIP

| Max. Cyc. Stress [MPa] -

i : 1 \ Smax=634 MPa, Medium: air Frequéncy: 25 Hz L.
960 -{S-NR=0.| Kt=1.0 of machined surface allowables | Kt=1,R=0.1 Temperature: 23°43°C - NF: 10€7 Printing Tray #1
, for the "AATID" PBF-AM EOS r [ | r -
s M290 SLM of Ti6Al4V | > 8x108 2" Best Quality
880 I Test Results : \ x |
840 ——MMPDS Sheet at RT R=0.1 Kt=1.0 ‘ NN CyCIGS Req |
ol = LRI R O P2AB @ P2HIP
760 ~——B8 Value Stress .\” Printing TraV #2
| i -
120 | . g L] Best Quality
680 - . o
r
L G S o S @ P38 O P3HIP
600 Printing Tray #3
560 - | 2" Worst Quality
520
480 | — = ————— e
440 - pa _ME\ PIAB > ©® P4AB P4HIP
5o Printing Tray #4
1.E+02 1.E403 LE+04 cycé.ssws 1.E406 1.E+07 | L Worst Quality
Weibull Statistical Distribution Data
(AB) HT of 800°C / 2 Hr. (No-HIP) HIP
Specin Shape Parameter / Variance (n/s)| Characteristic Life |Specinl Shape Parameter / Variance (n/s)| Characteristic Life
P1 0.787 (8/2) + 5.194.789 Cycles 3.067 (10/3 4 | 10.417.260 Cycles
P2 | 1.485 (7/3) ¢ | 9,455,652 Cycles P 2.502 (9/4 ¢ [ 12,190,150 Cycles
P3 1.630 (9/0 + 6,101 Cycles P3 0.515 (10/0) + | 2,610,585 Cycles |
P4 + : ycles P4 3.448 (10/0) o | 1,699 Cycles |




Count

" Diameter [mm]
1.96

1.77

Diameter [mm])
1.96

1.58
1.77

1.58
1.39
1.20
1.00

81
oo |0
0.81 j 1043

0.24
0.05

1.39

1.20

0.62

Large separation 043
area seen, as a vast
surface is
dis-connected

Diameter [mm)
1.96 4
1.77

Defect voume ratio [%) 2.06 o

1.20
1.00

il o1

g oxel 0,62
043

0.24

0.05

Defect diameter tion —

Ty#3 Specimen No HIP

2.06% Defect
Density

97.94%
Relatl‘ve
Density

High defect
count & large
sizes

Micro-CT Results Example

4'71% DefeCt Diameter [mm) ERTAMAE Diameter [mm)
Density M ; 231

1.97 ’ : 1.97
173 ‘ 1.73

Relative [
Density e -

Diameter [mm]
245

High defect | NN S i
count & large (I S 5
sizes B < o

0.05 : : o7 0.05

Defect diameter distribution
Diameter [mm]
2.45

2.21

1.97

1.73

1.49

124

1.01

10.77 3 5

0.53 i

0.29 > y Defect volume ratio [%] 4.71
0.05

Diameter fmm]

Diameter [mm)]
2.45

2.21

- = B 5~ =
1.73

1.49

1.25

1.01 i

j0.77 . \ =

0.53 | \

0.29

0.05
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Micro-CT Results Example

Defedt volume ratio [%] Defact diameter distribution

Negligible Defects Density -2
Relative Density 2 99.999%.

Tray #2 Specimen
No HIP

2 Volume [mm3]
Z Surface [mm2]

0.18 (.IZO
Material

= Proj. area (yz) Lmm?] Material volume [mm?]

2 Proj. area (xz) [(mm=]

= Proj. area (xy) [mm?2]

Defect volume [mm?>]
Defect volume ratio [%]

Low defect count and Low defect size.

4

Low defect count and Low defect size.

Negligible defects density = Relative Density = 99.999%.
But, due to a Pore defect above “Critical-Defect” criteria,
required Airframe Fatigue strength will not be met.

Surface

s Surface = 2H

024

l 2 Near Surface Pore defect |:ji:.

Near Surface Pore defect
Size = 100pm

Center distance from
surface =100um

0.7 mm _,0.75 mm

sen

"‘Crivtical'?’ Pore defect location

(near surface), causing early
~ Fatigue cracking

dss SEIEWME- ¥ S o

Defect diameter distribution

Defect volume ratio [%6]

Tray #1 Specimen
No HIP

0.00

Diameter [mm

= Surface [mm2]

0.10 .12 .18 2 .22

o

Material
1986.75
0.02
0.00

> Proj. area (yz) [mm2]
¥ Proj. area (xz) [mm2]
Z Proj. area (xy) [mm?2]

Material volume [mm3]
Defect volume [mm3]
Defect volume ratio [%]




A Micro-CT Inspections
@il

Defect Count per Size Results (per unit of 2,000mm3 Specimen Section)
Trays #1 to #4 Specimen Types (No-HIP)

Average-Powder-Particle-Size = 40um ‘ ‘ ‘ ‘
| ! ! | |
1,000 — _ q
T Characteristic 5 M Cyc.| mTray #1 Specimen Type
Cycles to ]
Failure: 9 M Cyc.| ETray #2 Specimen Type
M Tray #3 Specimen Type
B Tray #4 Specimen Type
100 +
Q
o
=
[ o
£
'S 10 1
[«)]
Q.
(%)
@
(=
IS
>
o
o
1 " == ' i L= = k= = k2 = k2 = B =X =
40 80 120 200 300 400 500 600 700 800 900 1,000 1,200 1,400 2,000
Defect Size (Dia.) [um]
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@il Failure Analyses Example —F—————

Specimen Type

Tray #2 Specimen Type (No-HIP) High-Fatigue- ||Manufact Manufacturing | TEMa!
Life of ~10x106cycles|| 1o. Cmﬁgmﬁo": Post.
(as Required) Process.

Defect size = ~85um T—
Defect Distance from Surface = ~850p | g

)

- X > S y 3 / 4 3 3 1 417
b : ¥ Ve Pt o LA A WA : et RANAN @I (Ao N N\ £ Foi (L OV
SEM HV: 20.0 kV VEGA3 TESCAN| SEM HV: 20.0 kV WD: 9.76 mm VEGA3 TESCANJ  SEM HV: 20.0 kV | | VEGA3 TESCAN SEM HV: 20.0 kV Wi
SEM MAG: 146 x Det: SE 500 ym SEM MAG: 271 x Det: SE 500 ym SEM MAG: 801 x 100 pm SEM MAG: 1.84 kx

Notes

SEM MAG: 146 x  Date(midly): 01/01/10 Performance in nanospace SEMMAG: 271 x  Date(m/dly): 0101110 Performance In nanospace SEM MAG: 801 x  Date(midly): 01/01/10 Performance in nanospace SEMMAG: 1.84 kx  Date(m/dly): 01/01/10

Crack Initiation source: Inclusion/Contamination that prevented solidification joining

Initiation Test Result

Cycles, N

A
VEGA3 TESCAN

Performance in nanospace

UNCLASSIFIED
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Failure Analyses Example

Tray #2 Specimen Type (No-HIP) Very-Early-Failure (Very-Low-Fatigue-Life)

I;‘ '-..t. P

SEM HV: 20.0 kV WD: 20.46 mm VEGAS TESCAN SEM HV: 20.0 kY WD: 2047 mm

SEM MAG: 611 x Det: SE 200 pm SEM MAG: 96 x Det: SE
SEM MAG: 811 x Date{midy): 0101/10 Performance in nanospace SEM MAG: 96 x Date{mvay): 0101/10

Crack Initiation source: Specimen Surface defect of lack of melt faces

Specimen T
Manufacturing “:m:l
Configuration Pro::s.s
Stripe Width N

+100% * No-HIP

Notes

Initiation Test Result

Cycles,N

177,424

UNCLASSIFIED
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Failure Analyses Example
Typica’l Trayr#4 Specimen Type (No-HIP & HIP) |

r - Specimen Type Initiation Test Result]
. |Thermal
Manufacturing
Configuration P::::-s Notes |Cycles,N

Beam Power
50% *

R R o
SEM 0 kV 3 WD: 4.33 mm f SEM HV: 20.0 kV WD: 4.33 mm gl VEGA3 TESCAN|
SEM MAG: 751 x Det: SE 100 pm SEM MAG: 382 x Det: SE 200 pm
SEM MAG: 751 x  Date(m/dly): 01/01/10 SEM MAG: 382 x  Date(m/dly): 01/01/10

The Specimens are Full-of-Lack-of-Fusion Surfaces and powder-grains contained; porous fracture

Performance in nanospace Performance in nanospace

Typical Tray #3 Specimen Type (HIP) of: Very-Early-Failure (Very-Low-Fatigue-Life)

Specimen Type Initiation Test Result] A e e e - - 0 7

Manufact. Thermal

Manufacturing
1.D. 2
B Configuration Post Notes
Process.

Cycles,N

Stripe Distance
+100% *

SEM MAG: 341 x WD: 13.07 mm | |
View field: 1.39 mm Det: SE 200 pm
Date(m/dly): 01/01/10  SEM HV: 20.0 kV.

SEM MAG: 89 x WD: 1277 mm | | 1 VEGA3 TESCAN
View field: 5.36 mm Det: SE 1mm
Date(m/dly): 01/01/10  SEM HV: 20.0 kV.

SEM MAG: 213 x WD: 1221 mm | VEGA3 TESCAN|

View field: 2.23 mm Det: SE s00pm
Date(m/dly): 01/01/10 SEM HV: 20.0 kV

Performance in nanospace Performance in nanospace Performance in nanospace

The fracture faces are Full-of-Lack-of-Fusion Surfaces, Crack Initiation source is out of these
NCLASSIFIED Surfaces ; porous fracture

Preey ’ T o 1 14
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@Iﬂl Conclusions: critical-Defects Features

1) Fatigue crack-growth isn’t compromised by AM Defects of: Pores, Inclusions,
Lack-of-Fusion, but Crack-initiation is = Enables quality control criteria.

2) The study suggests an approach for an allowed defects characterization.

Defects of: 0<120 um & X >10d

Very near Defect - NOT Critical to Fatigue.
Surface Size

Defects:

Any Type / Size
-2 Critical to
Fatigue.

: : —— —>
0.0 Further investigation needed Defect Distance

Detailed criteria; Functions for ~ from Surface
Defect Type & Size per Surface Distance.
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