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i Oxygen sources and
control in P/M

NRC-IMI Powder Forming

* Titanium Interstitials Control

Sources of Oxygen in P/M

Specific examples
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Y NRC-IMI Background
Titanium powder forming

*Foaming *Vacuum sintering
+Debinding/pyrolysis
*Feaming agent

— _MNC-CMIC
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NRC-IMI Background
Titanium powder forming

Density : 97.8109 % (4.40:0.04 g/cm?)
Shrinkage : 10.9%

Final oxygen content : 0.3070.014 wt.%
Final carbon content : 0.089:0.011 wt.%

Complies to ASTM - CpTi Grade 3

Baril et al. "Foam-coated MIM gives new edge to titanium implants” Metal
Fowder Report, Vol 63, No. 8, 46-55, 2008
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+Powder
*Lubncant
*Master Alloy

Esteban et a/, “Study of Compaction and Ejection of Hydnided-
Dehydrided Thanium Powder”, accapted in Powder Technology, 2009

Ti-Press and Sinter_'

86

NRC-IMI Background
Titanium powder forming

Ti Powder Compressibility — 500MPa
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Standards

ASTM F&7
I1SO-5832-2

ASTM-F1472
ASTM F138

ASTM F1580
ASTM B285

ASTM B367

ASTM B817

WK22193

Unalloyed Titanium, for Surgical Implant Applications
Grade 1
Grade 2
Grade 3
Grade 4

Wrought Ti-8AI-4V Alloy for Surgical Implant Applications
Wrought Ti-6AI-4V ELI (Extra Low Interstitial) Alloy for
Surgical Implant Applications

Titanium Powders for Coatings of Surgical Implants
Standard Specification for Titanium and Titanium Alloy
Strip, Sheet, and Plate (Grade 5)

Standard Specification for Titanium and Titanium Allay
Castings (Grade 5)

Standard Specification for Powder Metallurgy (P/M)
Titanium Alloy Structural Components (Grade 5)

Metal Injection Molded TI-6A1-4V Net or Near Net Parts
for Surgical Implant Applications
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NEW

Interstitial Control in
Titanium...why?
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Interstitial solubility in
a-titanium

a~Titanium (hcp) B=Titanium (bcc)
Octahedral sites
Diameter : 0.122 nm

g Volume Maximum
Atomic
Element | diameter Wipwision| _ solublily
) nm?per | Atomic | Weight
at.% % %
(0] 0.120 0.00013 30 12.5
N 0.142 0.00018 19 6.4
C 0.154 0.00049 2 0.25
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Effect of interstitials

Elastic Modulus
* Increase of the e L R

© Armatrgng & Brown

=

Young'’s Modulus

FSE——— _ pyp—— |

& 3 i Duygen Nitrogen Corton
with increased Fae » l 7
. ur s 294" 6K
interstitial contents 5] - PED B Y
* Similar effects from e w i
O,NandC I e ] i
3o revr = o iE II T
. : %
* Relatively minor v o Ry
effect below 1wt.% of R PO N i MEU
i iti 0 1.73
interstitial content 0 0.90
0 077
Weight %

Hans Conrad, "EMect of Interstitial Solutes on the Strength and Ductity of Titanium", Progness in Matenials
Science, Vol 28, pp 123-403, Pergamon Press, UK, 1981
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| Effect of interstitials
__ Yield Strength

+ Significant increases
in Yield Strength

* N shows the highest
strengthening effect
followed by carbon
and oxygen

o, 102w (M)

o
0 02 o4 O 0B 1D
(OeNeCi{or%)

0 025
0

0.29
0 0.54
Weight %
Hans Conrad, “Effact of Interstitial Solutes on the Strength and Ductily of Titanium” Progress in Matenais
Science, Vol. 26, pp 123-403, Pergamon Press, UK. 1981
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P Effect of interstitials
Elongation

LA AL . R A OV A . |

Magen ~
* Significant decrease \ 3;&%&:;&;.?-vu IN
in elongation i

* N shows the highest
effect followed by
carbon and oxygen

According to Okazaki and Conrad
VHN =85 +310,/0,,
where O,, =1.96C, +C, +0.52C, in at% T e s
0 s 0.79
% ) Weiqht Yo
ans Conrad, "Effect of Interstitial Solutes on the Strangth and Ducil y of Titanium®, Progress in Mafenais

Science, Vol 26, pp 123-403, Pergamon Press UK, 1981
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Sources of Oxygen
in P/M processes

Debinding/
Delubrication

sTemperature
«Time
Almospharg
*Binder Regiduss
*Decomposition
products
*Supportivick agent

Die compaction

Powder injection molding
Foams

HIP
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Source of Oxygen
Variability of the analysis

Round robin — HDH -45um powder
Certified laboratories serving aerospace and medical sectors
Expertise with oxygen analysis in castings, forgings, other wrought products
Oxygen analysis results (Wt. %)

| Certificate | " | | .| Standard
Sample |Cemfu,at_e G s | B2 Sur:‘n‘:ermemge deiiation
[of analysis | | Labs e
RA-SP3-126

o 0.25 0109 063 027 @ 026 0299 0196
RA-SP3-112

(Ti6AI4V) 0.54 022 066 057 0503 053

LI | |

0.497  0.166

|

3/9/2010
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Source of Oxygen
Variability of the analysis

NRC-IMI - LECO TCH600 Analyzer

0.150 e ——
Sample | Cetificate |Av i QC Chart - TCHB00 1
SOMER 1ot analysis | ( ) i ous s ® wsd & (7 =
2 et La. mraiamt.
RA“:?S'”B 025 0268 0011 5 Souo | ‘fami. e in %l td
RA-SP3-112 g 0,135 '. 1E e . :_. i
(TiGAI4V) 0.54 0572 0.007 15 S E e 3
15-08-2006 § 0.130
RA-SP3-112 é BT 3
(TiBA4V) 054 0582 0010 5 VB | i | ol
5-11-2008 n 21
P
Calibration standards

LECO 501-657 : 0.088 +0.004 wt % O
LECO 501-664 : 0.139 +0.008 wt % 0

02/07/2006
18/01/2007
06/08/2007
22/02/2008
08/08/2008
28/03/2009
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Source of Oxygen
Powder characteristics

— 2 ‘mﬂ“‘)‘l |
i N *® — 005 milg
* Two contributions to the total § L[ oo |
oxygen content § 5 ,/
— Surface oxide 2 o1 T
* Specific surface area 5 e
— Solid solution § L
* Both contributions are process ¢ -— i

dependant

100
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Source of Oxygen
Powder characteristics

Process and Specific Surface Effect

SP3-126

(CoTi-a5um) 59.1 HDH 0.268 0.135 0137  0.131
SP3-112
(TBAMV-45my 971 HDH 0.572 0173 0.176  0.396

MBN-E401 50 Mechano

(TIBAI4V-38 ym) Synthesis 6.624 0448 0.456  0.178

2781-5 Plasma

(TBAIAV-45m) 443 Atomization 0.105 0.071 0.072 0.033
2758-51 Plasma
(CpTHa5pm) 43.9 Atomization 0.183 0.069 0.070 0.113

TLS-Gas EIGA - Gas

(TBAMV-45um)  47.9 Atomization 0.202 0.059 0.060 0.142

‘assuming 6nm oxide thickness

— MCCMC N
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. Source of Oxygen
| Powder characteristics

i 0.10
Specific Surface Effect i
o 0.35 Oees = 1.82145, + 0.1583
E- tian R?=0.9963
:g: 0.25
Ti-Batch 0.319 § $ o2
1 88 HDH : 0.09 s
.003 bt )
GfE " g 815 Orype = [Pﬁo,ono,tﬁo, Bv +Osyy
o
Ti-Batch 0.343 g
A -
2 77 HOH  o00a 010 8 005+t =10.74 nm
GIE s e
2 000 T T Y T ¥
“‘B:“’h 166 HDH 0280 o 000 002 004 006 008 010 o012
% +0.006 Specific Surface Area, S, (m,/g)

* Powder from the same supplier and same process
* Different particle size distribution and oxygen content

Esteban ef a/, "Study of Compaction and Ejection of Hydnded-Dehydrided
Titanium Powder”, accepted in Powder Technology, 2009
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Source of Oxygen

__ Powder aging

. 0.65
* Steel containers acod
< o —
* Not resealed E 0.55 =S l____—- 7
With mert gas = 050 ¢ ® RA-TIBA4V-45um Lot SP3-112 r; e
. e 045 4 - | APAC -'anF1V—4-5|JMvLm.5254—SZ s
after Oopening 5 0.40 ® AP&C - TIRAMV-250m - Lot 5254.51 |
* No special b= 0.35 4 _ BRA- TH45um - Lot SP3-128
Storage 8 0a0 & —— IE!ragone.—s,lsép_‘l‘:ﬂum-L_m._ﬁs&_Ez e 1
condif e 025§ » — ===
onditions § ol ey
o B
g 015
o 5 St
* No significant O 010 e ——
increase in T
oxygen over 3 — g 5 n = o o o
& 2 e 2 & = e 2
years 2 a o g = > Y] 2
N N ~ ] 5 5] N )
o o o o =] o (=] (=]
(=1 (=] o o f= (=] (=]
w [+ g ~ =~ o =] w
Date
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Source of Oxygen
Binder and lubricant

From Froes (PIM 2006): Oxygen <0.30% in final sintered parts
= PE-Paraffin wax- stearic acid (GKSS-Tijet)

PP-PMMA-paraffin- stearic acid (Hamamatsu)

PP-Paraffin-Carnauba wax (Pacific metals)

PP-EVA-Paraﬂin-camauba-DioctyIPhta!ate (Daido)

Naphtalene-Stearic acid-EVA (Battelle PNNL)

|

I

* Different decomposition temperatures:
= 200-300C: Paraffin, ...
- 300-400C: PMMA, Polyacetal, ..
- EVA: 375-450C
— PE, PP: 400-475C

3/9/2010
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Source of Oxygen
o Binder and lubricant

a 0.06 uCpTidsum Experiments
& 0 = TIBAMV-45)m Comparison between
23 0.04 Powder
c ?E 0.03 Powder + 3wt.% polymer
g < 002 After debinding treatment
¢ oa .I I 4in Tube Furnace
O o000

’ K i 5 25-550°C at 2°C/min

@" & & d“'& & qp@\ Argon purified :10® ppm 0,
V\Gp 5\69 & Rate : 4l/min
QO Q Oédp

* Observed oxygen pickup related to polymeric binder 0.01-0.03wt.%
* Main oxygen pickup during debinding is due atmosphere and temperature

PE, PP EVA PMMA PEG orCellulose esters

0 15-20 32 37
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Source of Oxygen

_ Thermal processes

* Samples : Ti-Foam 2556: | j

- Specific surface : 0.05 m?/g

- Initial oxygen : 0.29wt % § s8]
* Thermal profiles : g 0%

- Rate : 5°C/min. 5%

— 60 min. soak § 035 4 As sintered

- 300,400,425 and 450°C 0.0 |
* Atmosphere: 0.25

= 20vo0l.%0, in Argon 0.20 . -

0 100 200 300 400 500
Soaking Temperature (°C)

Significant increase in oXxygen above 400°C

3/9/2010
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* Thermal profiles :
— Rate : 5°C/min.

— 60 min. soak §§

— 1200,1300,1400,1500°C E

* Atmosphere : £
- High vacuum 10 Torr §

@

2

o

Source of Oxygen
Thermal processes

0.8 —
r ® 2mmrod
¥ -180 ym
0‘3.| B 25um |§ F
4
04 , L
. v
0.2 ™ l
¢ s @ |
0.0 - : v v
1100 1200 1300 1400 1500 1600
Temperature (°C)
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* Powders from the same
atomization batch

* Oxygen content at each steps
* Reference powder in parallel

* Oxygen analysis in one single
analysis campaign

(yttria
reactien)

= Sintering
(surface

" Powder

-25pm 45 un
Powder Particle Size

Sintwring |

exidation)
# Debinding

B } gf g8 I =
i 1 |
af &F

Titanium PIM
Integration of the process
steps

Oxygen content (wt.%)

-25 um -45 pm

| Powder _0 11940001 0.098+0.002
Debinded | 0.250:0006 | 0.1 7240027

Sintered | 0.339:0012 0.28440.021
Debind ' 10h - 450°C max,
Sinter  3h@1300:C

u
o

-

&

Relative contribution

3/9/2010

11



— MIC-CARC

Industrial Materials
Insiiiute

Porous Ti
Specific concerns

* In the context of standard and specification development
- Oxygen content specification = mechanical properties
— Which oxygen is important? Surface, bulk or both...
— Porous Ti keeps high surface area during the whole process

r P—

A%0 (weigth)

N {rumbee of cyeie)

[l Lefebyre and Baril, “Effect of Cxygen Content and Di ion on the Comy Pry

of Titanium Foams”, Advanced Engineering Materials, vol, 10 na 9, B88-876 2008
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Porous Ti
Specific concerns

Ti-Foam characteristics
* Density: 50% open
* Surface area: 0.05 ma/g
* Total oxygen: 0.29 wt%
* Surface oxide contribution: 0.06wt%
* Oxide thickness: ~ 6 nm

* Oxygen in solution: 0.23wt%
300C  400C 425C  450C Solutionized

Oxydation in 20%0,/Argon: 1h

under high vacuum

3/9/2010
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Porous Ti
Specific concerns

Chemistry (oxygen content)
* Surface contribution: 0.05wt%

* Oxide layer thickness: ~ 5 nm

* Oxygen in solution: 0.24wt%

3/9/2010

T — — 200 -
— I [ e — 1 -y
i —— o | . [ B s cnens e
2500 — = = Afler scdation frestmant | @ Afer soluton treatmen s
e ‘ . 180 — — -
g ~
ﬂ:-u 2000 g " ..//..
= £ 180 P o
@ 1500 22 .
] & .
= W 140 -
“ 1000 4 = -~ ™ -u
] v, =
500 > 120 W =
']
0 J 4 100 T T 4
o 20 40 80 80 100 030 035 040 o045 osg g 55 080
Deformation (%) Total O (wit%)

Lefebvre and Baril, “Efecr of Oxypen Content and Distribution on the Compression Properties of Titariuim
Foams’, MetFoamz2007, Mantreal, Canada, Sepl 57, 2007

___mcenme
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Conclusions

* The oxygen in titanium foam is found in
* the “natural” surface oxide film
* solid solution (interstitial sites) within the bulk

* The oxygen in solution has detrimental effect on mechanical
Properties and, therefore, its maximum content is specified
in most applications.

* Analysis of oxygen content can be tricky and should be done
with care and good control of the quality of the results
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Conclusions

The oxygen content of the final c

omponent is mainly determined
by :

1. Powder oxygen content (process, size distribution, surface
area)

2. Thermal processes above 400°C

When carefully selected, binder ha

$ minimal contribution to the
total oxygen content.

The specification of the total ox

application should also tak
the material.

ygen content for porous titanium
e into account the surface area of
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