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Background Ti64 andTliN

ATi-6AlF4V is aal b alloy used in various industries.

ASurface heat treatment processes, e.g. plasma and gas nitriding, are used to impt
the surface hardness and tribological properties (friction and wear) of Ti64.

ADuring nitriding, nitrogen (N) diffuses into the metal surface forrihg a
compound and a diffusion layer with smooth transition to the core.

ATiN is not a coating.

ATi can benitridedin a wide range of temperatures, commonl$ 6200°C. The
temperature influences the layers thickness, grain size, microstructure and surfac

roughness.
Ti nitrides Alloyed and Diffusion layer Core
Ti nitrides(a) |
| [ 1 1 1
Hardness
HV, 4 1400- 1900 950- 1000 800 > 350 350

Reference: EdRalthskiAdvanced Heat Treat Corp. Nitriding of Titanium Alloys
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Background TiN as alternative to Cr plating

A Hard chromium plating is a standard hardening proce _
aircraft, for example to enhance wear resistance of th |

cargo doors hinges.
A Hardness ~1000 HVO0,1

A Process involves the carcinogenic Cr6 strongly
restricted by REACH*

A Alternative processes to hard chromium are need: ==—- e ramp———

ttps://www.flightglobal.com/world
AAva.ilable alternatives, SUCh as HVOF Spraying, cargo-conversion-market-re covers/9657 3 atticle
physical and chemicalpourdeposition processes,
cannot fully replace hard chromium on their own

A Nitriding is an environmentally sustainable and highly
interesting alternative to Cr plating.

A Hardness ~1990 HV0,5

Reference:

* EdwardRolinskiAdvanced Heat Treat Corp. Nitriding
of Titanium Alloys

Refer_ence_: . L L ) * Jhonattan Trejo et al.
*Registration, Evaluation, Authorisation and Restriction of Chemicals, the reinforcements for wood sawing

European Chemicals Agency
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Method- Material

ATi64 Gr 5 material in form of sheets (AMS4911) and bars (AMS4928).
ANitriding process on both sheets and bars.

AProcess parameters are not published to protect the intellectual property
rights.

Table 1 — Chemical composition of Ti64 sheets (%).

Fe |[C |N |H o A |V [T Residual
Requirement | < < < = = 5.5- | 3.5- | Bal.

0.40 | 0.08 | 0.05 | 0.015 | 0.20 | 6.75 | 4.5 Each <0.10 | Total <0.40
Analysis 0.04 | 0.02 | 0.01 | 0.008 |01 |59 |39 |Bal 0.1 0.4

Table 2 — Chemical composition of Ti64 bars (%).

Fe | C N H 0] Y Al \Y Ti Residual

Requirement max | max | max | max max | max 5.5- | 3.5- | Bal. | Each | Total
0.30 | 0.08 |0.05 |0.0125 | 0.20 | 0.005 |6.75 |45 < <

0.10 | 0.40

Analysis 0.17 | 0.021 | 0.017 | <0.0006 | 0.168 | <0.005 | 6.43 | 419 | Bal. | <0.1 | <0.4
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Methodd Microstructural investigation

ASpecimen were cut, hot mounted in Bakelite with carbon filler, ground and polishe
on rotating disc.

AMicrostructure analysis performed using:
A Optical microscope Leica DM6

AScanning electron microscopy (SEM) Hitachi®ehuipped with an energy
dispersive Xay spectroscopy (EDS) and an electron backscatter diffraction
(EBSD)

AX-ray diffraction (XRD), for residu

dresses
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Methodd Microstructural investigation

TEM/STEM
A EBSD®& GeminiSEMB60 fitted with an Oxford

Instruments EBSD Symmetry S2 and Elisn Max
100 detectors.

A FIB & Cross sectional samples for SEM and TEM
analysis prepared using ZEsB 1540 instrument.

A STEM/TEM analysis preformed using a FEtnai
G2 TF 20 UT microscope operated at 200 kV.

SEM/EBSD/EDS
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Methodod Tensile tests

Performed on serviaydraulic Instron 5582
test rig

Round bar specimens
Laboratory air

Room temperature

Untreated anditridedspecimens

Extensometer used during tigart of the
test to capture yield strength at 0.2% of"~~*
and elastic modulus

2x 31210,2

@5+0,2

Two rates: 0.001and 0.000013s

ISO 68921 requirements

3
)
<%

2x 24,84+£0,1

A |@0,03 d T

30£0,1

Not 1: Dubbhal tilldtes
Not 2: Skarpa kanter fas 0,2
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Methodod Fatigue tests

Untreated anditridedspecimens

Round bar specimens for high cycle fatigue
Servehydraulic Instron 808072+ 100kN test rig
Load controlled, R=0.1

Frequency 20Hz

2x@14

(17,53)

(HCF) tests

(14,97)

32,5REF
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Result® Microstructure

A BSE analysis show:
A Compound layeT,iN and TiN. Thickness-1.9um.
A Diffusion zone beneath the compound layer. Thickne2s50u8.

A EDS analysis show:
A Highly concentrated nitrogen observed in the compound layer.
A Diffusion layer enriched in aluminium.
A Vanadium concentrated in therecipitates.

»
D\

Ti Ka1
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Result® Microstructure

Compound layer
Diffusion layer P Y

::ag = 1806 KX EHT = 2.00kV Date: 18 May 2022 Mag = 20.67 KX EHT = 2.00kV Date: 18 May 2022
D= 4.1mm Signal A = InLens Time: 14:07:37 I WD = 4.1mm Signal A = inLens Time: 14:10:23

From plates, opposite side with lighter colour
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Result® Microstructure

Diffraction peaks

Peaks fonitridedsample

Peak 1: Peak 2: .
TiN@o0y? TN (301);

s & 3 3 3 3

Database, diffraction peaks:

TiN8E (Cubic) (220): 133,6
(Ti2N)12u Tetragonal(220): 139,8
(Ti2N)6T, Tetragonal(301): 143,4

Ti64 reference

Datector A

/ (110):140
/ \

7 \
Fd \
A \“\rvvw.\h_-\,

—
o WA

Peaks for specimen with i\

Ti(110): 140

Ti(110): 140

38 s 2 e
»

134 6 1a
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Result® Residual stresses

Surface measurementslidN sample at different positions for (110) and (220)

200

Residual stress [MPa]

-200

-400

-600

-800

TiN-Odeg

TiN-90deg

Referenc®0deg

Removed TiND deg

TiN-Odeg

Referenc® deg
Removed TiNdOdeg

Measurement positions
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Result® Residual stresses

Residual stress profiles

200

3 —=—TiN removed - 0deg -<-TIiN remove 90 deg

100 S~ —e—Ticoated - 0 deg - -TiN coated - 90 deg

0
30
-100
-200
-300

-400

Residual stress [MPa]

-500

-600

-700

-800

Depth below the surface [pum]
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Result® Tensile tests

Tensile test data

1200,0

1000,0

800,0

6000 — 5

Tensile stress (MPa)

400,0

200,0 5;

10 12 14 16 18
Tensile strain (%)

—o—Ti64
—Ti64
~o-Tic4
——Ti64

- |——Tie4wW1

——Ti64W1
——Ti64W2
—a—Ti64W2
—+—Ti64W2
~TiN
~=—TiN
——TiN
~——TiN2
TiN2
~o-TiN2
——Batch 2-1
——Batch 2-2
——Batch 2-3
—o—Batch 2-4
——Batch 2-5
——Batch 2-6

20
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Result® Tensile tests

Nitrided(no. 2)

n High-PC60.0 HighVac. [E1x20 E— 500 um

cup-andcone fracture with fibrous central zone

dimples

compound layer
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Result® Tensile tests

Nitrided

oY — Wi

.\ N ANAS
T N e, "\“J‘Nt‘-’@‘ A e e

— 10 um
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Result® Tensile tests

Bare

FSD Mixed Image 10

Ti Kal Al Kal V Kal
Map Data 90 Map Data 90 Map Data 90

'10pm' |10;,tmI

I10;1mI

Euler Color 10 IPF Z Color 10 Phase Color 10
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Result® Tensile tests

Nitrided ik

FSD Mixed Image 6

10pm Phase Color 6

II LINKOPINGS 19
oWV UNIVERSITET



Result® Tensile tests
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Result® Fatigue tests

HCF

1000

© Extruded Ti64
950 ° © Bare Ti64
@ Nitriding 1

900 o} ., °
3 3 @ Nitriding 2

850 .- e s A TS
800 ‘e K} °

750 . e'®

Maximum stress, MPa

700 '

;
650 "
600 .
550 - ."'b

500 L ! L ! !
1 10 100 1000 10000 100000 1000000 10000000 100000000

Cycle to failure, Nf
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Result® Fatigue

HCF

1000

950

900

850

800

750

Maximum stress, MPa

700
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550
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tests
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10000
Cycle to failure, Nf

© Extruded Ti64
©® Bare Ti64
© Nitriding 1

@ Nitriding 2
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Maximum stress, MPa

10000
Cycle to failure, Nf

© Extruded Ti64
® Bare Ti64
® Nitriding 1

@ Nitriding 2
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Result® Fatigue tests

HCF Bare Ti64, run out at 635MPa, failed at 950MPa
Initiation from surface
Tensile ductile failure due to high max stresses imposed

Multiple crack initiations Equiaxed dimples
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Result® Fatigue tests

HCF Nitrided batch 1, 850MPa
Initiation from surface

Tensile ductile failure due to high max stresses imposed

—= S i v, 7 /,/‘ ’/-' s

SED 15.0kvV W n 100 um
STD 1075 Mar. 24 2022

Multiple crack initiations
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Result® Fatigue tests

HCF Nitrided batch 1, 850MPa

Surface of the
specimen

Crack initiation

SED 150kVv WD 127 mm High-PC 60.0 HighVac. [21x1,800
STD 1083 Mar. 24 2022
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Result® Fatigue tests

HCF
C Batchl, 650MPa Nitridedlayer

SED 150kV WD 23.1mm
STD 1563 Apr.14 2022

Multiple crack initiations

II LINKOPINGS 27
oWV UNIVERSITET



Result® Fatigue tests

HCF Batchl, 650MPa

Surface Nitridedlayer Crack Cracking

Propagation area

l -
SED 0.0 kV WD 2 5 Std.-PC 60.0  HighVac [81x1,300
STD 15 Apr. 14 _OLZ

SED O kV WD 23.5 mm

STD 157 Apr. 14 ZOZr_l
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Result® Fatigue tests

HCF

EHT = 500 kV Signal A = InLens Date :23 Feb 2023
= 48mm Time :15.0041

lime :15:
Photo No. = 23461

= . ® e ~ - > <

20pm  Mag= 686X EHT = 5.00 kV Signal A= SE2  Date :23 Feb 2023 _
Crosshairs = Off WD = 16.0 mm Time :13:10:26
FIB Lock Mags = No FIB Focus = 0.0 Photo No. = 23456 [ )
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Result® Fatigue tests

HCF Batchl, 650MPa

Mag= 541KX EHT = 2.00 kV Date: 25 Apr 2023 Mag = 30.00KX EHT = 2.00 kV Date: 25 Apr 2023
WD = 4.0mm WD = 4.0mm Signal A = InLens Time: 15:49:21
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Result®) Fatigue tests

HCE Batchl, 650MPa Top layer

Diffusion
layer

Crack

Diffusion
layer

L Basalloy
i’ 000 im -
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Result® Fatigue tests

HCF Batchl, 650MPa

50 nm thick top layer!

AT

200 nm
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Result®) Fatigue tests

HCF r

200 nm
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Result®) Fatigue tests

HCF

STEM-EDS shows the diffusion layer deficient in Al but ridh and N
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Result® Fatigue tests

HCFE Batch2, 850MPa

Multiple crack initiations

| |
gL

SED 200kV WD172mm High-PC60.0 HighVac. [8]
STD 1897 Dec.08 2022

SED 20.0kV WD41.1mm High-PC60.0 HighVac. [@Ix15 500 pm
STD 1908 Dec. 07 2022

10 pm
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Result® Fatigue tests

HCFE Batch2, 800MPa

Multiple crack initiations Nitridedlayer
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Result® Fatigue tests

Batch2, 800MPa

i b o
rb' =
e o ¢
Signal A = SE2 Date :6 Apr 2023
WD = 4.8mm Time :11:22:54
FIB Focus = 108.1 Photo No. = 23947

P, B U ERET he
TV
# \
! ‘ ! / YL \ \ IA \
1 um Mag = 19.41 KX EHT = 5.00 kV Signal A = InLens Date :6 Apr 2023
Crosshairs = Off WD = 4.8 mm Time :12:57:55
FIB Lock Mags = No FIB Focus = 108.1 Photo No. = 23951 [ )
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EHT = 5.00kV Signal A = SE2 Date :6 Apr 2023
Crosshairs = Off WD = 4.8mm Time :11:22:54
FIB Lock Mags = No FIB Focus = 108.1 Photo No. = 23947 )

crack height: 6.2%fn
nitriding depth: 1.556m

')
§
2 um Mag = 20.14 KX EHT = 5.00 kV Signal A = InLens Date :6 Apr 2023
ishairs = Off WD = 4.8 mm Time :14:12:23
FIB Lock Mags = No FIB Focus = 108.0 Photo No. = 23957 ®
38
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Result® Fatigue tests

HCF Batch2, 800MPa

HAADF STEM imagé notice in the diffusion layer see elongated features running
along the grains

Top layer

Diffusion
layer
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Result®) Fatigue tests

HCF Batch2, 800MPa

B 445ty
b
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Result® Fatigue tests

HCF Batch2, 800MPa

TEM STEM
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Result® Fatigue tests

HCF Batch2, 800MPa

TEM image intragranulafeatures
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Result® Fatigue tests

HCFE Batch2, 800MPa

EDSSTEMA showing that the diffusion zone is Al deficient,Taaghd N rich.
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