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Fractured Second Stage Planet Gear S/N 10-1292
Initial Examination

QINETIQ

Fractured Second Stage Planet Gear
As received

FE13962 - 13% Teeth, 0.571kg FE13961 - 12% Teeth, 0.535kg
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26 teeth present on fragments, an intact 2" stage planet has 51 teeth.
Fractured samples account for approximately 51% by weight. QlNETlQ
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Fractured Second Stage Planet Gear
Sample FE13961 — As Received

Spalling on
race surface

Flat through Convex region on
thickness fracture fracture surface

o oF o

Large spall adjacent to
through thickness fracture

Convex region on
| fracture surface

Large spall on
race surface

QINETIQ

Fractured Second Stage Planet Gear
Sample FE13961 — As Received
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SEM examination of the as-received fracture surface
shows indications of fatigue (B & C) along with areas
of corrosion (A).

QINETIQ
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Fractured Second Stage Planet Gear
As received

: N A Y1 f 4
200pA  Signal A=SET = IProve= 2009 QinetiQ

WD = 140mm R0 FE13081 1 WD = 120mm E441s N te8u FE1E 170mm 4415 13701

All remaining 29 stage planet gear fracture surfaces exhibit ductile overload failure

QINETIQ

Fractured Second Stage Planet Gear S/N 10-1292
Through Thickness Fracture

QINETIQ
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Fractured Second Stage Planet Gear
Sample FE13961 — After Cleaning

Cleaning of fracture surface using a combination of acetate replica stripping and inhibited
HCI solution with ultrasonic agitation.
Crack arrest marks visible on fracture surface after cleaning.

QINETIQ

Fractured Second Stage Planet Gear
Sample FE13961 — Summary of Macro Mark Observations

I TN N e S T SR N T
7 3 14 !

Defined Defined Defined 27

Less well defined Less well defined 0 Less well defined

Total Total

. Lk s - “
Summary of macro mark observations, solid line — well defined, dashed line — less well defined, see reference [1] for further details.
A number of attempts were made to correlate the macro marks with flight data, including engine stop starts, take-off and landings etc.

No successful correlations were made.
QINETIQ

[1] QinetiQ/16/02442/1.0 - QinetiQ / Airbus Helicopters, Macro Mark Counting, 28 June 2016.

Page 5



Accident Investigation Board Norway APPENDIX D

Fractured Second Stage Planet Gear
Sample FE13961 — Through Fracture Crack Propagation Direction

Orientation of secondary cracking from SEM examination

QINETIQ

Crack propagation directions concluded from secondary cracking

Fractured Second Stage Planet Gear
Sample FE13961 — Fatigue Crack Progression Marks (Striations)

; e - R SR -
- AVRrage ‘spacind’S.43dn o 1 AV spaging = 142nm

FE13081

SpwiAshles  OinetiQ .

.

Positive identification of fatigue striations observed on a small region of the through thickness fracture surface, towards the centre of the gear.
Insufficient evidence to determine the crack growth rate from striation spacing measurements.

S [ QINETIQ
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APPENDIX D

Fractured Second Stage Planet Gear

EHT = 5.00 kV
WD = 6.1 mm

Sample FE13961 — Final Overload Fracture

E4415_NH_789.tif

Signal A = SE2
FE13961

—

Fatigue crack propagation accounts for approximately 95% of the through thickness fracture.

QINETIQ

Fractured Second Stage Planet Gear S/N 10-1292
Examination of Outer Race Surface

QINETIQ
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Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — After Cleaning

Through thickness -
fracture o

Direction

Upper edge of ;
planet gear

S Spall 1"

Note: The line placed at 14mm from the upper edge of the planet gear refers to the approximate location of maximum Hertzian stress for a FAG

planet gear, as informed by Airbus Helicopters and previously noted in the AAIB report on the G-REDL accident.

QINETIQ

Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Spall 1 As-Received

Roller
Direction

i e

‘ iR EMT = 20.00 kv IProbe = 200 pA Slgwl AZNTSESD!  ONnetiQ

+ WD = 38.0 mm E4415_NH_167 tif FE13961

Mean depth of spall = 282um, maximum depth 325um

QINETIQ
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Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Spall 1 After Cleaning

I

Roller
Direction

‘ B
EHT =20.00 kV | Probe = 200 pA
— WD = 10.0 mm E4415_SF_1079.tif

Signal A
FE13961

=SE1

Sample Tilted

Crack propagating subsurface
towards spalls 2, 3 and 4

QinetiQ

QINETIQ

Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Spall 1 After Cleaning

~

Roller
Direction

“Spall 2"

Tilted & Rotated 90°
=
EHT = 1000 KV
| WD = 355 mm

IProbe = 200 pA
E£4415_SF_1057 tif

1 mm

Signal A = SE1
FE13961

QinetiQ

=

“Saw tooth” crack propagation along the side |z

EHT =10.00 kV
WD =355 mm

QinetiQ

I Probe = 200 pA
E£4415_SF_1061.tif

Signal A = SE1
FE13961

QINETIQ
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Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Spall 1 After Cleaning

Roller
Direction

Micro-pitting present adjacent to the initiation
location of spall 1; the bottom of the “V” shape.

Undercutting cracks observed in the
micro-pits propagating into the
thicker material (towards the upper
edge of the gear).

EMT=20004v  |Pobe= 200pA  SignalA=SE1 ineti
WD = 75 mm E4415_SF_104400  FE13961 QinetiQ

e QINETIQ

Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Between Spall 1 and Spall 2

Roller
Direction

ENT=2000W  IPobes 200pA  SgralA=SE} QinetiQ | %
WO=108mm  Eeats 4 Ta0M  FENI6Y

©T=200W  IPoses 20pA  SgraiA=SEN i
ineti
WD =105 mm E4415_NH_T42 00 FE13081 a Q

y 2

200 ym EHT =20.00 kV | Probe = 200 pA Signal A = SE1

; Micro-pitting observed between spall 1 and spall 2, along with
WD = 10.0 mm E4415_NH_734tif FE13961

small indentations consistent with particle/debris imprints.

e QINETIQ
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Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Between Spall 1 and Spall 2

I
1
4 " | 1
Roller ; b 1
Direction | e . fr
Yy oL
r "Spallg3

Location of micro-pits at the
origin of spall 1 (slide 19)

EHT =20.00 kv IProbe= 200pA  Signal A= NTS BSD . 1
| _ 5 mof A {
{ WD =380 mm E4415_NH_1674f  FE13961

The location of the observed micro-pitting is approximately 15mm from the upper edge of the planet gear — dotted yellow lines.

Fractured 2" Stage Planet Gear
Sample FE13962 Race Surface — Micro-pitting

Upper edge of
planet. gear

D Laamr mav ) S Smaen o Oe

£k
¢ il Wear track with
micro-pitting

Roller
Direction
— i i e Qietiq] (e PTomaw s S set® QinetiQ

A wear track containing micro-pitting is also observed on the upper outer-race surface of the second planet gear fragment (sample FE13962).

A QINETIQ
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Fractured Second Stage Planet Gear

IProses 200pA  SignaAnSET QinetiQ

WosEmm  EMSNwISTH  FEiee

Roller
Direction

IPrccas 20pA  SignwAsSET QinetiQ

20um ENTS2000K  (Pobes 20pA  SpwiAeSE QinetiQ
WosROmm  Eesresamw  FEvee i WosmSmm  EMisWOM  FEMID

QINETIQ

These micro-pits are also located approximately 15mm from the upper edge of the gear and again exhibit undercutting cracks.

Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Spall 2 As-Received

'y ) < § g ~~ - (%
FRtl AT A P SO aR $
i E - R R P 1B Caghed &

S:5mm

1mm EHT =20.00 kV | Probe = 200 pA Signal A = NTS BSD
WD =35.5 mm E4415_NH_165 tif FE13961

1mm_ gt A QinetiQ
e L 146

Mean depth of spall = 317pm, maximum depth 349um

S — QINETIQ
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Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Spall 2 After Cleaning

Roller
Direction

Cracks propagating subsurface
towards spall 3

! 200 pm EHT =10.00 kV 1 Probe =100 pA Signal A = SE1 Q"net"Q 200 ym EHT =10.00 kV | Probe = 100 pA Signal A = SE1 Qinetia
| WD =11.0 mm E4415_SF_1122.tif FE13961 WD = 10.5 mm E4415_SF_1117.tif FE13961

Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Spall 2 After Cleaning

Roller
Direction

=

EHT = 10.00 kV | Probe = 100 Signal A = SE1 F? 2 100 EHT = 10.00 kV | Probe = 100 Signal A = SE1 H i
1mm robe PA ignal anetlQ um T pA igH anetlQ
WD =22.0 mm E4415_SF_1124.tif FE13961 WD =225 mm E4415_SF_1133.tif FE13961
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Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Between Spall 2 and Spall 3

Roller
Direction

QinetiQ

BTS00 IPmeer RO SgWASNTSNO  Cyineti
WO = 100 mm E4418_NH_TS8 10 FE13081 QinetiQ

small indentations consistent with particle/debris
imprints observed between spall 2 and spall 3.

20 pm ENTS2000W  (Probes 20pA  SgiA=SEN QinetiQ
— WO eSmm  EaesTeM  FEnos

QINETIQ

QinetiQ

Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Spall 3 As-Received

f| Direction

1 mm EHT =20.00 kV | Probe = 200 pA Signal A = NTS BSD Qinet’Q

WD =34.5 mm E4415_NH_163 tif FE13961

QINETIQ
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Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Spall 3 After Cleaning

———

v 4 Sample Tilted H

7

Roller
Direction

\

Crack propagating
4| subsurface towards spall 4
S -t

v ~ i
ST e 2 < S _.ode E e »
1mm EHT = 10.00 kV I Probe = 100 pA Signal A = SE1 Qinetl'Q 1mm EHT =10.00 kV | Probe = 100 pA Signal A = SE1 ineti
WD = 19.5 mm E4415_SF_1161.tif FE13961 f——— wo=180mm E4415_SF_1170.tif FE13961

QINETIQ

Fractured Second Stage Planet Gear
Sample FE13961 Race Surface — Spall 4

- | Ductile overload / shear fracture [*¥| After cleaning
T s~ around steep sided edge of spall .
Roller - = e 3
Direction

: Subsurface crack from
4 ‘(‘ & SR spalls1,2 and 3
-_‘” Y » 3 “"" & & = 5 mm

aximum depth 1.69mm

5 :
TR L

A

Mean depth of spall = 1.40mm, m

QINETIQ
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Fractured Second Stage Planet Gear S/N 10-1292
X-Ray Tomography

QINETIQ

Fractured Second Stage Planet Gear
Sample FE13961 — X-Ray Tomography

.- Approximate
Subsurface crack 7 of Spi
<4 1 1 lz

Spall 2 Spall 3

Spall 4 Approximate extent of subsurface cracking obtained from X-ray
. tomography inspection.

The undulating nature of the crack path observed in the initial scans.

QINETIQ
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Fractured Second Stage Planet Gear S/N 10-1292

Microsections Through Subsurface Cracking

QINETIQ
Fractured 2nd Stage Planet Gear
Sample FE13961 — Cutting Plan
= N
SR © S | o
—] ﬁ‘ﬁ;, Ll A
FE14226 FE139611 ; | E
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— € ot
E
g =™ Appro 6
| THLLL T 1|||||l||l|"'
wu Width of saw blade 0.85mm |
QINETIQ
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Fractured 2nd Stage Planet Gear
Sample FE14227 — Microsection 16.9mm From Upper Edge

| Through thickness fracture |°

Main crack path length = 18.57mm

Main crack length along race surface = 15.00mm
£ 2 0 . “Spall 4”
“Spall 3"

Roller Direction —>

Measured depth of main crack Main Crack:

Average depth = 968um

E 2200

g 1890 Max depth = 1793um

iéﬁég Min depth = 215um (pit depth)
£ 1

g o

5 49 Minimum depth of crack

£ 0 branches growing towards race
g 0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00

surface (for crack depth greater
than 250pum) = 124pm

Distance from "Spall 3" cut face (mm)

Distance from upper face of gear: ——16.9

QINETIQ

Fractured 2"? Stage Planet Gear
Sample FE13961 — Polished Face 16.0mm From Upper Edge

‘ Through thickness fracture ‘

Main crack path length = 17.39mm
Main crack length along race surface = 14.98mm

Roller Direction —>

Measured depth of main crack Main Crack:

Average depth = 899um
Max depth = 1788um
Min depth = 297um (pit depth)

Minimum depth of crack

0.00 2.00 4.0 6.00 8.00 10.00 12.00 14.00 16.00 1800 Pranches growing towards race
Distance from "Spall 3" cut face (mm) surface (for crack depth greater

than 250pum) = 122um

Depth of main crack (pm)
ERREBRER

Distance from upper face of gear: ——16.0mm

QINETIQ
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Fractured 2nd Stage Planet Gear
Sample FE13961 — Polished Face 10.0mm From Upper Edge

I Through thickness fracture

Main crack path length = 17.81mm
Main crack length along race surface = 14.78mm

“Spall 3"

Roller Direction =—>

Measured depth of main crack Main Crack:

E 3398 Average depth = 997um
% 180 Max depth = 1699um

g %388 Min depth = Oum (surface
g % breaking)

5 i

£ 0 -

g 0.00 200 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 2000 Minimum depth of crack

Distance from "Spall 3" cut face (mm) branches growing towards race
surface (for crack depth greater
than 250pum) = 170um

Distance from upper face of gear: ——10.0mm

QINETIQ

Fractured 2"? Stage Planet Gear
Sample FE14228 — Microsection 9.1mm From Upper Edge

\ Through thickness fracture

‘ Main crack path length = 16.27mm

Main crack length along race surface = 13.86mm
Edge of “Spall 4”

Subsurface crack A w
near “Spall 3” T

Roller Direction =—>

Measured depth of main crack Main Crack:

T 2% Average depth = 1206um

£ 1 Max depth = 2137um

5 1588 Min depth = 217um

§ 8

E 600

: ‘}83; Minimum depth of crack

g 0.00 2.00 4.00 6.00 8.00 1000 12.00 14.00 16.00 1800 2000  branches growing towards race

Distance from "Spall 3" cut face (mm) surface (for crack depth greater

Distance from upper face of gear: ——9.1mm than 250pm) I 306pm

QINETIQ
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Fractured 2nd Stage Planet Gear
Typical Example of Subsurface Crack Propagation — FE14228 (9.1mm)

| <€— Roller Direction |

5000 ym

100 pm ~ Ve < A - ry
As-polished 2% Nital Saturated Picric solution (with HCI)

39 LN-(

QINETIQ/1E

uper Puma Accident - Summary
53/1.0 | January 2018 | © QinetiQ

Fractured 2" Stage Planet Gear
Typical Example of Subsurface Crack Propagation — FE14228 (9 1mm)

<—Roller Direction

Saturated Picric solution (with HCI)

1.0| January 2018 QinetiQ

40 LN-(
QINI
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Fractured 2nd Stage Planet Gear
Typical Example of Subsurface Crack Propagation — FE14228 (9.1mm)

I <€— Roller Direction |

100 pm y - Y o
As-polished 2% Nital Saturated Picric solution (with HCI)

QINETIQ

Fractured 2"? Stage Planet Gear
Sample FE13961 — Microsection 15.0mm From Upper Edge

Microsections showing cracks deviating from the subsurface crack
towards the gear tooth roots with a curved path.

Through thickness fracture

— Roller Direction —>

QINETIQ
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Fractured 2" Stage Planet Gear
Sample FE14227 — Microsection 16.9mm From Upper Edge

As Polished ' 2% Nital 3

B~
Fractured tooth

Cracks propagating

towards tooth root Crack propagating

towards tooth root

S through thickness §

Sy o2

| Cracks propagating |- - y
.| towards tooth root Cracks propagating i

Through thickness
fracture

2000pm ” Roller Direction=—>

Microsections showing a number of cracks deviating from the subsurface crack and propagating through thickness.
A number of cracks also observed propagating towards the tooth root.

QINETIQ

Fractured 2"? Stage Planet Gear
Sample FE13961 — Cutting Plan Spall 1 to Spall 3

” |
FE14243 |

-
-~

Roller Direction ——>

QINETIQ
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Fractured 2nd Stage Planet Gear
Sample FE14226 - Transverse Microsection Spall 3

2 mm

Approx. 14mm from “Spall 3"
upper surface

Upper Surface —>

t000um

QINETIQ

Fractured 2nd Stage Planet Gear
Sample FE14226 - Transverse Microsection Spall 3

Upper Surface —>
1000um

QINETIQ
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Fractured 2nd Stage Planet Gear
Sample FE14226 - Longitudinal Microsection Spall 1

Extent of crack from spall 1 on
this microsection

Main crack path length = 5.18mm
Main crack length along race surface = 4.19mm

QINETIQ

Fractured 2"? Stage Planet Gear
Sample FE14226 - Longitudinal Microsection Spall 2

Main crack path length = 2.19mm
Main crack length along race surface = 1.80mm

QINETIQ
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Fractured 2nd Stage Planet Gear
Sample FE14226 - Angled Microsection Between Spall 1 and Spall 3

Crack propagation from Spall 1 Crack propagation from Spall 2 to Spall 3 or a

branched crack from Spall 1?
Main crack path length = 7.15mm

Main crack length along race surface = 6.22mm

Main crack path length = 1.18mm
Main crack length along race surface = 0.96mm

2 mm

Crack adjacent to “Spall 1”
“Spall 3”

QINETIQ

Fractured Second Stage Planet Gear S/N 10-1292
Microsections Through Micro-Pitting

QINETIQ
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Fractured 2nd Stage Planet Gear
Sample FE13962 — Race Surface Micro-Pitting; Transverse Microsection

Sequential grinding & polishing of transverse microsection to
reveal micro-pitting and cracking

QINETIQ

Fractured 2"? Stage Planet Gear
Sample FE13962 — Transverse Microsections Through Micro-Pitting

Microsection 1 Microsection 2 Microsection 3

14.911mm
——

Crack depth = 13.2uym
Crack length = 106pm Angle to race surface = 15.7° Pit width = 27um

Angle to race surface = 16.1° Angle to race surface = 14.8 =
— g —m

100 pm

Microsection 4

~—~— 14.957mm
-

4

Pit depth = 7um

'r — 14.921mm

Crack length = 146pum Cracklength = 160um

14.975mm

Pit width = 55pum
Angle to race surface = 14.3°

Crack length = 155um

Yellow arrow = distance from upper surface of gear

QINETIQ
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Fractured 2nd Stage Planet Gear
Sample FE13962 — Race Surface Micro-Pitting; Circumferential Microsection

Sequential grinding & polishing of circumferential microsection
to reveal micro-pitting and cracking

Microsections examined at 15.8mm, 15.1mm and 14.9mm from
upper surface of gear

I
I
I
il
I
I
I
I
I
U
I
I
I
1
I

QINETIQ

Fractured 2nd Stage Planet Gear
Sample FE13962 — Circumferential Microsections Through Micro-Pitting

15.1mm from upper surface of gear

Roller Direction—>

1 Crack length = 54pm

T13.4pm Crack length = 100um

Pit depth = 3.1uym

Pit width = 11pm

Pit angle = 10.3° . Crack angle = 3.0° »

Pit depth = 3.0pm
Pit width = 16um

Pit angle = 8.4° ~

14.5pm 4
Pit depth = 5.0um Pit depth = 3.2pym
P!t width = 65um P?t width = 20um
Pit angle = 8.9 Crack angle = 7.8° " Pit angle = 13.7 m

QINETIQ
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Fractured 2nd Stage Planet Gear
Sample FE13962 — Circumferential Microsections Through Micro-Pitting

Roller Direction —>

14.9mm from upper surface of gear

TS,Oum

Crack length = 60pm

Pit depth = 4.4pym Pit depth = 3.9uym Pit depth = 2.7um
Pit width = 23um Pit width = 37um Pit width = 18um
Pit angle = 13.3° Pit angle = 10.1° Pit angle = 10.6°

Pit depth = 3.7uym Crack length = 93um
Pit width = 30um

Pit angle = 10.9°
 soum —sm

2 /‘16.5pm\

11.7u;n'\

Cr Crack angle = 4.3° o

QINETIQ

Fractured Second Stage Planet Gear S/N 10-1292
Fractography of Subsurface Cracks

QINETIQ
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Fractured 2nd Stage Planet Gear
Sample FE13961 — Spall 3 to Main Fracture

5000 pm

at QinetiQ

ry of the Metallurgical Examination of the Epicyclic Gearbox Components

e
2
‘Spail 4 E
£
©
=
e
+ w
AW s
=
W'
' Race surface removed to expose subsurface crack fracture surface
0| January 2018 QinetiQ
Fractured 2" Stage Planet Gear
Sample FE13961 — Opened Up Fracture
2000 hu :

2
,,,,, g
w
=

QINETIQ

Page 29




Accident Investigation Board Norway APPENDIX D

Fractured 2nd Stage Planet Gear

Sample FE13961 — Fractography Spall 3 to Main Fracture
0 : _ _ _
Roller b

Direction

QinetiQ

Micrographs A to C show a decreasing amount of intergranular
fracture as the subsurface crack propagates deeper into the
material.

One localised region (D) contained features consistent with
striations.

Insufficient evidence to determine the crack growth rate from
striation spacing measurements.

BT 200N EAISNLIBSN  SgraA=iniees inath
Won 57mm e QinetiQ

QINETIQ

Spall 3

Fractured 2"? Stage Planet Gear
Sample FE14226

Race surface removed
to expose subsurface

crack fracture surfaces
/ Macro marks on the surface suggest

that crack progression is direction
12223

QINETIQ
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Fractured 2nd Stage Planet Gear
Sample FE14226 — SEM Fractography

Subsurface crack has a predominantly
intergranular fracture surface.

" - PIS~ > - - & ¥ “ -
1oopm EHT =10.00 kV | Probe = 100 pA Signal A = SE1 QinetiQ
1 WD = 10.5 mm E4415_SF_1273 if FE14226

QINETIQ

Fractured Second Stage Planet Gear S/N 10-1292
Sequential Polishing Through Spalls 1 - 3

QINETIQ
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-

Fractured 2" Stage Planet Gear — Sample FE14226

Cracks visible along edge of previously
opened up crack and along the edge of spall 1

% Sg' : % e 1 mm

Objective: To determine the extent (length and depth) of subsurface cracking between spall 1 and spall 2, plus examine
the micro-pitting at the origin of spall 1.

QINETIQ

Fractured 2"d Stage Planet Gear — Sample FE14226 Sequential Polishing

Sequential polishing to determine the extent of subsurface cracking and location
of micro-pitting near the origin of spall 1.

Yellow line indicates the location of the slice shown below. A total of 19 slices
were examined.

17.6mm from upper surface of gear

QINETIQ
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Fractured 2" Stage Planet Gear — Sample FE14226 Sequential Polishing

Angle 7.5°

15.1mm from upper surface of gear

QINETIQ

Fractured 2"d Stage Planet Gear — Sample FE14226 Sequential Polishing

15.1mm from upper surface of gear

QINETIQ
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Fractured 2" Stage Planet Gear — Sample FE14226 Sequential Polishing

15.0mm from upper surface of gear

QINETIQ

Fractured 2"d Stage Planet Gear — Sample FE14226 Sequential Polishing

Angle 7°
‘ 152um ! =

0.1 mm

15.0mm from upper surface of gear

QINETIQ
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Fractured 2" Stage Planet Gear — Sample FE14226 Sequential Polishing

14.9mm from upper surface of gear

QINETIQ

Fractured 2"d Stage Planet Gear — Sample FE14226 Sequential Polishing

14.1mm from upper surface of gear

QINETIQ
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Fractured 2" Stage Planet Gear — Sample FE14226 Sequential Polishing

0.2 mm

13.3mm from upper surface of gear

QINETIQ

Fractured 2"d Stage Planet Gear — Sample FE14226

o VS Y
| Measured extent of cracking
at each polishing stage

A
A

0 rack depth increases from 41um to 262pm
? 4 __ 30 t

Approximate location of subsurface crack

QINETIQ
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Fractured Second Stage Planet Gear S/N 10-1292
Materials Conformity

QINETIQ

Fractured Second Stage Planet Gear
Materials Conformity — Microstructure & Case Depth

g

Vickers Hardness (0.5kg)
g 8

200
——FE14158

00 os 10 15 20 25
Distance From Race Surface (mm)

—+—FE14167

Average measured carburised layer depth on race surface = 1.25mm
[11 measurements; min 1.14mm, max 1.47mm]
(Specification 0.85 to 1.70mm) “ER” value for this gear = 1.11mm

. Measured surface hardness of race = 725HV10
(Specification min 660HV10)
[micro-hardness profiles show 688-740HV0.5 near surface]

Composition consistent with 16NCD13

e QINETIQ
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Fractured Second Stage Planet Gear
Materials Conformity — Residual Stress

Comparison of the measured residual stress profiles
from the outer race surface of three planet gears
recovered from the LN-OJF accident, including the
failed gear M4325, with the profile obtained from a
new FAG planet gear outer race.

The residual stress profiles obtained from the LN-
OJF gears were as expected.

M4325 — FE13962 (Fracture)tl

15 September 2016.

‘ | - Residual stress measurements performed by Airbus Helicopters
v - [2] FAG-New Manuracturing.xsx, email from Airbus Helicopters, 16
- | =1 August 2016
| ‘ M4314 — FE13966 (No Deformation)is! I | ‘ M4324 — FE13964 (Deformed)l?! [3] LN-OJF _ Export Profils Contrainte.xisx, email from Airbus Helicopters,

QINETIQ

Fractured Second Stage Planet Gear
Materials Conformity — Surface Hardness and Residual Stress Comparison

8

Vickers Hardness O o raa 2U7Ta08 hardness with Vickers hardness measurements made on the
oad (g]

050 A A i
—— FE:99%1F . M5362$:RI' variation in test load outer race surface using a decreasing test
[ é racture} [ iHel-oe! load shows an apparent increase in surface

725 701

10,000 E;Z: hardness on the FAG planet gear as the
1,000 738 715 g - indent sampling depth decreases.
00 1 k) ‘s§: Residual stress profiles measured on new
300 807 734 - ——FAG =S\ FAG and SNR outer race surfaces shows a
200 837 731 o greater compressive residual stress at the
100 854 728 o | — ts::;aecg '\(H;SOpm) of the FAG gear compared
50 856 743 Load (g) )
- ] = These results are consistent with the
Residual stress profile — FAGH! Residual stress profile — SNRI“!

differences in final finishing operations
employed by the two suppliers.

a0 o

20

° 0 00 3000 3500

Effect of carburising

3500

200

Residual stress (MPa)
Residual stress (MPa)

TS TR Residual stress measurements performed by Airbus Helicopters
Effect of grinding and surface hmshmg} 1000

[4] Super Puma Bearing Sizing Stress Comparison, Airbus
1200 Depth (microns] 0 Depth (microns) Helicopters, 332A056057-B, 5 September 2016..

QINETIQ
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Fractured Second Stage Planet Gear
Comparison of Second Stage Outer Race Hardness Values with G-REDL Data

Depth of carburised layer Most reliable data = 1.3mm Average = 1.25mm

(Specification 0.85—1.70mm)  (min 0.9mm, max 1.5mm)  (min 1.14mm, max 1.47mm) L2Sne
Outer race surface hardness

(Specification min 660HV10) Eo eI TIRALY
Core hardness 453HV30 399HV30 414HV30
(Specification 340 — 410HB) (Approx 447HB) (Approx 394HB) (Approx 409HB)

‘Case Depth Measurement Results

~—G-REDL (M1720)
——LN-OJF (M4325)

-=-SNR (M5362)

Vickers Hardness (HV0.5)

Distance {mm)

QINETIQ

\

Second Stage Planet Gear Inner Race S/N 10-1292

QINETIQ
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APPENDIX D

Second Stage Planet Gear Inner Race 10-1292
As-Received

Lower — marking surface

PS80

9 LN-O

er Puma Accident - Summary of the Metallurgical Examination of the Epicyclic Gearbox Components at QinetiQ
3/1.0 | January 2018 | © QinetiQ

QINETIQ

Second Stage Planet Gear Inner Race 10-1292
After Cleaning
o g |

¥
a

Additional “wear” bands observed
e s

Circumferential “wear” bands observed on the inner-race surfaces

80 LN-OJF
QINETIC

er Puma Accident - Summary of the Metallurgical Examination of the Epicyclic Gearbox Components at QinetiQ

3/1.0| January 2018 | © QinetiQ

QINETIQ
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Second Stage Planet Gear Inner Race 10-1292
After Cleaning — Upper Race Surface

- e Y & ~—

Micro-pitting observed within a small region of
the “wear” band on the upper inner-race surface.

Lower Race |

No evidence of micro-pitting observed on the
lower inner-race surface.

15 Qv QINETIQ

mmary of the Metallurgical Examination of the Epicyclic Gearbox Compo

QinetiQ

Second Stage Planet Gear Inner Race 10-1292
After Cleaning — Upper Race Surface

ENT=2000W  iPtez 10pA  SgnaiAsSEl
| wossasmm  Earseciemew  revrio

e QinetiQ

S I Sesat
i P piuses  immwiwes. e QinetiQ

¥
ENT+2000W  iPrcces 100pA  SgA=SEl [ s00um ENT+2000KV  iPrctes 100pA  SgneiAzSE(
WosieOmm  casts e temsu  FEMTI0 T wosusmm  esswsiesow  peuno

ONTS000M  (Poses 100pA  SeiA=SEl S
~ Wos1somm  Ewis e s pesene QinetiQ

SEM examination of the micro-pitting on the upper inner-race surface shows features similar to the micro-pitting observed on the outer race.

uper Puma Accident - Summary of the Metallurgical Examination of the Epicyclic Gearbox Components at QinetiQ QlNETIQ

53/1.0| January 2018 | © QinetiQ

82 LN-OJF
QINETIQ/1
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APPENDIX D

Second Stage Planet Gear Inner Race 10-1292
After Cleaning

Inner race rotated on post, no indication of original position
Photo: AIBN, as-received inner race on carrier post.

Location of micro-pitting on the upper inner-race surface

Approximate location of
micro-pitting on upper race

QINETIQ

Second Stage Planet Gear Inner Race 10-1292
After Cleaning — Location of Small Impressions on Race Surfaces

Lower Race

Approximate location of micro
pitting on upper race surface

Upper Race

Lower Race

Location of small impressions on race

surfaces suspected to be associated with = -

debris particle imprints; mechanical = -

damage and larger indents consistent :
with roller impacts due to breakup not

identified.

QINETIQ
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Upper edge
of gear

Second Stage Planet Gear Inner Race 10-1292
Upper Race Transverse Microsection

P|| width = 26pum

Pit width = 28um Pitdepth =2um

Pit depth = 4pum

Pit width = 15um

Pit width = 24pm
Pit depth = 2um

Pit depth = 3um
Pit angle = 3°

Pit W|dth =11pym I pn width = 22um

Pit depth = 1pm Pit depth = 2um
Pit width = 32um Pit Wldlh 28um Pit W|dlh 34um
Pit depth = 4pum Pit depth = 1pm Pit depth = 2um
008 mm 0.2 mm

assmm
Micro-pitting observed on the upper race surface, approximately 16.5mm from upper edge of gear.
No indication of micro-pitting on the lower race surface after several iterations of polishing.

QINETIQ

Second Stage Planet Gear Inner Race 10-1292
Upper Race Circumferential Microsection

Pit width = 22um

Pit width = 26pm
Pit depth = 2um

Pit depth = 2um
Pit width = 15um Pit width = 44pum

Pit width = 12pm Pit depth = 3um Pit depth = 3um

Pit depth = 2um \/ /

Pit width = 21um
Pit depth = 3um

4

Pit width = 14pm
Pit depth = 2um

o

0.02 mm,

003 mm 0,05 mm
Pit width = 19um Pit width = 45um
Pit width = 27pym

Pit depth 3pum Pit depth = Bpm

Pit depth = 2pym

\

Crack width = 20pm
Crack depth = 4um
Crack angle 5

QINETIQ
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Second Stage Planet Gear Carrier

QINETIQ

Second Stage Planet Gear Carrier
As-Received

T Planet gear carrier
bearing

Location of the 2™ stage planet gear inner race 10-1292,
removed by AIBN prior to shipment to QinetiQ

QINETIQ
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Second Stage Planet Gear Carrier
As-Received — Deformation and Post Damage

Only one of the planet gear locking tabs remaining attached

)

Mechanical damage consistent with gear teeth impressions on three posts

QINETIQ

Second Stage Planet Gear Carrier
As-Received — Post Identification

4.2 DELACT 63.27.13.810

TDENTIFICATION DES SATELLITES (160) SUR PORTE SATELLITES (140)
REMONTAGE R
*{ = : = -
REP  REFERELCE [ L [ N* SERIE POSITION HEURES HEURES LORS| 0BSERVATI0
SATELL'TE A ATEL. FONC. DEP! DE LA
s P1| P2 | NEUF [ REPA | ROTATION
I s
| 3 |33243233350%| B [MuT3y | ™> e
| o [pease 315 @3 |B |Mur 12 [¥ 08300
| 3 [332432 333507 | Blmu32s [W omeo| Fragtured Outer Race
o |B2a32 3335 03 | B |MU322 |% po.co|
Hand engraved post numbers g pr2an 3335 O3B |M w24 | % fog | - Puter Race
identifiable on some pOStS g 332452 3335 23| B lmu3Sg | % | e _‘_-“_5[5 Inher|Race, 24 Rollers
5 [332432 3335 03B M udtu |~ odoo| Redovered - Quter Rac
8 [17432 3135 03| B|Mu3 73 | % oty@ Redovered — Quter Ract
9 B [T SESSSTE
Identification tom : (PM) = P1 AVANT ROTATION
:2503:711/15 PRATO P2 APRES ROTATION DE 180°C

ATTENTION : UN EXEMPLAIRE DE CETTE CARTE DE TRAVAIL EST A JOINDRE A LA FME
DE L'ENSEMBLE.

3:M4325/10-1292

Airbus Helicopters build record attached to epicyclic
module log card after Australian car accident repair

QINETIQ
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APPENDIX D

Second Stage Planet Gear Carrier
After Plastic Media Cleaning

Mast splines show no major mechanical damage,
corrosion of the splines has removed any surface detail.

E— QINETIQ

Second Stage Planet Gear Carrier
Dismantling of Carrier Bearing

Outer race

Dismantling of carrier plate bearing shows significant corrosion of race surfaces, bearing
cage and rollers. Surfaces are too corroded to observe any wear pattern.

All of the rollers exhibit a channel (groove) on their upper surface, this is suspected to be
associated with corrosion of the exposed surfaces of the roller between the cage and outer
race

S QINETIQ
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QINETIQ

100 LN-OJF EC225 Super Puma Accident - Summary of the Metallurgical Examination of the Epicyclic Gearbox Components at QinetiQ
QINETIQ/18/00263/1.0 | January 2018 | © QinetiQ
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