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SYNOPSIS

<Summary of the Serious Incident>

While a Boeing 777-200, registered JA8978 and operated by Japan Airlines Co., Ltd. as
its scheduled flight 904, was climbing after take-off from Naha Airport for Tokyo International
Airport on December 4, 2020, there occurred an abnormal sound accompanied by shaking of the
Aircraft, and the instrument displayed anomaly in the left engine (No. 1 engine) at an altitude
of FL170%! over the sea approximately 50 km north of Naha Airport. The captain shut down
the engine and landed back at the Airport after declaring a state of emergency to the air traffic

controller.

*! “FL” means a pressure altitude in the standard atmosphere. FL is expressed in the value obtained by dividing the

reading on the altimeter (unit: ft) by 100 when the altimeter is set to 29.92 inHg. Flight altitude over 14,000 ft is
generally expressed in FL in Japan. For instance, FL.170 stands for an altitude of 17,000 ft.



In the post-flight inspection, it was confirmed that two fan blades of the left engine were
fractured, the fan cowl door and other fragments from the nacelle had separated and departed
the airplane, and the fuselage and horizontal stabilizer were damaged from impact of fragments.
There were 189 people onboard, consisting of the captain, 10 crew members, and 178 passengers.

There were no injuries.

<Probable Causes>

The JTSB concludes that this was a serious incident certainly caused by the fan blades of
the left engine were fractured during take-off climb, resulting in parts and cowlings of the
engine were departed, and the airframe was damaged by scattered parts.

The JTSB concludes that it is highly probable that the fracture of the fan blade had
initiated from the nodule*2, which bonded to the internal surface of a hollow structure during
the polishing process of manufacturing of the fan blades, and the crack was generated, in
addition to this, the Aircraft continued flights without detecting the crack at the subsequent
regular inspections led to fatigue fracture.

The JTSB concludes that it is probable that the cracks were not detected in the subsequent
regular inspections were contributed by method and intervals of the used inspection were

insufficient to detect the defect in the fillet region.

*2 In this report, “nodule” means a small lump of granular grains adhered to the base material.



The major abbreviations and acronyms used in this report are as follows:

ASB:
A/T:
CSN:
CVR:
DFDR:
EEC:
EICAS:
EPR:
FAA:
FC:
FCSB:
FEGV:

FESEM:

FF:
FL:
FMU:
FPU:
HPT-

H/STAB:

HYD:
JST:
JTSB:
LCF:
LE:
LPC:
MGB:
MTR:
N1:
N2:
NTSB:
PN:
POD:
P&W:

Alert Service Bulletin

Auto Throttle

Cycle Since New

Cockpit Voice Recorder

Digital Flight Data Recorder
Electronic Engine Control
Engine Indication and Crew Alerting System
Engine Pressure Ratio

Federal Aviation Administration
Flight Cycle

Fan Cowl Support Beam

Fan Exit Guide Vane

Field Emission Scanning Electron Microscope
Fuel Flow

Flight Level

Fuel Metering Unit

Fuel Pump Unit

High Pressure Turbine
Horizontal Stabilizer

Hydraulic

Japan Standard Time

Japan Transport Safety Board
Low Cycle Fatigue

Leading Edge

Low Pressure Compressor

Main Gear Box

Micro Textured Region

Low Pressure shaft

High Pressure shaft

National Transportation Safety Board
Part Number

Probability of Detection

Pratt & Whitney



SB:
SI:
SN:
TAI:
TE:
T/L:

TSN:

UT:

1 ft:
lin:
1 1b:
1 kt:

Service Bulletin

Special Instruction
Serial Number

Thermal Acoustic Image
Trailing Edge

Thrust Lever

Time Since New

Ultrasonic Testing

Unit Conversion Table
0.3048 m
25.40 mm
0.4536 kg
1.852 km/h (0.5144 m/s)
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1. PROCESS AND PROGRESS OF THE SERIOUS INCIDENT
INVESTIGATION

1.1 Summary of the Serious Incident

While a Boeing 777-200, registered JA8978 and operated by Japan Airlines Co., Ltd. as
its scheduled flight 904, was climbing after take-off from Naha Airport for Tokyo International
Airport on December 4, 2020, there occurred an abnormal sound accompanied by shaking of the
Aircraft, and the instrument displayed anomaly in the left engine (No. 1 engine) at an altitude
of FLL170 over the sea approximately 50 km north of Naha Airport. The captain shut down the
engine and landed back at the Airport after declaring a state of emergency to the air traffic
controller.

In the post-flight inspection, it was confirmed that two fan blades of the left engine were
fractured, the fan cowl door and other fragments from the nacelle had separated and departed
the airplane, and the fuselage and horizontal stabilizer was damaged from impact of fragments.
There were 189 people onboard, consisting of the captain, 10 crew members, and 178 passengers.

There were no injuries.

1.2 Outline of the Serious Incident Investigation
The occurrence falls under the category of Article 166-4, Item (18)*3 of the Ordinance for
Enforcement of the Civil Aeronautics Act of Japan, case equivalent to “damage of engine
(limited to such a case where fragments penetrated the casing of the subject engine)” as
stipulated in, Article 166-4, Item (7) of the same ordinance, and is classified as a serious

incident.

1.2.1 Investigation Organization
Upon receipt of notification of the occurrence of the serious incident, the JTSB designated
an investigator-in-charge and two other investigators on December 4, 2020, to investigate this

serious incident.

1.2.2 Representatives of the Relevant State
An accredited representative and an adviser of the United States of America
participated in the investigation as the State of design and manufacturer of the aircraft

involved in the serious incident.



1.2.3 Implementation of the Investigation

December 5 through 13, 2020
December 28, 2020

February 1 through 5, 2021
June 14 through 19, 2021

June 21 through 26, 2021

* On-site investigation and interviews

* Provision of the factual information to the Civil
Aviation Bureau (Attachment)

+ Teardown investigation of the engine

* Detail investigation including process inspection
of the 1st stage low-pressure compressor blade
(hereinafter referred to as “the Fan Blade”)
(Conducted at the facilities of P&W, Design and
manufacturer of the engine, with the cognizance of
the National Transportation Safety Board (NTSB)).
- Detail investigation of the inlet, fan cowls, and
reverse cowls (Conducted at the factory of Boeing,
Design and Manufacturer of the aircraft, with the

cognizance of the NTSB)

1.2.4 Provision of the Factual Information to the Civil Aviation Bureau

The factual information on “Fracture of the Fan Blades” obtained through the

investigation process was provided to the Civil Aviation Bureau on December 28, 2020

(Attachment).

1.2.5 Progress Report

On November 18, 2021, a progress report was submitted to the Minister of Land,

Infrastructure, Transport and Tourism based on the results of fact-finding until that point,

and was made public.

1.2.6 Comments from Parties Relevant to the Cause

Comments on the draft Final Report were invited from the parties relevant to the cause

of the serious incident.

1.2.7 Comments from Relevant State

Comments on the draft Final Report were invited from the Relevant State.



2. FACTUAL INFORMATION

2.1 History of the Flight

According to the statements of the captain and the first officer (FO) and the digital flight
data recorder (hereinafter referred to as “the DFDR”), the situation when the serious incident
occurred was summarized as follows:

Pre-flight inspection of the airframe including both engines was performed before
departure from Naha Airport, and no anomaly was found. As an abnormal sound and vibration
were felt and the instrument displayed abnormality in the left engine at FL.170 over the sea
approximately 50 km north of Naha Airport at approximately 11:52 during climbing to FL.390
after take-off from Naha Airport at 11:44, the left engine thrust was reduced with the flight
altitude maintained. As EICAS*3 displayed a message of “ENG FAIL L” (Caution) around the
same time, indicating that the left engine rotation speed became less than idle, the flight crew
members immediately shut down the left engine following the procedures provided as the
response for the message and decided to return to Naha Airport after declaring a state of
emergency. Shaking of the airframe continued until landing at the Airport after shutting down
the engine. The Aircraft landed back at Naha Airport at 12:23 and halted on the runway. The
Aircraft was moved to the gate by a towing vehicle at about 13:26, and the passengers

disembarked. There were no injuries, nor occurred smoke or strange odor inside the Aircraft.
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Figure 1 Estimated flight route (See 2.11.9 for description of the figure.)

*3 “EICAS” is a system that indicates the operating status of engines and other systems, and provides pilots with crew
alerting information, in visual and audible ways.



The outline of the flight plan of the Aircraft was as follows:

Flight rules: Instrument flight rules, Departure aerodrome: Naha Airport,

Estimated off-block time: 11:30, Cruising speed: 481 kt, Cruising altitude: FL390,
Destination aerodrome: Tokyo International Airport,

Total estimated elapsed time: 1 hour 49 minutes,

Fuel load expressed in endurance: 3 hours 32 minutes, Persons onboard: 189

The serious incident occurred at FLL170 over the sea approximately 50 km north of Naha

Airport (26'44”11 N, 1273028 E) at about 11:52 JST on December 4, 2020

2.2 Injuries to Persons

There were no injuries.

2.3 Damage to the Aircraft
2.3.1 Extent of Damage
Slightly damaged

2.3.2 Damage Overview

Damage to LH FWD fuselage Damage to LH strut and fairings ~ Damage to LH H/STAB L/E

T _Laran AIRLINES -

21 %snnsnsnnneen \#/‘s so0es seNNNes”

Damage to LH ENG and Cowling

Damage to LH Flaperon Damage to LH AFT fuselage

Figure 2 Damage Overview

Left Engine Fractured
Left Engine inlet Damaged
Left Engine Fan Cowl Damaged
Left Engine Reverse Cowls Damaged

Leading edge of Left Horizontal Stabilizer Damaged
Left forward fuselage and left aft fuselage Damaged
Left Flaperon and Fairing Damaged
Left Strut and Fairing Damaged



2.4 Information on damage to property other than the aircraft

There was no damage other than to the Aircraft.

2.5 Personnel Information
(1) Captain
Airline transport pilot certificate (airplane)
Type rating for Boeing 777
Class 1 aviation medical certificate
Validity
Total flight time
Flight time on the type of the Aircraft
Flight time in the last 30 days
(2) FO
Commercial pilot certificate (airplane)
Type rating for Boeing 777
Class 1 aviation medical certificate
Validity
Total flight time
Flight time on the type of the Aircraft
Flight time in the last 30 days

Age: 44
November 27, 2019
March 3, 2011

August 4, 2021

9,778 hours 52 minutes
4,623 hours 14 minutes
35 hours 56 minutes
Age: 48

May 16, 1997

July 29, 1999

February 8, 2021
10,625 hours 46 minutes
10,330 hours 17 minutes

35 hours 10 minutes



2.6 Aircraft Information
2.6.1 Aircraft

Type: Boeing 777-200
Serial number: 27637
Date of manufacture: June 16, 1997
Airworthiness certificate: 2009-146

Validity: During the period the maintenance manual (JAL Engineering Co., Ltd.)
approved based on the permission of Article 113-2 of the Civil Aeronautics Act

1s applied.
Category of airworthiness: Airplane, Transport
Total flight time: 54,158 hours

Flight time after the last periodical check (“A” maintenance on October 28, 2020):

229 hours
2.6.2 Engines
No. 1 Engine (the left engine)
Type: Pratt & Whitney PW4074
Serial number: P777126
Date of manufacture: March 28, 2007
Total time in service: 25,570 hours

Flight time after the last periodical check (the previous overhaul on July 30, 2018):

5,021 hours
No. 2 Engine (the right engine)
Type: Pratt & Whitney PW4074
Serial number: P777115
Date of manufacture: March 6, 2003
Total time in service: 33,595 hours

Flight time after the last periodical check (the previous overhaul on May 18, 2018):

5,321 hours

2.6.3 Fuel and Engine Oil

The fuel was aviation fuel jet A-1, and the engine oil was Mobil jet oil II.



2.7 Meteorological Information
Aeronautical weather observations for Naha Airport around the time of the serious
incident were as follows:
11:00 Wind direction: north-northeast, Wind velocity: 8 m/s, Prevailing visibility: 7 km,
Weather: light rain, Temperature: 18 © C, Dew point: 16 ° C,
Altimeter setting (QNH): 1,019 hPa

2.8 Information on the Flight Recorder

The Aircraft was equipped with the digital flight data recorder (hereinafter referred to as
“the DFDR”) 980-4700-003 capable of recording for 25 hours manufactured by Honeywell of the
U.S.A., and the cockpit voice recorder (hereinafter referred to as “the CVR”) 980-6022-001
capable of recording for two hours manufactured by AlliedSignal of the U.S.A. These recorders
stored the records of the serious incident.

The time calibration of the DFDR and the CVR was determined by correlating the time
signals recorded in the ATC communication records with VHF radio transmission signals

recorded in the DFDR and the ATC communications recorded in the CVR.

2.9 Serious Incident Site and Damage Information
2.9.1 Situation of the Serious Incident Site
The serious incident occurred at FLL170 over the sea approximately 50 km north of

Naha Airport.

2.9.2 Detail of the Damage

Fan Blade 22ea  FEGV 82ea

Engine Mount
LPT

Figure 3 The Engine Overview (P&W)



(1) Among the 22 Fan Blades on the Left Engine, Fan Blade No.16 fractured in the flow
path and Fan Blade No.15 fractured in the mid-span area, and all of the fragments of these

blades were not found (Figure 4). Fatigue fracture was observed in the fractured surface of

Fan Blade No. 16 (see 2.11.5).

f
\ ” G
— ;

Figure 4 Fractured Fan blades

(2)  The fan case was reinforced with aramid fiber (Kevlar) to prevent fragments of the fan
blade, if it was fractured, from penetrating the fan case. Although part of Kevlar bulged
and only the outer environmental layer was ruptured, penetration traces of the fan blade

or the engine parts were not observed (red-circled in Figure 5).

Normal Fan caseg

Figure 5 Fan case
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(3) A total of 82 Fan Exit Guide Vanes (hereinafter referred to as “the FEGV”) were
attached right behind the fan blades for rectification, and all of them was missing. One
among these 82 was found in the left horizontal stabilizer, two in the reverse cowl, and
the remainder 79 were missing. The FEGV of the Aircraft was made of an aluminum alloy,
engaged to the inner of the fan exit case by pins, and fixed to the outer of the fan exit case
by two bolts (Figure 6). All pins engaged to inner and bolts tightening outer of the FEGV
remained in the fan exit case, and almost all outer platforms of the FEGV were torn off

from the root bottom (Figure 7).

FEGV outer base
1s bolted to outer
case
Platform

(J\ FEGYV inner base
is engaged to

inner case pins.

Figure 6 Attaching FEGV (P&W)




17.3 cm

- ) a

No severe damage to pins engaged to
FEGYV Inner case was observed
6.6 cm

Bolts tightening FEGV Outer case
remained in case

57.2 cm

A4

A

Figure 7 Damage status of FEGV
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(4)  Cowlings (the Inlet, Fan Cowls, and Reverse Cowls) were damaged (Appended Figures
19 through 21). Approximately 80 % of the Left Fan Cowl (weighing approximately 83
kg) and approximately 20 % of the Right Fan Cowl (weighing approximately 26 kg) were
missing (Figure 9). Since there is a possibility that fluid or other contaminants in the
CFRP sandwich structure*4 of the Fan Cowls could cause delamination or other problems
in the bonding area, the investigation of fluid or other contaminants was conducted, but

traces of fluid ingress were not observed.

Inlet Fan Cowls Reverse Cowls

N

LH Fan Cowl
net drawing

&.\ A‘\m
AR

RH Fan Cowl
net drawing

ADDrox.?;iSG cm

7

Approx.520 cm

Missing area
:Q Approx. 83 kg

DY

Figure 9 Damaged fan cowls and missing areas (net drawing)

////%

Missing area
Approx. 26 kg

Af/f/f

Approx.195 cm

*4 “CFRP sandwich structure” generally means an integral structure in which a core material (Nomex: flame-retardant
aromatic polymer) in a honeycomb structure is bound to a skin plate made of carbon-fiber reinforced plastic.
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(5)  The leading edge of the left horizontal stabilizer was damaged in two positions;
approximately 28 cm-hole and approximately 20 cm-dent were observed. One blade of the
FEGV, a component of the engine was found inside the damaged position (hole)
(Appended Figure 18).

(6) Damage (approximately 2 cm-dent) was observed in the left forward fuselage
(Appended Figure 18). Another damage (approximately 8 cm-hole) was observed in the
left aft fuselage (Appended Figure 18).

2.10 Fire and Firefighting Information

There was no outbreak of fire in the serious incident.

2.11 Test and Research Information
2.11.1 Left Engine Teardown Investigation
The Teardown investigation was conducted to investigate the condition of the damaged
left engine, which was associated with the fractured Fan Blades. The outline of the inspection

results as follows (Appended Figures 3 through 17):

(1)  All fan blades (except the No. 15 and 16) were found to be damaged, such as missing,
curls, dents, and bends (Appended Figure 3).

2 Damages such as dents, scratches, cracks, slipping, burrs, and missing parts were
found in the stators and blades of every stage inside the engine.

(3) Kevlar, outer of the fan case, bulged and ruptured. Shroud (aluminum-honeycomb
structure), which is inner of the fan case and passage area of the fan blades, was shaved
off by approximately 5 cm (Appended Figure 4). The strut in the fan exit case cracked
(Appended Figure 5).

4) The MGB was fractured (Appended Figure 6).

(5) Fuel pump unit (FPU) mount of the MGB was fractured and FPU/Fuel Metering Unit
(FMU) was detached from MGB. There occurred no leakage of the fuel (Appended Figure
6).

®) IDG mount of the MGB was fractured and IDG was detached from MGB (Appended
Figure 7).

(7 Starter mount and HYD pump mount of the MGB was fractured (Appended Figure 7).

(8)  Some of the LPC stators were detached from the LPC case (Appended Figure 8).

9 Shaft N1 and N2 rubbed each other, and rubbed marks were observed (Appended
Figure 9).
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(10)  No. 1 bearing support ring mount was cracked (Appended Figure 10).

(11) The diffuser/combustor was whitened with dissolved aluminum throughout (Appended
Figure 11).

(12) The holes of the first stage blade of the high pressure turbine and the high pressure
turbine nozzle guide vane had been adhered and blocked with aluminum molten material
blowing out from inside the cooling holes of them. (Appended Figure 12).

(13) Turbine exhaust case strut was buckled, and cracks were partially observed in turbine
exhaust case (Appended Figure 13).

(14) The engine mount bearings were cracked (Appended Figures 14 and 15).

(15)  The engine oil tank bracket was fractured (Appended Figure 16).

(16) Electronic engine control (EEC) mounts were fractured (Appended Figure 17).

2.11.2 OQutline of the Fan Blade

The fan blade of the turbo-fan engine has been often made of using a titanium alloy that
features light-weight, robustness, ductility, thermal resistance, corrosion resistance, and well-
balanced processing. The fan blades of the similar type of the engines are also made of
titanium alloy, and 22 fan blades are installed in each engine. The size of the fan blade is
40.50-inch long from the base of the blade root to the tip of the airfoil and 12.50-inch wide at
the root, and 22.25-inch wide at the tip. The weight is 34.85 Ibs maximum (Figure 11).

The titanium alloy has mainly two kinds of phases, alpha-phase, and beta-phase, with
different crystal structures of hexagonal close-packed (HCP) structure and body-centered
cubic (BCC) structure, respectively. While the alpha phase of the titanium alloy has the
advantage of robustness, its machining is difficult. On the other hand, the beta-phase features
easy machining. Under the circumstances, the titanium alloy is manufactured in many cases
as an alpha + beta type alloy changing the composition ratio of alpha-phase and beta-phase

depending on the application. The fan blade of the turbo-fan engine is manufactured by

adopting alpha + beta type alloy of Ti-6Al-4V (titanium with 6% aluminum and 4% vanadium
Y -~ a - N -
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Figure 10 Fan blade No.16 metallographic of the base material
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as alloying elements). The metallographic structure of the alloy is as shown in Figure 10,
comprising a white alpha-phase and alpha + beta phase with an acicular structure inside.

In line with an enlargement of the aircraft, turbo-fan engines became larger, which
required the fan blades to be lightweight. Because of this, the fan blades of the same series
engines are manufactured by machine cutting the reinforcing rib structure on convex and
concave sides of the fan blade from a flat plate titanium alloy material that has a thickness of
two plates for weight reduction purposes, thus forming a hollow structure reinforced by the
internal rib by diffusion-bonding*? of these two plates after polishing the cutting surface
(Figure 11). Because the titanium alloy has a mechanical property of easily changing affected
by excessive heat, cutting speed control and sufficient cooling are required to cut and polish it

for the machining. Besides, the hollow structure causes the possible generation of a defect

[Diffusion bond| wis Stress relie

Figure 11 Manufacturing process of the Fan blade (provided by P&W)

*5 “diffusion bonding” is a bonding method that sticks the base materials, tightly, pressurizes the materials to the extent
that minimizes generation of plastic deformation, would not start at temperature below the melting point of the
materials, and thus forms the metal bonding interface. (JIS Z 3001-2)
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from the cavity of the blade, and it is more difficult to detect such a defect by inspection than

to detect that on the blade surface.

2.11.3 Main Items of the Fan Blade Maintenance

A total of 22 Fan blades installed in each engine are controlled as one set, and
maintenance of these 22 Fan blades is performed simultaneously. The main items of the Fan
blade maintenance are stipulated in the approved Engine Maintenance Program of the
operator and the excerpt at the time of the occurrence of this serious incident is summarized
below:

(1) A detailed visual inspection is performed every 1,800 flight hours.

(2)  Fan blades are removed every 1,250 flight cycles (hereinafter referred to as “the FC”)
to lubricate the root area.

(3)  Fan blades are removed from the engine every 6,500 FC for sending to P&W facilities
(P&W East Hartford) dedicated for the process inspection. The process inspection
includes cleaning, Fluorescent Penetrant inspection, Visual inspection, TAI inspection,
and Ultrasonic inspection and Radiographic inspection are performed as needed.

Procedures for TAI inspection are described in 2.11.7.

2.11.4 Maintenance History of Fan Blades

The Fan Blades of the left engine of the aircraft were manufactured in January 1996
with the part number 56A201, and the time since new (hereinafter referred to as “the TSN”)
was 43,064 hours, and the cycles since new (hereinafter referred to as “the CSN”) was 33,520
cycles.

The maintenance history of the left engine Fan Blades of the aircraft was confirmed in
the maintenance record to show that the maintenance had been performed per approved
Engine Maintenance Program of the operator as described below.

(1) The previous two TAI inspections were performed as described below, with no anomaly
observed.
(1) 31,132 TSN and 24,490 CSN on June 7, 2014
(i1) 38,042 TSN and 29,887 CSN (3,633 FC before fractured) on June 20, 2018
(2) Lubricating work on the root area of the Fan Blades was performed on August 24, 2019.

(3) Visual inspection was performed on November 2, 2020, with no anomalies observed.
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2.11.5 Detailed Inspection of Fan Blades
Detailed investigation of the residue on the engine after the fracture of Fan Blade No. 15
and 16 was conducted at the facilities of P&W, Design and Manufacturer of the engine, with

the cognizance of NTSB.
(1) Detailed investigation of Fan Blade No. 15

The size of the Fan Blade No. 15 (SN: CBDUA62163) that remained in the engine
was 27.75-inch high and 24.50-inch high, as measured from LE and TE, respectively,
and the weight was 24.2 lbs. A black-light inspection did not reveal evidence of a bird
strike. Visual inspection of the fracture surface of Fan Blade No. 15 found no trace of
fatigue fracture and revealed that the fracture was due to shear/tensile overstress

(Figure 12).

27.75in

L e
CONVEX SIDE CONCAVE SIDE

Figure 12 Fan blade No.15

(2) Detailed investigation of Fan Blade No. 16

(i) The size of the Fan Blade No. 16 (SN: CBDUA51421) that remained in the engine
was 5.25-inch high and 8.13 inch-high, as measured from LE and TE respectively.
The weight of the Fan Blade was 11.5 Ibs. A black-light inspection of the remaining
airfoil to inspect for organic debris did not reveal evidence of a bird strike.

(i) The hollow part located in the fan blade is called “cavity” that is divided into 7
areas to which AA through GA are assigned from the LE side (Figure 13). Detailed
visual investigation of the fillet on the fracture surface of the convex side of the

cavity FA of the Fan Blade revealed beach marks and radial marks that were
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characteristic of fatigue fracture. Cracks were radially progressed from the origin
to the convex side of the Fan Blade (Figure 14). The fatigue origin was located 7.0
inch from the root bottom area and 4.58 inch from the TE (Figure 13).

13.97in

CONVEX SIDE No.16 Fan blade CONCAVE SIDE

CONVEX

Runout - Fillet . Rib

~Region

Region : Region

A

ORIGIN

Figure 14 Fatigue Fracture origin Figure 15 Name of the Region
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(iii)  Field Emission Scanning Electron Microscope (FESEM) examination revealed no
evidence of a micro-textured region (MTR*6) was identified at the fatigue origin. Up to
0.020 inches from the origin was an
early faceted * 7 progression region
suggestive of fatigue fracture (Figure
16). Beyond the faceted early
progression region, the crack

transitioned to predominantly

striations (striped patterns formed on

mag t Hi presiure
% SE 080 nA v 18, 7993 mm Standard ETD 15.00 kV 7.506-6 Torr

Figure 16 Faceted Region

N

the fractured surface for each flight
count) growth (Figures 17 and 18).

(iv)  The region 0.027 through 0.124 inches
from the origin was the growth region
(blue box in Figure 19) of the stable low
cycle fatigue*8 (hereinafter referred to
as “the LCF”) that exhibited some

amount of faceted growth mixed in,

0E-6 For

which were generated by some of the 3 o
Figure 17 MTR & Striations

MTR. Beyond the stable LCF region, the
fracture mode exhibited a mixture of
coarse striations, faceted growth, and
continued unstable progression of
cracking, leading ultimately to a final
fracture. To identify the time of fatigue

fracture generation, a crack growth

— 4 -
x-3,6965 mm WD use case det HV

assessment was Conducted based on T;?ao-;:’d' ;‘,’;M,n,swlmm.xwlmopﬂmm 15.00 kV ;;:;t'ran
Figure 18 Striations

striation count data. The striation count
of crack growth assessment used the evidence from the stable LCF region only,
excluding the striations observed in other areas from the assessment. As a result, the

assessment estimated more than 6,000 FC of LCF crack propagation (Figure 19).

*6 “MTR” is a micro-textured region that generates in the manufacturing process of a titanium alloy, in which crystal
orientation in adjacent metal crystal grains aligns and cracks are easy to propagate.

*7 “facet” is a region where cracks grow on a flat surface without accompanying striations. Cracks grow to facets at an early
stage of fatigue fracture.

*8 “low cycle fatigue” means a phenomenon that fatigue fracture occurs when a relatively large load, which causes more local
plastic deformation to the material.
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(v)  Asthe Fan Blade of the Aircraft was last
inspected via TAI 3,633 FC ago from the
fracture occurred. Based on the striations
count data, the crack would have been
approximately 0.055-inch deep when the
depth from the origin is measured, going
back to striations count equal to

approximately 3,600 FC ago (red dashed

line in Figure 19). Figure 19 shows a

Figure 19 Crack Growth Assessment

schematic of the early facet growth region,
the stable LCF region, and the crack size at approximately 3,600 FC ago that had led
to the fatigue fracture.

(vi) A nodule was located at the fatigue origin. FESEM examination of the nodule

revealed the composition of the nodule was predominantly titanium with some

aluminum and oxygen, which was similar to the Fan Blade material (Ti-6Al1-4V) (Figure

20).
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Figure 20  Origin of the fatigue fracture and Composition of the nodule
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(vii) In order to evaluate the bonding state of the nodule at the fatigue origin, half-
nodule (A - A) was polished for metallurgical examination. The size of the nodule was
0.0048 inch-wide and 0.0027-inch high. The nodule was metallurgical bonded to the
base material, and a cluster of alpha phase with a width of 0.0038-inch and a depth of
0.0013-inch “alpha-case*?’was observed in the base material part of bonding area. A
sub-surface secondary crack was observed adjacent to the area of the alpha-case.
Outside of the alpha-case region, metallographic structure appeared typical of properly

processed alpha + beta alloy (Ti-6A1-4V) (Figure 21).

Polished A-A

mag # mode ¢ x-2.7567 mm WD usecase det HV pressure
k500 x SE_ 0.80 nA 18.0675 mm 10.6339 mm § rd ETD 15.00 kV_7.50€-6 Torr

Figure 21
Nodule of the fatigue origin that is metallurgical bonded to the cavity wall.

(viii) Cutting the area of the fracture surface
of the blade, examination for internal
surface of the each cavity, revealed the
presence of additional nodules on the
convex walls of cavities DA, EA, FA, and

GA. No nodules were observed on the

concave side of the cavities (Figure 22). ¢
(ix) Outside of the fatigue origin region, the Figure 22
examined nodules had a width of 0.003  Nodules other than the origin
inches and a height of 0.002 inches. Each
nodules were adjacent to the base metal, and a-case with a width of 0.002 inches and
a depth of 0.001 inches was observed in the base metal where each nodules were

welded. Outside of the alpha-case region, the metallographic structure appeared

typical of properly processed alpha + beta type alloy (Ti-6A1-4V) (Figure 23).

*9 “alpha-case” is an oxygen-enriched surface on a base material of a titanium alloy that was exposed to air or oxygen

when heated. Alpha-case is brittle, and its fatigue strength deteriorates.
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Figure 23 The state of the examined nodules other than those at the fatigue origin.

2.11.6 Service Bulletin (SB) regarding Spark Impingement
P&W had already grasped the condition of the nodules like this, judged that this was
caused by polishing performed in the condition of an insufficient cooling and machining
process of manufacturing fan blades, which led to “Spark Impingement” where a molten metal
scattered as a spark and collided with and deposited to the base material while heated, and
had already issued the Service Bulletin (SB) to let flight operators fully understand the fan
blades with the suspect for “Spark Impingement”.
(1) SB PW4G-112-72-139 issued on January 28, 1998
Part of fan blades that were manufactured prior to September 1997 with part number
(PN) 56A201 are suspected of having a condition referred to as “spark impingement” in
the polishing process by machining during manufacturing
Fan blade with part number (PN) 56A201 manufactured using an appropriate
polishing process that eliminated the “spark impingement” was assigned a new PN
56A221 to separate from the previous PN.
Fan Blade No. 16 was manufactured in January 1996 with PN 56A201 and was
suspected as the fan blade with the suspect of “spark impingement”.
A total of 1,918 fan blades with the suspect of “spark impingement” were
manufactured, and 1,500 or more are still in use.
(2) Alert Service Bulletin (hereinafter referred to as "ASB") PW4G-112-A72-268 ORIGINAL
issued on July 15, 2004
During the manufacture, of the details, improper polishing and machining operation
resulted in spark impingement in the fan blade (including that with PN56A201), which
can create nodules. This can create stress concentrations which can potentially initiate

an internal airfoil crack. In high stress locations, due to the forging process during
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manufacturing, MTR’s can potentially initiate a crack in the material, TAI inspection is
used to detect internal cracks in the airfoil.

2.11.7 TAI Inspection
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Figure 24 TAI System Scanning Hardware

A thermal acoustic imaging (TAI) inspection process is a non-destructive inspection used
to detect internal and external cracking in hollow core fan blades. The TAI inspection can be
conducted by P&W only. TAI inspection utilizes phenomenon that the sound energy to the fan
blade will came friction heating in the part of cracks. Since the frictional heat generated by
internal crack increases the temperature of the surface adjacent to the area of defect
conducting to the fan blade surface, is detected on the surface of the fan blade by an infrared
camera, and the result is automatically recorded. The convex and concave sides of the fan
blade are subdivided into 33 frames each and recorded by a software-controlled infrared
camera. After both sides of the fan blade have been completely scanned, the images are
processed by a computer software, and then displayed all frames on the evaluation monitor.
When the computer software recognize some indication, it highlights concerned frame and
displays it to the inspector in evaluating any indications. The inspector judges whether initial
indication is defect reaction or false reaction not resulted from defect and repeat the TAI
process if necessary. The images are evaluated by several inspectors, after comprehensive
judgment is conducted, further non-destructive testing such as ultrasonic and/or x-ray
inspection is implemented if necessary.

The TAI are conducted in accordance with the Non-Destructive Inspection Procedure

(NDIP) 1065. NDIP-1065 was originally issued on September 27, 2005. The NDIP Revision A
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was issued on June 22, 2017 modified notes about, calibration, system environment, test blade
check period, and a setup requirement. Revision A also provided new acceptance criteria for
indications noted at the blade tip. Revision B issued on March 19, 2018 added examples of
acceptable and rejectable indications as well as a flowchart of the evaluation process. Revision
Cissued on April 19, 2018 incorporated evaluation section updates and updated the flowcharts.
Revision D issued on June 1, 2018 incorporated feedback from a review of the process.
The NDIP Revisions B, C, and D were all issued after occurring of the serious incident to
the United Airlines in the vicinity of Daniel K, Inouye International Airport, Honolulu, United

States, on February 2018 (see 2.16).

2.11.8 Review of the TAI Inspection Result

P&W conducted the last TAI inspection of the left engine Fan Blades of the Aircraft on
June 20, 2018 per the latest manual (NDIP-1065 Revision D) at that time. The TAI inspection
results were stored in digital data format, which could be displayed on the screen for review.
The origin of the fractured No. 16 Fan Blade was in the frame No. 28 position (red frame in
Figure 24). Figure 25 shows the image of the TAI inspection results (frame No. 28) conducted
in June 2018, and a change in contrast showing the existence of defects was not observed. If a

defect is present, the defect appears white, as shown in Figure 26.

ORIGIN Internal defect sample

Figure 25 The image of the Figure 26  Sample of the
frame number 28 internal defect

2.11.9 DFDR Records
The records of the DFDR equipped in the Aircraft were investigated and the result are
shown below (Appended Figure 2):
11:52:16  Fuel flow (FF) of the left engine rapidly decreased, and other parameters
(EPR, N1, N2) also decreased.
11:52:19 N1 (fan) vibration levels of the left engine rapidly increased reaching the

maximum indicated value of “5.0”.
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11:52:37

11:53:18
11:53:28
11:53:46

Message “ENG FAIL L” (Caution) meaning that the left engine became less
than idle rpm was displayed on EICAS.

Autothrottle (A/T) off.

Left thrust lever (T/L) was retarded to idle.

Fuel control switch of the left engine off.

2.11.10 Progress Phases of Damage to the Engine after Fan Blade Fracture

From the results and analysis of the fan blade fracture test conducted in the type

certificate of the similar type of the engine, P&W and Boeing estimate that the damaged

engine after the fracture of a fan blade follows a sequence as described below:

(1) Impact Phase (0.0 through 0.02 seconds after the fracture of the Fan Blade):

In this phase, fragments of fractured fan blades have a centrifugal generated impact on

the fan case, resulting in a maximum 10-inch local displacement (deflections) in the fan

case. This deflections gradually converges as it moves (like a wave) in the direction of

engine rotation. The fan case bulge can damage the fan cowl support beam (FCSB), which

supports the top of the fan cowl (Figure 27).

Max 10 in deflection and that travels in the

rotational direction

Figure 27 Image of Fan case deflections

(2) Rundown Phase (deceleration process in 0.02 through 2.0 seconds after the fracture of the

Fan Blade):

The imbalanced fan decelerates for approximately 2 seconds. In this phase, the fan blade

fracture causes imbalance and eccentricity rotating at high speed, which generating can
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result in significant resonance up to a maximum of 200G acceleration that can propagate
to the engine and nacelle structure.
(3) Windmill Phase (2.0 seconds after the fracture of the Fan Blade until landing):
After the fracture of the fan blade, the imbalanced fan of the engine, even if being shut
down by flight crew members, following, continues to rotate eccentrically in windmilling.

Therefore, the vibration of the Aircraft continued until landing.

2.12 Cases Where Fan Blade Cracks Were Detected by TAI Inspection

There were seven cases where P&W detected cracks by TAI inspection of the fan blades
of the similar type of engine.

The cracks in three cases among seven had originated in the machining process. Two in
MTR, and one in machining + MTR and the other one in internal deposit which was not related
to the nodule identified in this investigation. There was no case where cracking had been
initiated from the nodule among the seven cracks.

This was the first case where the crack was initiated in the fillet (figure 15). CSN of the
seven cases was between a minimum of 10,775 CSN and a maximum of 29,351 CSN. On the

other hand, it was 33,520 CSN for the Aircraft.

2.13 Response Taken by the Civil Aviation Bureau after the Serious Incident
(1) On December 4, 2020, when the serious incident occurred, the Civil Aviation Bureau
issued the following instructions to the Japanese domestic operators of the Aircraft
equipped with the same series of the engines.

Detailed visual inspection and examination by touch in addition to regular inspection
shall be conducted on the fan blades of the similar type of the engine in the condition
where the engine is equipped in aircraft. The first additional inspection shall be
completed prior to the first flight on the follow day (December 5), and subsequently within
every 500 FC. Non-destructive inspection shall be conducted once every three times
(1,500 FC).”

The first inspections on every aircraft in accordance with this instruction were
completed by the following day, and there was no report of malfunction.

(2 On February 21, 2021, the Civil Aviation Bureau instructed domestic air carriers to
ground all Boeing 777 aircraft equipped with PW4000 series Engines and issued the
NOTAM in order that they may avoid take-off, landing and over flight in Japanese

territory and airspace.
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(3) On February 24, 2021, the Civil Aviation Bureau issued the following Airworthiness
Directive (KOKUKUKI No.1158, TCD-9736-2021) in accordance with Emergency
Airworthiness Directive (AD2021-05-51) issued by the FAA.

For the purpose of preventing the in-flight failure of a fan blade that could result in
the in-flight blade release, damage to the engine, and damage to the airplane, the
inspections and replacement, if required, are to be performed, unless already done in
accordance with AD2021-05-51 issued by the Federal Aviation Administration
(hereinafter referred to as "FAA").

2.14 Service Bulletin Issued by P&W after the Serious Incident
P&W reviewed the inspection method and intervals for the Fan blades of the same series
of engine and published the following Special Instruction (hereinafter referred to as "SI") and
Alert Service Bulletin (ASB). An excerpt of the contents was summarized as follows:
(1) SI (No. 29F-21) issued on February 22, 2021.
Revise the TAI inspection intervals from within every 6,500 FC to every 1,000 FC.
(2) SI (No. 85F-21 and 130F-21) issued on May 12, 2021 and July 1, 2021, respectively.
Ultrasonic testing (UT) inspection by a robot is additionally conducted.

The UT inspection robot is the equipment that can automatically conduct an ultrasonic
inspection applying programed scan patterns. While the UT inspection robot has a higher
capability of detecting defects than the TAI inspection, it is not suitable for complex shapes
because of its techniques to detect defects that utilize the reflection of ultrasonic, and is
not intended for inspection of the entire fan blade. Accordingly, inspection by the UT
inspection robot is conducted for the convex side flow path and mid span areas of both sides
of the fan blade where stress concentrations can be high during engine operation.

(3) ASB PW4G-112-A72-361 issued on October 15, 2021.

The inspection method and intervals for the fan blade are revised as follows:

(i) UT inspection of the Fan blade convex side flow path area of the Fan blade is conducted
every 275 FC.

(ii) UT inspection of the Fan blade convex side mid span area of the Fan blade is conducted
every 550 FC.

(iii) UT inspection of the Fan blade concave side mid span area of the Fan blade is
conducted every 550 FC.

(iv) A TAI inspection of the Fan blade is conducted every 1,000 FC.
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2.15 Emergency Airworthiness Directive by FAA

On February 23, 2021, the FAA issued the Emergency Airworthiness Directive (AD2021-
05-51) that required that a TAI inspection be performed of the fan blades of aircraft equipped
with PW4074, PW4074D, PW4077, PW4077D, PW4084D, PW4090, and PW4090-3 model
engines before further flight.

2.16 Similar Events

Other events, in which fan blades of the similar type of the engines fractured and the
engine was severely damaged, occurred in February 2018 in the vicinity of Daniel K, Inouye
International Airport in the U.S.A., for which the NTSB had already published the
investigation report*10. According to the report, defects in the fan blades were not detected due
to partially insufficient TAI inspections procedures, facilities, environment, and educational
training for inspectors at that time that led to fatigue fracture. Under the circumstances, as
described in 2.11.7, improvement measures for TAI inspection facilities, environment, and
education were implemented in addition to the revision of TAI inspection procedures. TAI
inspections of the Fan Blades of the left engine were conducted after the improvement measures
as described above had been implemented. A similar event occurred in the vicinity of Denver
Airport, U.S.A, in February 2021, which the NTSB is still under investigation as of August
2022.

3. ANALYSIS

3.1 Flight Crew Members Qualifications
The captain and the First Officer held both valid airperson competence certificates and

valid aviation medical certificates.

3.2 Airworthiness Certificate of the Aircraft
The Aircraft had a valid airworthiness certificate and had been maintained (maintenance

and repair) per the approved Maintenance Program of the operator.

3.3 Meteorological Involvement
The JTSB concludes that the weather conditions at the time of the serious incident were

least likely to be related to the serious incident.

*10 NTSB serious incident investigation report NTSB ID No. DCA18IA092, published on October 29, 2018.
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3.4 Flight Situation of the Aircraft and Crew members Response

According to the records of DFDR, there was no data recorded that showed abnormality
in the left engine of the Aircraft after taking off from Naha Airport at 11:44 until 11:52:16 when
climbing (Appended Figure 2).

From the rapid increase in the indicated value of the N1 vibration of the left engine and
such values exceeded the limit at 11:52:16 through 11:52:19, the JTSB concludes that the Fan
Blade fracture most likely occurred at the moment. The FF of the left engine decreased and
reached zero at the same time. It is highly probable that this was due to the vibration generated
when the imbalanced fan decelerated in the Rundown Phase as described in 2.11.10, which
caused a significant acceleration to the MGB mounted on to the engine case, fractured the MGB
case, and fuel supply to the engine stopped because the FPU had detached from the MGB. Due
to this, it is highly probable that combustion of the left engine stopped, the rotation speed
became less than idle rpm, and the “ENG FAIL L” (Caution) message was displayed on EICAS
at 11:52:37.

The JTSB concludes that it is highly probable that the flight crew members declared an
emergency to the air traffic controller, and responded in accordance with the procedures
stipulated for the message described above.

The JTSB concludes that it is highly probable that the imbalanced fan of the engine after
the fracture of the fan blade continued to rotate in the Windmill Phase, which caused the

Aircraft shaking associated with the engine vibration to continue until landing.

3.5 Fan Blade No. 15 Fracture

The JTSB concludes that the Fan Blade No.15 fracture most likely occurred in the mid
span area due to shear/tensile overstress as a result of collision with the fragments from the
fracture of the adjacent Fan Blade No.16 from the results of the visual inspection as described

in 2.11.5. . The weight of the departed portion was estimated to be about 10.6 lbs.

3.6 Fan Blade No. 16 Fracture

The JTSB concludes that from the detailed inspection results of the Fan Blade No. 16 as
described in 2.11.5; certainly, the fatigue fracture had the origin in the fillet in the cavity FA.
The nodule was observed at the origin. The constituent analysis result of the nodule indicated
that it is highly probable that the nodule is resulted from the Fan Blade material (Ti-6A1-4V),
which was caused by polishing performed in the condition of an insufficient cooling in the

machining process of manufacturing fan blades, and was the molten metal scattered as sparks
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with high temperature as it stands, collided and landed on the base material, as having been
notified through SB PW4G-112-72-139 and ASB PW4G-112-A72-268. The nodules observed
only on the convex side were most likely due to individual differences in machining and the
polishing conditions for each on the convex and concave sides. Alpha-case was observed in the
base material to which the nodule was deposited. Probably, this was an area of alpha + beta
phase of the base material regionally changing to alpha-phase when the molten metal with high
temperature landed on the base material. In view of the characteristics of an alpha-case that it
1s relatively brittle, and its strength deteriorates, the JTSB concludes that the alpha-case was
most likely the origin of the cracking.

It is highly probable that up to 0.020 inches was an early faceted region suggestive of
fatigue fracture. The region in 0.027 through 0.124 inches from the origin was most likely the
growth region of stable LCF mixed with some area of faceted growth consistent with MTRs. It
is highly probable that the stable LCF region was caused by repetitive large tensile stress in
the fan blades at the time of the rotation of the fan during engine operation. Beyond the stable
LCF region, the fracture mode exhibited a mixture of coarse striations, faceted growth, and
continued unstable progression of cracking, leading ultimately to a final fracture.

To identify the time when fatigue fracture occurred, based on a striation count, crack
growth assessment was conducted. From the number of the striation, the fatigue crack was
estimated to initiate over 6,000FC ago, and approximately 0.055-inch-deep when inspected in
the last TAI (3,633 FC prior) conducted in June 2018. However, most likely this was not
detected at that time (Figure 19). The weight of the departed portion was estimated to be
approximately 23.4 lbs.

3.7 Defect Detection Capability of TAI Inspection

3.7.1 Probability of Detection (POD) Analysis of TAI Inspection

Probability of Detection (POD*11) analysis is used as an indicator to show the defect
detection capability of the non-destructive inspection.

POD varies depending on the size, location, and detection method (type of flaw
inspection) of defects (cracks).

After the serious incident, P&W has developed, and reevaluated POD curves of TAI
inspection based on the actual defect detection data obtained from TAI inspection of the Fan
Blades of the engine so far and the false defect detection data obtained using test piece (EDM:

developed by using electric discharge machining).

*11 “POD” is an indicator that shows defect detection capability, and is generally expressed by POD curves that correlate a
defect size and the probability of detecting such a defect.
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As described in 2.12, P&W has detected seven cases of cracks by TAI inspection in the
past. The cracks in three cases among seven had originated from traces in the machining
process, two in MTRs, and one in machining + MTR, and the other internal deposit, which
ingress into hollow part and was not related to the nodule. This was the first case of cracks
originating in the nodule area. Besides, P&W has evaluated inspection intervals based on
crack size, crack position, and the number of striations each time cracks were detected.
Therefore, it is highly probable that P&W has reviewed the inspection procedures including
reviewing TAl inspection intervals based on such evaluations. However, this was the first case
where the crack initiated in the fillet (Figure 15).

Figure 28 shows the graphed POD in reevaluated TAI inspections, which categorize the
Fan Blade in six zones, and the probability of detection corresponding to defect size in each
zone is drawn as POD curves. The dots in the graph represent the cases where defects were
detected by TAI inspections in the past, and the colors of the dots show areas the cracking had

been initiated. As described in 3.6, the crack would have been approximately 0.055-inch-deep
at the time of last TAI inspection of the Fan Blade No. 16 conducted in June 2018, and the
defect detection by TAI inspection was most likely difficult since the POD of the crack depth
was approximately 35% as seen from Flow path CV-Fillet in Figure 28.

Plate thickness of each zone of the Fan Blade became thicker from the mid span area

through the root section, and the fillet was thicker than the flat region. From the nature of TAI
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inspection that utilizes the method to detect the thermal response of defects by the temperature
rise of the blade surface, the thicker a plate becomes, the more the defect detection accuracy

deteriorates.

3.7.2 TAI Inspection Intervals

TAI inspection intervals for fan blades were set by P&W to secure 90% or more of POD.
The JTSB concludes, however, that TAI inspection intervals were set based on POD evaluation
conducted on flat regions without thorough consideration of TAI inspection characteristics
that detection accuracy of defects in fillet regions deteriorates because there have been no
cases where defects occurred in the fillet up till then.

Evaluation of crack propagation within
the stable LCF growth region revealed that
striation equivalent to 6,000 FC was estimated in & .
the Fan Blade crack region. Besides, it is [ 6, QOO FC b

probable that crack growth speed increased as

" Remaining

: , crack growth
the crack grew (Figure 30). When the number of Stable LCF region / e f'g"r s
striations was assessed by superimposing an arc ORIGINAL ~average fan .
blade 1680 FG. '
of 0.085- through 0.090-inch-deep defect at POD 90 -

corresponding to 90% POD over the stable LCF Figure 29 Assessment of remaining FC

growth region on the POD curve (Flowpath CV- until fracture
Fillet in Figure 28) of the fillet where the cracks
initiated, this was most likely equal to approximately 1,680 FC prior to the Fan Blade fracture.
This implies that it can be detected by TAI inspection at the fillet with 90% POD after the
crack depth has propagated to about 1,680 FC before fracture at last (Figure 29).

From these, the JTSB concludes that the inspection method and intervals for the Fan

Blades of the same series of engines were more likely insufficient to detect defects in the fillet.
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3.7.3 Measures Taken by P&W

As described in 2.14, P&W reviewed the inspection method and intervals for the Fan
Blade of the same series of the engine, and issued Special Instruction (SI No. 29F-21, No.85F-
21 and No.130F-21) and ASB PW4G-112-A72-361. According to the SI and ASB, TAI
inspection intervals were significantly shortened from every 6,500 FC to every 1,000 FC. This
was a result of revaluating of the POD of TAI inspection of the fillet, which was based on the
result of the detailed inspection of the fractured surface of the Fan Blade No.16 in this serious
incident and which had not been thoroughly considered for setting inspection intervals.
Furthermore, ultrasonic inspections were set to be conducted every 275 through 550 FC in
addition to TAI inspections. The JTSB concludes that inspection intervals review and
additional inspection methods are probably effective for early detection of cracks originating

from the fillet as seen in this serious incident case.

3.7.4 Last TAI Inspection

The last TAI inspection conducted in June 2018, as described in 2.11.8, complied with
the NDIP-1065 Rev.D, which was revised after the United Airlines serious incident occurred
in the vicinity of Daniel K, Inouye International Airport in February 2018. Therefore, the
JTSB concludes that the last TAI inspection was more likely conducted after improvement
measures were taken for TAI inspection facilities environment and education. However, the
reconfirmation result of the image of frame 28 taken at the time of the same TAI inspection
revealed that no defect was reflected in the image. From these, it is highly probable that the
cracks could not have been detected even if the inspections were conducted in accordance with

the stipulated procedures at that time.

3.8 Departed Engine Parts
As described in 2.9.2, the cause of departed parts in the serious incident and their
estimated weight are as follows (excluding the Fan Blade No. 15 and No.16):

(1) The departed parts of the inlet were a part of acoustic panels of the inlet inner damaged
by the scattered fragments of the Fan Blades in the Impact Phase after the Fan Blades
were fractured. The weight of the departed parts could not be determined.

(2)  Portions of the fan cowls likely departed in the Rundown Phase attributable to either
(a) instability failure caused by the unrestrained forward edges of the cowl or (b) overload
failure caused by the imbalanced rotation. It is highly probable that the weight of the
departed fan cowls on the left was approximately 83 kg and on the right was

approximately 26 kg.
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3 The departed part of the reverse cowls was most likely attributable to the reverse
cowls that were damaged by fragments of the fractured Fan Blades or scattered liberated
FEGV. It is highly probable that the departed parts were light and limited in the area of
the CFRP panel.

(4)  The departed parts of FEGV were most likely attributable to the pins engaged to inner
of FEGV, which were detached from the engagement by impact accompanying
approximately 10-inch deflection of the fan case generated in the Impact Phase and
1imbalanced rotation and vibration generated in the Rundown Phase, and the locked part
bolted to OD of FEGV were torn a part due to single supported FEGV and backward
bending force by ram pressure. It is highly probable that among the 82 FEGVs in total,
79 FEGVs were departed as one FEGV was found in the left horizontal stabilizer and two
in the reverse cowls, respectively, and the total weight of the departed FEGV was

approximately 93 kg.

3.9 Damaged Horizontal Stabilizer and Fuselage

The JTSB concludes that the damage to the leading edge of the left horizontal stabilizer
with the approximately 28 cm-hole and approximately 20 cm-dent observed as described in 2.9
was most likely caused by the collision of some of the FEGV, components of the engine, which
were departed and scattered as described in 3.8, Because one of FEGV was found inside the
damaged position (hole).

The JTSB concludes that the damage to the left aft fuselage (approximately 8 cm hole)
observed was more likely caused by some of the FEGV that scattered and collided with the
leading edge of the left horizontal stabilizer as explained above.

The JTSB concludes that as the damage to the left forward fuselage (approximately 2 cm-
dent) observed was minor and seen almost right beside the engine, it is probable that a small
fragment of fan blade of the left engine has collided.

The JTSB concludes that it is probable that the damage to the horizontal stabilizer and
fuselage in the serious incident did not seriously affect the subsequent flight performance of

the Aircraft.

3.10 Prevention of parts departure

The JTSB concludes that a lot of engine components and parts of cowlings were most
likely detached and departed in the sea in the serious incident. The departed components were
numerous and included ones that were of a fairly large and heavyweight. Besides, it was

reported that large-sized components such as engine cowlings departed in the two similar cases
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of the same series of the engines as described in 2.16. Given the possibility that departing parts
like these can cause damage to human beings or objects on the ground, design and
manufacturers of the Aircraft and engines have to eliminate defects that could cause departing
parts and also take measures to prevent related parts departing from aircraft.

Boeing and P&W have taken safety actions described in Chapter 5.

4. CONCLUSIONS

4.1 Probable Causes

The JTSB concludes that this serious incident was certainly caused by the fan blades of
the left engine were fractured during take-off climb, resulting in parts and cowlings of the
engine were departed, and the airframe was damaged by scattered parts.

The JTSB concludes that it is highly probable that the fracture of the fan blade had
initiated from the nodule, which bonded to the internal surface of a hollow structure during the
polishing process of manufacturing of the fan blades, and the crack was generated, in addition
to this, the Aircraft continued flights without detecting the crack at the subsequent regular
inspections led to fatigue fracture.

The JTSB concludes that it is probable that the cracks were not detected in the subsequent
regular inspections were contributed by method and intervals of the used inspection were

insufficient to detect the defect in the fillet region.

5. SAFETY ACTIONS

5.1 Safety Actions by P&W

(1) Asdescribed in 2.14, P&W reviewed the inspection method and intervals of the Fan Blade
of the similar type of engine, issued Special Instruction (No. 29F-21, No.85F-21 and
No.130F-21) and Alert Service Bulletin (ASB) PW4G-112-A72-361, and significantly
shortened TAI inspection intervals from every 6,500 FC to every 1,000 FC. Furthermore,
UT inspections were set to be conducted every 275 through 550 FC in addition to TAI
inspections.

(2)  Asdescribed in 2.11.7, The NDIP-1065 Revision G was issued on March 4,2021 — Revision
G incorporates a change in the accept / reject criteria requiring the inspector to refer
indications in the high stress area to Team Review instead of being able to accept. Added
references to Foreign Material (FM) sample images were added and modified. Flowcharts

were updated to reflect G revisions.
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5.2 Safety Actions by Boeing
Boeing has developed an interim solution and issued multiple Alert Service Bulletins.
The service bulletins include fan cowl inspections and modification to the inlet cowls and thrust
reversers to strengthen the integrity of the engine cowling for increased protection for engine
fan blade failure events on 777-200 and 777-300 Airplane(s) equipped with Pratt & Whitney
PW4000 series engines.
(1) Alert Service Bulletin 777-71A0092 issued on January 13, 2022
Fan cowl Fluid Ingression Inspections.
This service bulletin provides instructions to inspect fan cowls for possible fluid
ingression damage, and do on-condition action(s) to make sure fan cowls are serviceable.

The work scope for the left and right fan cowl panels of Engine 1 and Engine 2
includes detailed inspection of the outer surface top coat, a general visual inspection of the
upper edge, and a Thermography Inspection or X-Ray Inspection of the inner surface as
well as applicable on condition action(s).

(2) Alert Service Bulletin 777-71A0085 issued on May 16, 2022
Engine Inlet Cowl Modification.

This service bulletin gives instructions to replace affected inlet cowls with changed
inlet cowls to strengthen the integrity of the engine inlet cowls for increased protection for
engine fan blade failure event. The changed inlet cowls include the following features:

Inlet aft-bulkhead reinforced with metal plates.
Ballistic shields installed additionally inside of the inlet to prevent fan blade
fragments from penetrating the outer barrel.
Inlet outer barrel panels inspected for fluid ingression and repaired if any defect found.
Inlet outer barrel panels inspected for prior repairs near aft edge and external metal
doublers installed if necessary.
(3) Alert Service Bulletin 777-78A0103 issued on May 16, 2022
Left and Right Thrust Reverser Halves, Lower Bifurcation Wall Reinforcement Plate
Installation
This service bulletin gives instructions to install metal reinforcement plates on the left and
right halves of lower bifurcation wall inner surface of each thrust reverser to improve

cowling durability.
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5.3 Safety Actions by the FAA
(1) As described in 2.15, the FAA issued the FAA Emergency Airworthiness Directive
(AD2021-05-51) on February 23, 2021.

“Boeing 777 equipped with PW4000 series engines must undergo a TAI inspection before
further flight.”

(2)  Issued Airworthiness Directive (AD2022-06-09) on March 4, 2022.
“Boeing 777 equipped with PW4000 series engines must undergo repetitive TAI and UT
inspections in accordance with P&W ASB PW4G-112-A72-361.”

(3) Issued Airworthiness Directive (AD2022-06-10) on March 4, 2022.
“Boeing 777 equipped with PW4000 series engines must undergo an inspection of the
fan cowl doors for fluid ingression, and a functional check of the hydraulic pump shut-
off valves, and reinforcement plate on thrust reverser must be installed, in accordance
with Boeing Alert Requirements Bulletin 777-71A0092RB.”

(4) Issued Airworthiness Directive (AD2022-06-11) on March 4, 2022.
“Boeing 777 equipped with PW4000 series engines must undergo modification of the

engine inlet to withstand fan blade failure event loads.”

5.4 Safety Actions by the Civil Aviation Bureau

(1) Asdescribed in 2.13, on February 21, 2021, the Civil Aviation Bureau instructed domestic
air carriers to ground all Boeing 777 aircraft equipped with PW4000 series engines and
issued NOTAM in order that those aircraft may avoid take-off, landing and overflight
within Japan’s territory and airspace.

(2) As described in 2.13, the Civil Aviation Bureau issued Airworthiness Directive
(KOKUKUKI No.1158 TCD-9736-2021) on February 24, 2021 in accordance with the FAA
Emergency Airworthiness Directive (AD2021-05-51):

“For the purpose of preventing the in-flight failure of a fan blade that could result in the in-
flight blade release, damage to the engine, and damage to the airplane, the inspections and
replacement, if required, are to be performed, unless already done in accordance with
AD2021-05-51 issued by the FAA.”

(3)  Issued Airworthiness Directive (KOKUKUKI No. 1131 TCD-9736A-2022) on March 18,
2022 in accordance with the FAA Airworthiness Directive (AD2022-06-09):

“For the purpose of preventing the in-flight failure of a fan blade that could result in the
in-flight blade release, damage to the engine, and damage to the airplane, repetitive
inspections and replacement, if required, are to be performed except as already done in

accordance with AD2022-06-09 issued by the FAA.”
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(4)

Issued Airworthiness Directive (KOKUKUKI No. 1132 TCD-9928-2022) on March 18,
2022 in accordance with the FAA Airworthiness Directive (AD2022-06-10):
“For the purpose of preventing in-flight failure of a fan blade that could lead to separation
of inlet cowl, fan cowl doors and thrust lever cowl, and that could lead to engine in-flight
shutdown, the damage to the empennage and the engine fire, which could result in loss of
control of the airplane, forced off-airport landing and injury to passengers, the actions,
repetitive inspections and replacement, if required, are to be performed in accordance with

AD2022-06-10 issued by the FAA, except as already done.”

(5)  Issued Airworthiness Directive (KOKUKUKI No. 1133 TCD-9929-2022) on March 18,

2022 in accordance with the FAA Airworthiness Directive (AD2022-06-11):

“For the purpose of preventing in-flight failure of a fan blade that could lead to
separation of inlet cowl, fan cowl doors and thrust lever cowl, and that could lead to engine
in-flight shutdown, damage to the empennage and the engine fire, which could result in
loss of control of the airplane, forced off-airport landing and injury to passengers,
modification is to be made in accordance with AD2022-06-11 issued by the FAA, except

as already done.”

(6) On March 18, 2022, the Civil Aviation Bureau lifted the order to suspend operations of

Boeing 777s equipped with PW4000 series engines on the condition that the safety
measures indicated in the airworthiness improvement reports (3) through (5) above be
taken and issued NOTAM on March 22, 2022 that those aircraft should avoid take-off,
landing and overflight within territory of Japan, unless already done proper corrective
actions in accordance with AD2022-06-09 AD2022-06-10 and AD2022-06-11 issued by the

FAA or similar documentation.

37



Appended Figure 1 — Three (Angle) View of 777-200 airplane
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Appended Figure 2 - DFDR Analysis
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Appended Figure 3 - Damaged Fan Blades (excluding No.15 & No.16)

Damages (missing, curls, dents, and bends) were observed in all fan blades.
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Appended Figure 4 - Damaged Fan case

Shroud where fan blades
pass through was shaved
off by approx. 5 cm over the
| whole circumference.
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Appended Figure 4-1 - Damaged Fan case
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Appended Figure 5 - Damaged Fan exit case
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Appended Figure 6 — Damaged MGB and Engine accessories

FPU and mount
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Appended Figure 7 - Damaged Engine accessories

Starter and mount

HYD pump and mount
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Appended Figure 8 - Damaged LPC

LPC stators detached from LLPC case
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Appended Figure 9 - Damaged Engine shaft

N1 (I.LP) Shaft OD
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Appended Figure 10 - Damaged Bearing support

No.1 Bearing support

12:00 position
Cracked stretching over 13 holes

7:00 position
Cracked stretching over 6 holes
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Appended Figure 11 - Damaged Diffuser and Combustor

Diffuser and Combustor

Molten aluminum adhered overall and whitened
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Appended Figure 12 - Damaged HPT

HPT 1st blade

Molten aluminum came out from inside of cooling holes and clogged.

HPT Nozzle Guide Vane

Molten aluminum came out from inside of cooling holes and clogged.
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Appended Figure 13 - Damaged Turbine Exhaust Case

Damaged Turbine Exhaust Case

- Buckled

Buckled

Cracked
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Appended Figure 14 - Damaged Forward Engine Mount

Forward Engine mount
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Appended Figure 15 - Damaged After Engine Mount

After Engine Mount

Cracked

Cracked
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Appended Figure 16 - Damaged Engine Oil Tank Bracket

Bracket Broken
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Appended Figure 17 - Damaged EEC Mount
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Appended Figure 18 - Damaged H/STAB and Fuselage

Damaged H/STAB and recovered FEGV
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Appended Figure 19 - Damaged Inlet

Damaged Inner Barrel (Outer Barrel removed)
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Appended Figure 20 - Damaged Fan cowl
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Appended Figure 21 - Damaged Reverse cowl
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Q’SB Attachment (Provision of the factual information)
\— Japan Transport Safety Board Press Released December 28, 2020

Japan Transport Safety Board

Provision of the factual information regarding Japan Airlines serious incident

occurred on December 4

On December 28, the JTSB provided the factual information with the Civil
Aviation Bureau regarding Boeing 777-200, JA8978 serious incident operated

by Japan Airlines occurred on December 4, 2020.

1. Outline of the serious incident

At about 11:51, December 4, a Boeing 777 operated by Japan Airlines bound for
Tokyo International Airport had malfunction with the left engine during climbing
at an altitude of approximately 5,000 m approximately 100 km north of Naha
Airport, and returned to the Airport. Post-flight inspection revealed damage to the

left engine.

2. Outline of the Investigation
Result of the investigation conducted so far revealed following (see Attachment):
The left engine fan blades fractured.
Condition of damaged fan blades and airframe is as shown in the attachment.
Detailed investigation will be conducted to determine causes of the fan blades

fracture.
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22 fan blades (made of a titanium alloy) were installed in each engine. Among
these 22 fan blades, blade No.15 and No.16 fractured in the mid span area and the
flow path area, respectively. Beach mark and radial mark suggestive of fatigue
fracture were observed on the fracture surface of blade No. 16, and such marks were
not observed on the fracture surface of blade No. 15.

The engine type was Pratt & Whitney PW4074, and the left engine fan blades

>
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il Sample of the
= Normal Blade

LE 105. 4cm

>

Approx. 72cm

Approx. 18cm
—

Blade No. 16  Blade o. 15 ‘Root 31_3;;.“ o i

Figure 2 Damaged Fan blades
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Figure 3 Fracture surface of blade No. 16

3

Figure 4 Magnified image of No. 16 blade fracture surface
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Damage to the airframe (engine cowls, stabilizer, and fuselage) other than fan

blades was observed.

-

=

Figure 7 Damaged Fuselage
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