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o Establish a framework for developing statistically significant
material databases of metal AM materials.

Ahmet Oztekin, PhD .
Advanced Materials Research Program Kevin Stonaker

Manager, JAMS Program Manager Rl * Expand the framework to additional AM machine types, powder
reuse and other changes in the manufacturing process.

* [enerate allowables (T30 and T99) and specifications for Tib4
grade o and EOS M280 material-machine combination for

IMa publication in MMPDS.
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FAA JAMY - Metal AM | Program Overview

VWICHITA STATE UNIVERSITY

Baseline qualification program for Ti-6-4/EQS M290
Jointly funded with OSD ManTech

* Generate data on 4th JMADD machine for dataset inclusion.
* Development of fatigue curves for various post processing conditions.

.

Investigate as-printed surface design values and bulk material

M-MASFI Surface Inspection /. ! . "
y P / inspection methods on fatigue sensitive LPBF components.
New Allov/P — Qualification of new alloy/process of interest to the FAA and related
M-NANPQ ew Alloy/Process Qualification / industry.
,__‘.//
- Investigate feature-level performance debits for AM test articles via
M-BBFLP Building Block . .
/ static test characterization.
,__‘.f"/ A
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Project JMADD - Joint Metal Additive Database Definition

Agenda
Overview of Ti-6Al-4V Grade 5 Projects
Reporting and Documentation Update
JMADD Testing Updates
JMADD Statistics Discussion
Fatigue data updates
Microstructure and Chemistry
Lessons learned and Next Steps
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[verview Ti-BAl-4V Grade a Projects y LI
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GE M2 Series 5

NIAR

40 3D SYSTEMS
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Number of specimens tested (across orientations and test temperatures) | 5 machine MIMPDS
total . , ,
Test Type NIAR Beehive Boeing (GI\IIEI::,IIRZ) (D.’;\I/’)PSZfzer;\sso) D C- and D-Basis Rejqwrer.nents and Recommendations x
(M290) (M290) (M290) X - 3 orientations (XY, ZX45, ZX)
(in-process) (in-process)
E8 — Tension 369 292 104 132 132 1029 100 x 3 =300 Across 5 machines, 10 heats
E9 - .
. 175 143 51 66 66 501 100 x 3 = 300 Across 5 machines, 10 heats
Compression
B769 — Shear 174 148 54 66 66 508 100 x 3 = 300 Across 5 machines, 10 heats
E238 — Bearing 146 134 45 36 36 397 100 x 3 x 2 (two e/D ratios) = 600 Across 5 machines,
10 heats
E399 ~ Fracture 154 130 39 36 36 395 30 x 3 =90 Across 3 machines, 3 heats
Toughness
Recommended
* Load control: 6 test per stress ratio (R), 3 stress ratios,
E606/466 — no minimum heat or lot requirements
Fatigue e = 48 108 412 * Strain control: 10 tests for Rg = -1.0, 6 tests other
I strain ratios
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JMADD [ualitication Process Chain f

Build Design

Feedstock

IM\A | Al speumens are SR, HIP-ed, and I\/Iachmed
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VWICHITA STATE UNIVERSITY

Reporting Deliverables | oy

Completion

Organization Report/Specification Contents Status date

. This document defines the minimum

NAPS 065 - NCAMP Process specification (Rev A) requirements for control of the L-PBF Revision in process 5/31/25
process.
» This document provides the required test
NFS 064 - NCAMP Feedstock Specification (Rev A) methods and specification limits for all Revision in process 5/31/25

feedstock powder.
» This additive specification establishes the

NCAMP  INAMS 064 - NCAMP Material specification (Rev A) requirements for the finished printed Revision in process 5/31/25
material properties of LPBF Ti64.

NPCD 81064 - NCAMP Process Control Document (Rev C) | Process Control document for EOS M290 Revision in process 5/31/25

NTP-AM-1064Q1 - NCAMP Test Plan (Rev C) * Outlines number of specimens required for Uploaded 5/31/25

each test type
» Compilation of all raw data with summary

NCAMP Material Property Data Report il e, S0, 206 GV In Review 5/31/25
. . * Results and recommendation on Parameter . .
FAA Technical Report Parameter Set Comparison Study Set Comparison Study Submitted to FAA Submitted
FAA « JMADD fatigue results, statistical
FAA Technical Report on Lessons Learned and Guidelines | guidelines, and lessons learned throughout In process 5/31/25
project (prequal and qual)
1st Revision of Baseline JMADD Report on Static and
America | Z b i be made to thi N methodology and summary graphs and 1%t revision Submitted to | 1% Revision
Makes uturerevisions will be ma .e o this report to Inciuae. tables of test results (prequal and qual) with America Makes Complete
* JMADD 5" machine results basic statistics (mean, SD, COV)

 JMADD Fatigue + Corrosion results

IMA
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AMADD Testing Status ,

Pre-Qualification (Task 1) Qualification 1 (Task 2) Qualification 2 (Task 3)

Virgin powder fabrication Virgin powder fabrication Reuse (50/50) blend fabrication
Parameter Comparison Study Static mechanical testing Static mechanical testing
Orientation Down-selection study Physical property testing Physical property testing

Site comparison study Room temperature LCF and HCF Room temperature LCF and HCF

Grain Size Analysis
Remaining Progress Estimated el e Progress Estimated
tests: (%) Completion (%) Completion
Completed
Updates:

* Qualification 1 and 2 static data have been compiled and sent to MMPDS for statistical analysis.
* NIAR working on comparing statistical analysis between CMH-17 and MMPDS.
* Fatigue data analysis on-going (S-N curve generation and fractography).
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MMPDS vs CMH-17 Allowables Comparison (Orientations Separated) ViR lang

VWICHITA STATE UNIVERSITY

AMS 4934
CMH-17 AMS 4992 | Extrsuion- | AMS 4928 AMS 7028
PRESENTED MMPDS ANOVA Method investment | Solution | baranddie | TOAAV:HIP
. . . . . (Low Temperature, High
ALLOWABLES ARE |:> S-basis values (3 machines) T90 = B-basis Castings | treated and forging Pressure), Produced by
NOT FINAL! 799 = A-basis aged Laser Powder Bed Fusion
QUAL1ONLY | QUAL2ONLY [QUAL1+Qual2] QUAL1ONLY | QUAL 2 ONLY Qg::ll; Thickness Thickness 0.5-1.0 ES specimen 3
n=365 n=359 n=724 n =365 n=359 7 <0.500 <0.500
Property (orientation) T99 T90 | T99 Too| To9 Too [ T99 T90 | Te9 Too [T99 Too [ Te9 T90 [T99 To0 | Te9 Too M'”;':)‘;Z‘r:; r;s”e
. , (XY) 154 154 145  151| 149 152 | 141 148 | 141 149 | 143 149 150
U“”gtate Tf:s lle (XY452) 153 154 | 143 151 148 152 | 141 148 | 141 149 | 142 149 | 125 129 |155 163 | 135 142
eng (2) 153 155 144  152| 148 152 | 140 148 | 142 150 | 142 150 151
(XY) 140 140 130 138| 135 138 | 126 134 | 127 135 | 128 135 136
Yield Strength (XY452) 140 141 132 139| 135 138 | 126 135 | 126 135 | 127 136 | 111 116 | 138 147 | 125 134
(2) 142 144 133 142| 137 141 | 129 137 | 130 139 | 131 139 140
(XY) 12 13 10 12 11 13 | 11 13 11 12 [ 11 13 11
Elongation (%) (XY452) 11 13 10 13| 10 13 | 10 13 12 13 | 11 13
(2) 15 16 13 15 | 14 16 | 15 16 14 15 | 15 16 14
ATII-12 removed|ATI-12 removed ATI - 12 removed ATl-12 . .
n =341 n =706 n =341 removed Note: Secondary test speeds for tensile test used in
n=706 JMADD and AMS7028 are different. Secondary
T99 T90| T99 T90 T99 T90 | T99 T90 speed in JMADD is 0.1 in/in/min. and AMS7028
_ . (XY) 147 152 | 150 152 143 150 | 143 150 were tested using 0.05 in/in/min. Comparisons are
U“"gfte Tte:s'le (XY452) 146  152| 150 154 142 150 | 142 150 only for informational purposes.
eng (2) 147  153| 151 155 143 151 | 143 150
(XY) 133 138| 136 138 128 136 | 128 136 —
Yield Strength (XY452) 132 139| 136 141 127 136 | 127 136 799 and 90 calculated omitting
specimens fabricated by ATI powder
(2) 136 143 | 141 144 131 140 | 131 139 lot 12. Oxygen (wt%) was below
(XY) 10 12 11 13 11 12 11 13 0.11% (out of specification per AMS
Elongation (%) (XY452) 11 13| 10 13 12 13 | 11 13 7015)
IMa (2) 13 15 | 14 16 14 15 | 14 16

INDUSTRIAL MODERNIZATION
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MMPDS vs CMH-17 (Non-parametric) Allowables Comparison

VWICHITA STATE UNIVERSITY

AMS 4934 AMS 7028
CMH-17 AMS 4992 | Extrsuion- | AMS 4928 [Ti-6Al-4V, Hot Isostatically
PRESENTED MMPDS Non-Parametric Investment Solution bar and die Pressed (Low
ALLOWABLES ARE ) S-basis values (3 machines) 790 = B-basis Castings | treated and forging Temperature, High
799 = A-basis aged Pressure), Produced by
NOT F| NALl Laser Powder Bed Fusion
QUAL1ONLY | QUAL20NLY |QuUAL1+Qual2| QUAL1ONLY |QuaL2onLy|QUA 12+Q”al Thickness | Thickness | o .. i
n=365 n=359 n=724 n=365 N =359 Neroa <0.500 <0.500 >
Property (orientation) T99 T90| T99  T90 | T99 T90 | Te9 To0 | Tee Too| To9 T90 [ T99 Too | T99 Teo | Tes To0 M'”;T;‘:)Zr:; r;s'le
_ . (XY) 154  154] 145 151 | 149 152 | 152 154 | 142 149 | 144 149 150
U”'rgfte Tfr?s'le (XY452) 153 154| 143 151 148 152 | 151 154 | 143 150 | 146 150 | 125 129 | 155 163 | 135 142
reng 2) 153 155| 144 152 | 148 152 | 152 154 | 144 151 | 147 151 151
(XY) 140 140 130 138 | 135 138 | 138 140 | 128 135| 130 135 136
Yield Strength (XY452) 140 141 132 139 | 135 138 | 138 140 | 131 137 | 133 137 [ 111 116 | 138 147 | 125 134
2) 142 144] 133 142 | 137 141 | 137 141 | 134 140| 136 140 140
(XY) 12 13| 10 12 11 13 | 11 13 7 10| 7 10 11
Elongation (%) (XY452) 11 13| 10 13 10 13| 10 12 10 12| 10 12
2 15 16| 13 15 14 16| 12 15 11 13| 11 13 14
ATI-12 removed |ATI-12 removed Al LGS
N =341 N =706 removed removed Note: Secondary test speeds for tensile test used in
N=341 n=706 JMADD and AMS7028 are different. Secondary
T99 T90 | T99  T90 T99 T90 | T99  T90 speed in JMADD is 0.1 in/in/min. and AMS7028
) ) (XY) 147 152 150 152 146 151 | 148 151 were tested using 0.05 in/in/min. Comparisons are
U“'rgate Ter':s'le (XY452) 146 152 150 154 144 151 | 147 151 only for informational purposes.
rengt 2) 147 153 | 151 155 147 152 | 149 152
(XY) 133 138 | 136 138 132 137 134 137
Yield Strength (XY457) 132 139 136 141 131 138 | 134 138 799 and T90 calculated omitting
2) 136 143 141 144 136 142 | 138 141 specimens (18) fabricated by ATI
powder lot 12. Oxygen (wt%) was
(XY) 10 12 1 13 7 10 7 10 below 0.11% (out of specification
Elongation (%) (XY452) 11 13 10 13 10 12| 10 12 per AMS 7015)
IMa 2) 13 15 14 16 11 13| 11 13

INDUSTRIAL MODERNIZATION
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VWICHITA STATE UNIVERSITY

NIAR Builds Boeing Builds Beehive Builds

* 70 data points across 6 builds from same Tekna 74 data points across 8 builds from same Tekna 82 data points across 8 builds from same AP&C
powder lot 2 (4 Virgin builds, 2 Reuse Builds) powder lot 1 (6 Virgin builds, 2 Reuse Builds) powder lot 2 (6 Virgin builds, 2 Reuse Builds)

*  Data approximates a normal distribution Data approximates a normal distribution Data approximates a normal distribution

*  ANOVA P-value = 0.0001 (Significant difference «  ANOVA P-value = 0.0001 (Significant difference *  ANOVA P-value = 0.0001 (Significant difference
between the mean ) between the mean ) between the mean )

* Levene’s test P-value 0.8622. There is not a *  Levene’s test P-value 0.669. there is not a statistically *  Levene’s test P-value 0.7594. there is not a
statistically significant difference amongst the significant difference amongst the standard statistically significant difference amongst the
standard deviations deviations standard deviations

Box-and-Whisker Plot Box-and-Whisker Plot Bolsiierig dar Sy
L B B B B A B B A11 o
N14 — | o B1 . % . .-
; — -
B13 @

N15 — | —
> - B Reuse N AR — LT ;
o e

N18 — | — S - A17 — I
5 T B2 : o
2 - S At
S N19 H s B3 <

l—
87 e A19 — -
N43 o * — A37 . I
Reuse =8 il Reuse
N45 4o - A39 : : o
B9
153 155 157 159 161 151 153 155 157 159 157 158 159 160 161 162
TUS (ksi) TUS(Ksi) TUS(ksi)
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Machine to Machine variability y LI

Fia 3)
* Interstitial elements across 6 powder lots (5 virgin and 1 reuse): * Interstitial elements across 8 ATl powder lots (6 virgin and 2 reuse):
e  Oxygen 0.142% - 0.15% *  Oxygen 0.188% - 0.20%
. Nitrogen 0.009% - 0.02% . Nitrogen 0.023% - 0.039%
*  Carbon 0.006% - 0.022% * Carbon 0.031% - 0.044%
Results Results
* 161 data points across 14 builds (6 Beehive builds, 8 NIAR Builds) were * 114 data points across 12 builds (6 Beehive builds, 6 NIAR Builds) were
analyzed. analyzed.
* Data not normal (Stnd. kurtosis out of +2 range) * Data approximates a normal distribution.
*  K.W. P-value = 0.902 (there is not a statistically significant difference *  K.W. P-value = 0.144 (there is not a statistically significant difference
amongst the medians at the 95.0% confidence level) amongst the medians at the 95.0% confidence level)
* Levene’s test P-value 0.4656. there is not a statistically significant * Levene’s test P-value 0.0212. there is a statistically significant difference
difference amongst the standard deviations at the 95.0% confidence amongst the standard deviations at the 95.0% confidence level.
level.
Box-and-Whisker Plot Box-and-Whisker Plot

T
L

Beehive }7 * % Beehive

Fabricator
Fabricator

NIAR }— . 4{ NIAR| [ . _—

150 154 158 162 166 166 168 170 172 174
UTS [ksi] UTS [ksi]

IMA
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VWICHITA STATE UNIVERSITY

Low cycle fatigue data (Run out 1 million) High cycle fatigue data (Run out 10 million)

High Cycle Fatigue
Low Cycle Fatigue gnty &

155 150
5 0 Qual1l (R:-1) ) T
Strain controlled for L, mos Tested in load s |1 0 Quall(R-1)
first 50k cycles, 4 Qual1(R:0.5) control onl e A Quall(R05)
145 : x Qual2 (R:-1) y 0 o T~ A o o Obh—p
then switched to s A o 150 ~ A X Qual2(R:-1)
load control a O Qual2(R: 0.5) 3 s Te@ s O Qual2(R:05)
135 O 9] -.._.\ 20 \‘5543 o —> = = = = Estimate R=-1
= S ~a = = = = Estimated R=0.5
g 110 0.0 @ "\__\ Y A 0. >
;E’, 125 g X & x\"a.q_ o X|o0 oy
§ Bo% |0 B B @ XX &> 2 X “b-@ ® — >
ﬁ 115 s 9 Sseg
S.00 o I—>
£ ox® x0o0X o e L g -.,_‘...
S g ~
g 105 o
E X0 X o XX X x,!_> 70
95 a [+] ﬂ_’
0—»
. [ 50 y
[
75 T ——— N ——— — — 30 —— R TR TR
1,000 10,000 100,000 1,000,000 10,000,000 1,000 10,000 100,000 1,000,000 10,000,000 100,000,000
Fatigue Life (Cycles) Fatigue Life (Cycles)
* HCF estimated curves generated according to MMPDS section 9.6.
Fatigue (Qualification 1) Failure Initiation Location Occurrence Rate in Failed Specimens
LCF 15% Qual 2 fractography ongoing

Internally initiated

IMA
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Preliminary lual | LCF data at BOO®F

VWICHITA STATE UNIVERSITY

Low cycle fatigue data (Run out 1 million) Strain controlled for Extracted from MMPDS Vol | Handbook
first 50k cycles, 100 — : — — —
S . . then switched to TI-6Al-aV Mill Annealed Casting, 0.50 inch thick, 600°F, K, = 1.0 Stress Ratio
Qualification 1 Low Cycle Fatigue at 600°F ioad control e - :;Ogo
1o % 4050 i
i L —> (x2) oR:-1 2 Runout
110.0 A —> (xR) . | \
; | b
B o 4N Y
1000 g i \\o EK
= o0 o 4 (3) ‘E 70 N \\\
E_ 90.0 g \»o o .\ ®
£ g \ b—>
g 80 o \ ™
E 800 55 N
s ™
= n
0.0 @ o b—» (x1) 50 = ~
— (x3) = T T
—> (x3)
60.0
40
1,000 10,000 100,000 1,000,000 10,000,000 100,000,000
50.0 Fatigue Life, Cycles
Figure 5.4.1.1.8(i). Best-fit S/N curves for unnotched Ti-6Al-4V mill annealed
casting, 0.50=inch thick, 600°F.
40.0 . . .
1,000 10,000 100,000 1,000,000 10,000,000
Fatigue Life (Cycles) Stress level Maximum Stress (ksi) Min. no. of cycles (R:-1/R:0.5)
40% 63.3 (Run Out / Not tested)
45% 71.3 (26,727 / Not tested)
° PP
LCF at 600°F still in process 50% 79.2 (14,674 / Not tested)
60% 95.0 (1,713 / Run Out)
More data to fO//OW 70% 110.8 ( Not tested / Run Out)
72% 114.0 ( Not tested / 104,453)

IMA
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IMADD Fractography | N5

VWICHITA STATE UNIVERSITY

High cycle fatigue data (Run out 10 million)

Qualification 2 High Cycle Fatigue

‘n
x
wn
wn
@
=
[77]
£
H]
E
=
@
=

N5 T
‘j PN ¢
S\ AT
Tl 1Bk

100,000 1,000,000 10,000,000 100,000,000
Fatigue Life (Cycles)

| Stresslevel | Maximum Stress (ksi) | Min. no. of cycles (R:-1/R:0.5)

IMa LCF @ 600°F testing to follow
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JMADD Microstructure Results

Boeing-Tekna-1 (B1)

NIAR-Tekna-2 (N16)

ST N
R T
'[//(/////\ i

& L\\“ !

‘ \\“ !

i

IVl
|

A

Raster: 983x482 Step Size: 0.17um 5]

v

S RIS

\\\%/,
I” % \ B

AU

c
-g * All Images shown were taken on the ZX
§ plane.
[} * Parent grains below were reconstructed
€ with AZTEC ICE software.
a

NIAR-Tekna-2 (N15)

o Raster: 27781747 Seep Size: 0.4150m "]
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Mean Area: 3919.4 um?
Equivalent circle
diameter: 51.43 um
ASTM E2627 Grain Size: 5

500pm

1PF Coloring 1 20
Ti-Hex

NIAR Boeing Beehive
(across 18 builds) (across 6 builds) (across 10 builds)
Measurement Average CoV (%) Average CoV (%) Average CoV (%)
o Width (um) 2.33 11.67 2.19 7.20 2.69 11.90
a Length (um) 8.72 18.07 8.31 4.88 9.54 13.32
Boeing-Tekna-1 (B4)

Mean Area: 3903.8 um?
Equivalent circle
diameter: 50.86 um
ASTM E2627 Grain Size: 5
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CHEMICAL COMPOSITION (wt. %) - Ti BALANCE
Chemistry of Bulk Printed o || eramn
. Supplier Lot # Powder Al v Fe Y c 0? N H? EACH TOTAL
Material state
i1 Virgin 6.41 | 4.03 0.22 <0.001 0.010 0.14 0.0100 0.0020 <0.10 <0.40
) o BulkMat. | 6.38 | 3.96 0.22 <0.001 0.016 0.16 0.0270 0.0026 <0.05 <0.1
* According to AMS2249K check limits AP&C Virgin 631 | 3.96 0.2 <0.001 0.01 0.14 0.01 0.002 <0.1 <0.4
for Ti64, the oxygen and Nitrogen 2 Thukomat | 6.28 | 4.08 0.2 <0.001 0.014 0.16 0.033 0.0027 <0.05 <0.1
content for highlighted values are L1 Virgin 6.13 | 4.05 0.17 <0.005 0.009 0.12 0.0070 0.0020 <0.05 <0.05
within acceptable variation. BuII.< Mat. 6.42 | 433 0.18 <0.001 0.011 0.15 0.0160 0.0097 <0.05 <0.1
Tekna Lia Virgin 6.39 | 4.23 0.18 <0.005 0.010 0.13 0.0070 0.0020 <0.05 <0.05
BukMat. | 6.4 | 4.25 0.18 <0.001 0.010 0.15 0.0260 0.0025 <0.05 <0.1
. s Virgin 6.18 | 4.06 0.16 <0.001 <0.005 0.12 0.0090 0.0040 <0.02 <0.05
[:hE[:k AI'IHlYSIS |IITIItS (AMSZZAEK) tot4 BukMat. | 6.34 | 3.95 0.17 <0.001 <0.005 0.15 0.0390 0.0086 <0.05 <0.1
Virgin 6.03 | 4.02 0.21 <0.0009 0.006 0.149 0.013 0.0009
Limits or Maximum of P Meakvat | 61 | 405 0.2 <0.001 0.007 0.18 0.033 0.0012 <0.05 <0.1
Specified Range Variation —
% Uindar Min or Over Mk Lota Virgin 6.12 | 4.06 0.22 <0.0009 0.007 0.142 0.012 0.0006
Upto 010 (1000 pom).incl]| 0.02 (200 ppm) Bull.< Mat. 6.06 | 4.12 0.2 <0.001 0.12 0.17 0.028 0.0024 <0.05 <0.1
Upto 0.20 (2000 ppm). ind| | 002 (200 ppm) i3 Virgin 6.01 | 4.12 0.21 <0.0009 0.008 0.145 0.014 0.0010
Over 0.20 (2000 ppm) 0.03 (300 ppm) Bulk Mat. 6.41 4.2 0.21 <0.001 0.008 0.17 0.032 0.0015 <0.05 <0.1
ATH s Virgin 6.3 | 4.01 0.21 <0.0009 0.006 0.16 0.006 0.0009
_ BukMat. | 6.2 | 4.06 0.19 <0.001 0.02 0.18 0.026 0.0029 <0.05 <0.1
Per AM52249 section 2.3.1: virgn | 631 | 3.9 0.15 <0.0009 0.029 0178 | 0.030 0.0010
In the analysis of finished parts, these values do not apply to tot> BulkMat. | 6.14 | 4.07 0.16 <0.001 0.032 0.2 0.044 0.0017 <0.05 <0.1
elements whose percentage can be varied by fabricating Virgin 6.22 | 3.86 0.15 <0.0009 0.04 0.188 0.036 0.0009
techniques employed (for example, oxygen, nitrogen, Lot6 Bulk Mat. | 6.26 | 3.96 0.14 <0.001 0.041 0.21 0.047 0.0023 <0.05 <0.001
hydrogen) unless the sample is sufficiently large to produce Lot 7 Virgin 6.16 | 3.86 0.14 <0.0009 0.039 0.185 0.036 0.001
a reliable result. Bulk Mat. | 6.39 | 4.32 0.14 <0.001 0.041 0.21 0.051 0.0016 <0.05 <0.1
AMS7015(Class A) 56'5705' 3255%' <0.30 <0.005 <0.08 0.11-0.20 <0.05 <0.015 <0.10 <0.40
ASTM F2924 <0.20

IMA
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VWICHITA STATE UNIVERSITY

hemistry of Bulk Printed Material- lualitication Z

CHEMICAL COMPOSITION (wt. %) - Ti BALANCE .
— —_ CHEMICAL COMPOSITION (wt. %) - Ti BALANCE
S:;:)Iiee: Powder Lot state Aluminum | Vanadium Iron Yttrium Carbon Oxygen Nitrogen Hydrogen | Titanium
Powd_er Powder Lot| Material | Aluminum | Vanadium Iron Yttrium Carbon Oxygen Nitrogen Hydrogen | Titanium
- Powder 6.13 4.05 020 | <0.0010 | 0.01 0.160 0.01 0.00 Balance supplier
BulkMat.| 6.13 413 0.19 <0.001 | 0.010 0.160 0.021 0.0012 | Balance na Powder | 6.48 4.04 0.22 <0001 | 0.016 0.15 0.009 | 0.0017 | Balance
- Powder 6.26 4.13 0.19 <0.001 0.008 0.140 0.010 0.0010 Balance Bqu Mat. 6.56 4.15 0.19 <0.001 0.017 0.17 0.036 0.0020 Balance
Bulk Mat. | 6.13 414 020 | <0.001 | 0008 | 0150 | 0020 | 0.0010 | Balance AP&C pa [|fowder]| 641 4.01 019 | <0001 | 0014 | 014 | 0013 | 00016 | Balance
s Powder | 6.16 4.14 020 |<00010| 0010 | 0160 | 0012 | 0.0010 | Balance B:Ik '\d/'at' g'z: 2'(1); g'i <%‘%%11 8'823 8'1? g'giz 8'8222 Ea:ance
= owaer o b N < 0. o b . d alance
Bulk Mat.| 6.11 4.14 0.20 <0.001 | 0.008 0.160 0.021 0.0013 | Balance v-3
a——— 623 206 018 <0.001 001 0.170 001 0.00 E— Bulk Mat.| 6.44 421 0.20 <0.001 0.018 0.19 0.037 | 0.0023 | Balance
ca ) ! L ! L ) 4 !
Bulk Mat.| 6.26 402 016 | <0.001 | 0020 | 018 | 0027 | 00015 | Balance pa |rowder| 632 4.26 019 | <0.001 | 0010 0.14 0.005 | 0.0029 | Balance
) 2 2 1 .001 ) 12 .01 .001 B
Powder | 6.5 3.96 015 |<00010| 0031 | 0190 | 0023 | 00011 | Balance Bulk Mat.| 623 4.25 0.17 | <0.00 0.009 0 0.016 | 00016 | Balance
R-5 Powder | 6.37 417 0.19 <0.001 | 0.010 0.16 0.007 | 0.0022
Bulk Mat.| 6.30 3.98 0.14 <0.001 | 0.032 0.180 0.026 0.0014 | Balance R-2
" : TEKNA Bulk Mat.| 6.31 4.19 0.17 <0.001 0.013 0.12 0.023 | 0.0022 | Balance
R6 Powder | 649 3.99 013 | <0001 | 0038 | 0200 | 0030 | 00011 | Balance s |Powder| 644 437 017 | <0.005 | 0.009 0.13 0.009 | 0.0020 | Balance
Bulk Mat.| 6.54 4.00 0.13 <0.001 | 0.037 0.190 0.042 0.0014 | Balance BukMatl 635 223 0.15 <0.001 0.024 014 0017 | 00026 | Balance
v Powder 6.16 3.86 0.14 < 0.0009 0.039 0.190 0.036 0.0010 Balance Powder 6.32 4.07 0.17 <0.001 0.006 0.14 0.010 0.0037
Bulk Mat. 6.46 3.97 0.13 <0.001 0.038 0.190 0.015 0.0027 Balance R-4 Bulk Mat.| 6.22 4.05 0.15 <0.001 0.006 0.14 0.021 0.0033 Balance
ve Powder 6.27 3.96 0.15 | <0.0009 | 0.038 0.190 0.039 0.0011 | Balance AR TG 0.11-0.20
ATI - 5.50-6.75 | 3.50-4.50 | <0.30 <0.005 <0.08 <0.05 <0.015 Balance
Bulk Mat.| 6.50 3.97 0.13 <0.001 0.038 0.190 0.065 0.0024 | Balance ASTVI F2924 -
V-9 Powder 6.28 3.90 0.15 | <0.0009 | 0.044 0.195 0.035 0.0008 | Balance
Beehive |pylkMat.| 6.40 3.90 0.14 <0.001 0.039 0.180 0.045 0.0021 | Balance
V-9 Powder 6.25 3.91 0.15 | <0.0009 | 0.038 0.193 0.035 0.0010 | Balance EI‘IE[:I( AI‘IEIVSIS IIITIItS (SAE AMSZZII-BK)
NIAR  [BulkMat.| 6.44 3.89 0.14 <0.001 0.039 0.200 0.060 0..0028 | Balance - — : 7 =
v-10 powder 6.15 3.91 0.15 | <0.0009 | 0.039 0.190 0.034 0.0014 | Balance Llrglts ':',;_ M da;;'tm” mo v )
Beehive [pylk Mat.| 6.48 4.03 0.13 <0.001 0.039 0.200 0.043 0.0020 | Balance ped “i_ ange .a“am:'”
v-10 powder 6.24 3.89 0.15 < 0.0009 0.041 0.193 0.034 0.0010 Balance Element ! Under Min or Over Max
NIAR WOl
Bulk Mat. 6.20 3.89 0.13 <0.001 0.042 0.190 0.026 0.0013 Balance N“rﬂg &n Up to D 1 |:| |:‘1 GDD ppmll. |n|:_':| DDE LEGD ppmJ
it powder 5.73 3.54 0.16 < 0.0009 0.022 0.150 0.023 0.0015 Balance [:}x':’llgen Up t':‘ D.ECI EEUGD ppm}l |nc| D.DE |:2|:||:| ppm]
Bulk Mat.| 6.29 3.85 0.15 <0.001 0.034 0.160 0.021 0.0026 | Balance Over 0.20 (2000 ppm) 0.03 (300 ppm)
v12 Powder 6.21 3.72 0.20 | <0.0009 | 0.006 0.097 0.012 0.0013 | Balance
Beehive |pylk Mat.| 6.37 3.80 0.17 <0.001 0.006 0.099 0.032 0.0022 | Balance
All powder lots, except for ATl Lot 12, meet the AMS
v-12 Powder 6.01 3.66 020 | <0.0009 | 0.008 0.090 0.010 0.0013 | Balance
NIAR  [gylk Mat.| 6.25 3.69 018 | <0.001 | 0006 | 0096 | 0042 | 00029 | Balance 7015 s peC|f| cations.
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VWICHITA STATE UNIVERSITY

IMADD Lessaons Learned N o=

e Room Temperature Mechanical Properties: The room temperature static mechanical properties across different fabricators show strong
consistency, with coefficients of variation (CoV) < 6%. The observed scatter trends align closely with those seen in Ti-6Al-4V wrought
products as reported in MMPDS.

e Impact of Powder Lot Composition on Strength: It was found that powder lots with higher interstitial elements, particularly oxygen and
nitrogen, resulted in increased strength properties seen in both Qual 1 and Qual 2. This suggests that controlling powder composition can
influence the strength characteristics of the final printed parts (see slide 8).

e Strength-Ductility Trade-Off: Specimens with higher strength properties exhibited a lower reduction in gauge section area during tensile
testing, coupled with a decrease in fracture toughness. This finding supports the well-known strength-ductility trade-off, where increasing
material strength can lead to reduced ductility and toughness.

e Elevated Temperature Performance: Elevated temperature test results for L-PBF Ti-6Al-4V showed similar performance to the percent
knockdown data reported by MMPDS, further validating the material's high-temperature behavior and reinforcing the consistency of Ti-
6AIl-4V properties across different manufacturing methods and conditions.

e Elemental Composition Changes After Powder Blending: After blending reuse with virgin powder, changes were observed in the
elemental composition, particularly in oxygen and iron contents. This highlights the importance of closely monitoring and controlling
elemental composition when reusing or mixing powder lots to ensure material consistency.

e Physical Properties Consistency: The physical properties, such as density and hardness, exhibited comparable results between different
powder lots and fabricators, suggesting that the variability in physical properties is minimal and within acceptable ranges.

e Variability Across Builds and Machines: Build-to-build variability was observed across the three fabricators (see slide 7) when powder lot
was kept constant. However, it was observed that there were no significant difference between machine-to-machine comparisons when
powder lots with similar chemistry were used.

DISTRIBUTION STATEMENT A. Approved for public release: Distribution is unlimited. (AFRL-2025-2561) 16 May 2025 JJW\S Slide: 19



IMADD Next Steps & Summary i

Next Steps:

* NIAR to complete all remaining Qualification 1 and Qualification 2 fatigue testing and EBSD analysis.
* NIAR to collaborate with OSU on fractography and EBSD analysis data.

* Distribute NCAMP Material Property Data Report (MPDR) to steering committee for review.

* Continue work on statistical analysis to compare CMH-17 and MMPDS methodologies for allowables.
(Final NCAMP statistical analysis methodology to be decided by Government Steering Committee before
publishing NCAMP allowable.)

* NIAR to continue analyzing fatigue data (fractography and S-N curves)
Benefit to Aviation:
» Standardized qualification framework which can be applied to new metal AM material.

* Publicly available material allowables for L-PBF Ti-6Al-4V grade 5 material.

Acknowledgment: This material is based on research sponsored by Air Force Research Laboratory under Agreement Number FA8650-20-2-5700. The U.S.
Government is authorized to reproduce and distribute reprints for Governmental purposes notwithstanding any copyright notation thereon.

Disclaimer: The views and conclusions contained herein are those of the authors and should not be interpreted as necessarily representing the official
policies or endorsements, either expressed or implied, of Air Force Research Laboratory or the U.S. Government.
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FAA JAMS - Metal AM | Program Uverview

Baseline qualification program for Ti-6-4/EQS M290
f Jointly funded with America Makes

* Generate data on 4t JMADD machine for dataset inclusion.

* Development of fatigue curves for various post processing conditions.

Investigate as-printed surface design values and bulk material

M-MASFI Surface Inspection /. ! . "
y P / inspection methods on fatigue sensitive LPBF components.
New Allov/P — Qualification of new alloy/process of interest to the FAA and related
M-NANPQ ew Alloy/Process Qualification / industry,
,__‘.//
- Investigate feature-level performance debits for AM test articles via
M-BBFLP Building Block . .
/ static test characterization.
,__‘.f"/ A
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VWICHITA STATE UNIVERSITY

Project M-JMADX: JMADD Expansion Nling

Project Overview Project Deliverables
Research Objectives Research Outcomes
* Task 1: Utilize NIAR’s GE M2 Series 5 machine to fabricate specimens for * A deliverables report documenting the lessons learned and results,
static mechanical and fatigue testing as the 4t machine to be combined to including statistical comparison (combinability) between the Concept Laser
the IMADD dataset. M2 data and the baseline JMADD EOS M290 qualification.
» Task 2: Generate fatigue curves for the as-fabricated and additional * An FAA technical report documenting the design value fatigue curves with
alternate post-processing conditions for comparison back to JMADD as printed and alternative heat treatment debits.

fatigue performance (EOS M290).

Project Timeline — Outline of Deliverables JMADD (3 machines) 4t Machine
CY2024 CY2025 CY2026 [
Percent -
Subtasks Q3 Q4 Q1 o) Q3 Q4 Q1 Q2 s £
Complete | E
M7|M8|M9 M10|M11|M12 M1|M2|M3 M4|N'5|M6 M7|M8|M9 M10|M11|M12 M1|M2|M3 M4|M5|M6
Coordination | 3
1 100% v E .
1.1 Establishment of Industry Steering Committee
[e— ]
2 |Material Selection and Processing Method Downselect / EOS M290 P —-
2.1 JMADD 4th Machine 100%

Fatigue Curves

Ti64 DMLM LCF

2.2 Alternative Post-Processing

3 |Speicmen Fabrication, Post-Processing, and Testing

3.1 Pre-Qualification Testing
3.2 Qualification Fabrication 15%
3.3 Specimen Post-processing

3.3 Specimen Testing

4 |Material and Process Specifications 15%
5 [Fatigue Curve Study 15%
6 [Statistical Guidelines 0% ? o0 o

OF MATERIALS & MANUFACTURING




Project M-JMADX: Task | (JMADD 4t Machine)

NIAny

VWICHITA STATE UNIVERSITY

Pre-Qualification:

e Compare build quality and test results to baseline JMADD qualification data
following the defined JMADD process chain.

. C]anfirm acceptable quality of fabrication and material performance to support qual
effort.

Approach:

* Pre-qualification fabrication will leverage test matrix and build design from JMADD
pre-qualification site comparison study.

* Internal GE M2 Series 5 stock parameter for Ti64 material (60 um layer height) will
be utilized to fabricate build NIAR to post-process and test specimens.

* Specimen post-processing will follow process defined JMADD (SR, HIP, & machine)

* After receiving pre-qualification test results, NIAR to run equivalency analysis using
CMH-17 and MMPDS (OSAT) methods for comparisons to baseline JIMADD data.

Laser2

GE M2 Fabricated pre-qualification build

Task 1 test matrix

DMP Flex 350 RTA ETA 700°F
Test Type Specimen Property No. of No. of
Coupons Coupons
E8/E21/E111 Strength and 3 3
XY modulus
A E8/E21/E111 Strength and 3 3
Tension
ZX modulus
ES8/E21/E111 Strength and 3 3
ZX-45 modulus
E9/E209/E111 Compressive 3 3
XY strength, yield,
and modulus
E9/E209/E111 Compressive 3 3
Compression | ZX strength, yield,
and modulus
E9/E209/E111 Compressive 3 3
ZX-45 strength, yield,
and modulus
B769 XY Ultimate shear 3 3
strength
B769 zZX Ultimate shear 3 3
Shear
strength
B769 ZX-45 Ultimate shear 3 3
strength

Fatigue specimens will be available for testing if required.

Pre-Qualification in progress

Jus A




VWICHITA STATE UNIVERSITY

Project M-JMADX: Task | (JMADD 4% Machine) ) Nikng

4th JMADD machine Qualification approach: Virgin powder builds Reuse (50/50 blend) powder builds
Site | Powder | Lot DBeL:ilgdn B:I)I d Site | Powder Lot Dil:sii:jn Build ID
* Will utilize one Ti64 Grade 5 powder lot from Tekna (total M2 D11 M12
565kg) and JMADD build designs. D11 (S D12 Wik
* Two dataset will be generated: First larger dataset will use :: % | terna | 1ot Eii’ mg
virgin powder and second smaller dataset will use (50/50) o« 012 BRC = D12 | M6
reuse blend powder. S | Tekma | Llot M7 D13 | M17
* 17 builds total (10 virgin builds, 7 reuse builds). Number of M8 D14 Mi8
builds proposed is similar to the Boeing site fabrication. D13 h:"9
10

» After first ten virgin builds are completed, recaptured
powder feedstock will be sieved and blended (ratio of
50/50) by ELCAN industries for reuse build fabrication
(similar to JMADD).

* Both lasers will be utilized on the GE M2 Series 5. (Build
plate areas will be split into six areas to evaluate location-
location variability)

* There will be no stitching during fabrication. A TEIKNA

e Test conditions: RTA, ETA (300, 500, 700, 900°F).

«  NCAMP will develop separate NCAMP PCD for the GE M2
machine.

D14 M11

= D13

JMADD Ruild Designs
ey /S A
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VWICHITA STATE UNIVERSITY

Project M-JMADX: Task | (JMADD 4 Machine Nlng

Static test matrix

Virgin Static Test Matrix (50/50) Reuse blend Static Test Matrix
Number of Lots x Runs per Machine Number of Lots x Runs per Machine x Number of
x Number of Specimens per build Specimens per build
.Bu'ld_ Test Type ASTM Standard Property Test Temperature Coupons Tested Test Temperature (LTS
Orientation Tested
ETA (300, 500, ETA (300, 500,
RTA RTA
700, 900°F) 700, 900°F)

XY Tension ASTM E8, E21,E111 UTS, Yield, Modulus, and Elongation 1x2x3 1x2x8 22 1x2x3 1x2x8 22
ZX Tension ASTM E8, E21,E111 UTS, Yield, Modulus, and Elongation 1x2x3 1x2x8 22 1x2x3 1x2x8 22
245 Tension ASTM E8, E21,E111 UTS, Yield, Modulus, and Elongation 1x2x3 1x2x8 22 1x2x3 1x2x8 22

C ive St th, Yield, and
XY Compression | ASTM E9, E209, E111 ompress'veMoLeu'}is » Yield, an 1x1x3 1x1x8 11 1x1x3 1x1x8 11

C ive St th, Yield, and
X Compression | ASTM E9, E209, E111 ompressive Strength, Tield, an 1X1x3 1x1x8 11 X3 1x1x8 11

Modulus
i h, Yiel
745 Compression | ASTME9, E200, E111 | COMPressive Strength, Yield, and 1x1x3 1x1x8 11 1x1x3 1x1x8 11
Modulus
XY Shear ASTM B769 Ultimate Shear Strength 1x1x3 1x1x8 11 1x1x3 1x1x8 11
ZX Shear ASTM B769 Ultimate Shear Strength 1x1x3 1x1x8 11 1x1x3 1x1x8 11
Z45 Shear ASTM B769 Ultimate Shear Strength 1x1x3 1x1x8 11 1x1x3 1x1x8 11
Boar
XY " /D:ela.‘;”;g 20) ASTM E238 Bearing Strength and Yield 1X3x5 15 1X2x5 10
X Bearing ASTM E238 Bearing Strength and Yield 1x3x5 15 1x2x5 10
(e/D=1.5 & 2.0) § >treng
Bearing . .
745 ASTM E238 Bearing Strength and Yield 1x3x5 15 1x2x5 10
(e/D=1.5 & 2.0)

XY Frac. Tough. ASTM E399 Plain Strain Fracture Toughness 1x2x3 6 1x2x3 6
ZX Frac. Tough. ASTM E399 Plain Strain Fracture Toughness 1x2x3 6 1x2x3 6

IM3 Z45 Frac. Tough. ASTM E399 Plain Strain Fracture Toughness 1x2x3 6 1x2x3 6
T VTN stide: 7
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Project M-JMADX: Task | (JMADD 4t Machine)

VWICHITA STATE UNIVERSITY

Fatigue test matrix

Virgin Static Test Matrix (50/50) Reuse blend Static Test Matrix
Number,Of Lots x Runs per Number of Lots x Runs per Machine x
Machine x Number of Number of Specimens per build
Build Test Type ASTM Standard R-value Stress Levels Property Sio2d e o c°u'°°:s Coupons
Orientation Test Temperature Teste Test Temperature Tested
RTA ETA (700°F) RTA ETA (700°F)
LCF (1 million . )
XY runout) ASTM E606 0.5and -1 3 stress levels Fatigue Strength, Residual 1x3x3 1x3x3 18 1x2x3 1x2x3 12
LCF (1 million . )
ZX runout) ASTM E606 0.5and -1 3 stress levels Fatigue Strength, Residual 1x3x3 1x3x3 18 1x2x3 1x2x3 12
LCF (1 million . .
745 runout) ASTM E606 0.5and -1 3 stress levels Fatigue Strength, Residual 1x3x3 1x3x3 18 1x2x3 1x2x3 12
HCF (10 milli
XY n(m OTL) o0 1 ASTM E466 0.5and -1 3 stress levels Fatigue Strength, Residual 1X3x3 9 1x2x3 6
HCF (10 millio
X n(m Out')' " | AsT™ E466 0.5and -1 3 stress levels Fatigue Strength, Residual 13x3 9 1x2x3 6
HCF (10 milli
Z45 rL(m onljtl) 'on ASTM E466 0.5and -1 3 stress levels Fatigue Strength, Residual 1x3x3 9 1x2x3 6

Physical properties test matrix

Test Type Test Standard Coupons Tested
Density ASTM B311 6
Hardness, Rockwell ASTM E18 6 All specimens will be tested in the
Microstructure & EBSD ASTM E112 6 stress relieved, HIP’ed, and machined
X-ray CT ASTM E1441 12 from each test type .
Coefficient of Thermal Expansion | ASTM E831 6 condition.
Thermal Conductivity ASTM E1530 6
Thermal Diffusivity ASTM E1461 6
Specific Heat Capacity ASTM E1269 6

IMA
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Project M-JMADX: Task | (JMADD 4t Machine)

VWICHITA STATE UNIVERSITY

Current Status:

* Powder feedstock for the proposed fabrication plan have been purchased and inventoried.
* Pre-qualification build specimens have been fabricated.

* NIAR working on developing process control document (PCD) for GE M2 series 5 machine.
Next Steps

* Post-process fabricated pre-qualification specimens and prepare for specimen testing.

* Begin qualification fabrication.

Benefit to Aviation:

* Expansion of established framework to additional AM machine types.

* The Ti-6Al-4V dataset from a fourth AM machine contributes toward satisfying MMPDS C/D-basis
requirements for multi-machine statistical validation.

ALY sice: 27
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Project M-JMADX: Task Z (Fatigue Design Curves)

VWICHITA STATE UNIVERSITY

Approach: Ti64 DMLM LCF
» After bulk material average fatigue curves have been generated —— Allowable (Machined +VSR +HP)
(JMADD), fatigue curves must be created to enable design of parts based \ DA e Without HIP (Machined *VSR)
off of differing surface finish and post-processing, such as stress relief TN = = AsPrinted w/o HIP (VSR only)
and HIP. Additional curves may be generated in industry to provide £ SN ST a—
characterization of knock-downs for other part features. : g
. . . . . . .: ey - Y Design Value options Machined = Low stress ground and polished
* Knock-downs and behavior associated with each iteration will be } Pl S e+
generated VSR = Vacuum Stress Relief
' HIP = Hot Isostatic Press
1000 10000 100000 1000000
* JMADD test plan and specifications will be leveraged to ensure resulting ycle
data aligns with methodo|ogy used in the 0rigina| JMADD qua“fication Notional Graphic of Material Allowable and Design Value Fatigue Curves

Program.

JMADD baseline and alternate condition comparison

200 MPa HIP | 100 MPa HIP | Machined Notes Purpose N
X X Baseline - otes:
X No HIP _ Costreduction 1) Industry partners have discussed that fatigue
X X Alternate HIP Alignment with GAMAT & castings performance may be negatively impacted in the HIP-ed state
VSR only, As-fab Potential As-fab best case if parts are not machined, due to surface a-case formation.
X Alternate HIP, As-fab Comparison to C, As-fab
X Baseline, As-fab o case consideration Alternate process definitions E and C are included to
X Straight to HIP, As-fab Comparison to G, As-fab generate data to characterize this performance difference.
X X Straight to HIP Alignment with industry process 2) GAMAT P-DED static allowables project heat treatment

investigation

IMA

INDUSTRIAL MODERNIZATION
OF MATERIALS & MANUFACTURING

ey /\\\S AR




VWICHITA STATE UNIVERSITY

Froject M-JMADX: Task 2 (Alternate Post Processing Fatigue Matrix) Ll

Approach (continued):
Create common mixed-orientation build design for fabrication and performance comparison across builds.

» Fabricate specimens from one common material lot and vendor.

* Post-process and machine per test matrix definition.

» Generate fatigue curves for comparison to JMADD baseline.

* Include ES8 static tensile lot release, density, thermal, and microstructure specimens on each build.

» Stress levels/Strain levels utilized will be identical across all conditions.

« XY As-Fab surface condition specimen geometry determined with trial prints (0.1” hole diameter to start —
teardrop geometry).

Str Number of stress levels x Specim nsl
Fatigue R-ratio ess Finish Heat Treat (Group) Orientation Specimens per stress level pecime
levels S tested
RTA (70°F)
VSR XY 5x3 15
(A) ZX 5x3 15
. VSR+100HIP ZX 5x3 15
Machined (B) XY =3 15
Straight to HIP XY 5x3 15
55% .

60% (G) X 5x3 15 Machined XY

LCF 1 65% VSR XY 5x3 15
- 0
70% (C) ZX 5x3 15
75% VSR+100HIP ZX 5x3 15
(D) XY 5x3 15
As Fab

Straight to HIP XY 5x3 15
(F) ZX 5x3 15
VSR + 200 MPa HIP XY 5x3 15
(E) ZX 5x3 15
Total 210

As-fab XY (with 0.1

IMa inch through HoIe)

INDUSTRIAL MODERNIZATION
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Project Status:

* Fatigue design curve test and fabrication plan has been
proposed and presented to the FAA.

* Powder feedstock for the proposed fabrication plan have
been purchased and inventoried.

* Specimen fabrication in progress.
Next Steps:
* NIAR to complete fabrication for required specimens

* Carry out heat treatment according to proposed test plan and
run fatigue tests.

Benefit to Aviation:

* Understanding the effects of common industry post-
processing methods on the fatigue performance of L-PBF Ti-
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SR | 200 MPa HIP | 100 MPa HIP | Machined Notes Purpose
X X X Baseline -
X X No HIP Cost reduction
X X X Alternate HIP Alignment with GAMAT & castings
X VSR only, As-fab Potential As-fab best case
X X Alternate HIP, As-fab Comparison to C, As-fab
X X Baseline, As-fab o case consideration
X Straight to HIP, As-fab Comparison to G, As-fab
X X Straight to HIP Alignment with industry process
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Juestions?

VWICHITA STATE UNIVERSITY

 [ontact:
* Neville Tay -
* Royal Lovingfoss -

 Rachael Andrulonis -

NiAng

NATIONAL INSTITUTE FOR AVIATION RESEARCH
WICHITA STATE UNIVERSITY

BT sice: 51
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JMADD Fitth Machine (America Makes sponsored)

NIAny

VWICHITA STATE UNIVERSITY

Objective:
* To generate L-PBF fabricated Ti-6Al-4V (grade 5) data to enable the creation of a C/D-basis material allowable for

MMPDS and an A/B-basis NCAMP material specification.

IMA

INDUSTRIAL MODERNIZATION
OF MATERIALS & MANUFACTURING

Number of specimens tested (across orientations and test temperatures)

Five
MMPDS
JMADD JMADD JMADD machine
Test Type JMADX JMADD Fifth total
NIAR Boeing Machine specimen C- and D-Basis Requirements and
Beehive (GE M2) Phase 1 5 Recommendations
(EOS M290) coun
(EOS M290) (EOS M290)
E8 — Tension 369 292 104 132 132 1029 300 Across 5 machines, 10 heats
E9 - .
Compression 175 143 51 66 66 501 300 Across 5 machines, 10 heats
B769 — Shear 174 148 54 66 66 508 300 Across 5 machines, 10 heats
E238 -
Bearing (E/D 146 134 45 144 144 613 600 Across 5 machines, 10 heats
=1.5&2.0)
E399 —
Fracture 154 130 39 36 36 395 30 Across 3 machines, 3 heats
Toughness
Recommended
Load control: 6 test per stress ratio (R), 3
E606 & E466 stress ratios, no minimum heat or lot
— Fatigue 143 113 48 108 412 requirements

Strain control: 10 tests for Rg =-1.0, 6
tests other strain ratios
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3D Systems DMP Flex dall

MMPDS requires 100 specimens
in each orientations for direct
analysis method. JIMADD is
investigating three orientations,
hence 300 specimens is required

America Makes

Jus A



gt JMADD Machine Pre-Qualification

NIAny

VWICHITA STATE UNIVERSITY

Objective:

e Compare build quality and test results to baseline JMADD qualification data following
the defined JIMADD process chain. Confirm acceptable quality of fabrication and
material performance to support qual effort.

Approach:

* Pre-qualification fabrication will leverage test matrix and build design from JMADD
pre-qualification site comparison study.

* 3DS will utilize internal stock parameter for Ti64 material to fabricate build (see table

below).

* Tekna virgin powder (with Oxygen = 0.12 wt%) was utilized

* NIAR to post-process and test specimens.

3DS DMP

Density (J/mm

Machine Flex 350 EOS M290
Parameter Standard |Ti64_SpeedM
Part LT60 291 1.10

Laser Power (W) 245 340

Speed (mm/s) 1250 1250
Hatch Spacing (um) 82 120
Layer Thickness (um) 60 60

Volumetric Energy 39.84 37.78

IMA

INDUSTRIAL MODERNIZATION
OF MATERIALS & MANUFACTURING

3DS fabricated build

Pre-qualification test matrix

DMP Flex 350 RTA ETA 700°F
Test Type Specimen Property No. of No. of
Coupons Coupons
E8/E21/E111 Strength and 3 3
XY modulus
. E8/E21/E111 Strength and 3 3
Tension
ZX modulus
E8/E21/E111 Strength and 3 3
ZX-45 modulus
E9/E209/E111 Compressive 3 3
XY strength, yield,
and modulus
E9/E209/E111 Compressive 3 3
Compression | ZX strength, yield,
and modulus
E9/E209/E111 Compressive 3 3
ZX-45 strength, yield,
and modulus
B769 XY Ultimate shear 3 3
strength
B769 ZX Ultimate shear 3 3
Shear
strength
B769 ZX-45 Ultimate shear 3 3
strength

Fatigue specimens will be available for testing if required.

Pre-qualification work in process
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VWICHITA STATE UNIVERSITY

JMADD Fitth Machine Qualitication Fabrication Plan NIAng

Qualification fabrication to begin after verifying fabricability
and material performance from Pre-qualification build.

Task 2 Task 3
Qualification Approach: Virgin powder builds Reuse (50/50 blend) powder builds
. Build | Build ui .
* 17 builds total (10 virgin builds, 7 reuse builds). Number of Stte | Powder | Lot | poign | ID Site | Powder | Lot DBesi:'n Build ID
builds proposed is similar to the Boeing site fabrication. c1 D11 Cl1
D11 Cc2 D12 C12
e Will utilize 1 Ti64 Grade 5 powder lot from AP&C (total c3 o D13 | c13
565kg) and JMADD build designs. c4 S | Tekna | Llot | p11 | c14
. .. . % | tema | 110t | P22 | C5 D12 C15
* After first ten virgin builds are completed, recaptured z c6 D13 | Ci16
powder feedstock will be sieved and blended by ELCAN c7 D4 | C1/
industries for reuse build fabrication (similar to JMADD). D13 | C8
C9
* Fatigue specimens will be available for testing if required. D12 | C10
* NCAMP and 3DS will develop separate NCAMP PCD for the
DMP Flex 350.
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JMADD Fitth Machine - Next Steps a Summary | , INIAng

VWICHITA STATE UNIVERSITY

Pre-Qualification updates:

* All fabricated tensile, shear, compression and fatigue specimens have been machined and are in
queue for testing.

e Draft PCD for the DMP Flex 350 is in process.

* PO for powder was submitted to AP&C and powder will ship by beginning of May.

Next Steps:

* NIAR to perform quality control on machined specimen and subsequent testing.

* NIAR and 3DS to continue developing NCAMP PCD for the DMP Flex 350.

» After receiving pre-qualification test results, NIAR to run equivalency analysis using CMH-17 and
MMPDS (OSAT) methods for comparisons to baseline JMADD data.

Benefit to Aviation:

 Broad dissemination across the aerospace industry will inform design allowable value generation.

Acknowledgment: This material is based on research sponsored by Air Force Research Laboratory under Agreement Number FA8650-20-2-5700. The U.S.
Government is authorized to reproduce and distribute reprints for Governmental purposes notwithstanding any copyright notation thereon.

Disclaimer: The views and conclusions contained herein are those of the authors and should not be interpreted as necessarily representing the official
policies or endorsements, either expressed or implied, of Air Force Research Laboratory or the U.S. Government.
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