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DESIGNING WITH FAILURE IN MIND

No design is perfect; all designs have a probability of failure and an associated risk. To prevent
failure, or at least reduce it dramatically, there are varieties of techniques that may be employed
during and after the design stage. Such methods are briefly described herein. Case studies and
discussions will help you learn about the methods, and how to apply them to open-ended
engineering problems and situations.

One major goal in design is to reduce failure, through:

1. identification of the modes and root causes of failure;
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identifying and reducing the effects of failure;

identifying and reducing the frequency of occurrence;

identifying and reducing the degree of severity;

identifying and assessing (potentially increasing) the ability to detect failure;
identifying design, process, or human factor corrective actions;

assigning individual responsibilities for corrective action;

imposing completion dates;

identifying and implementation design validation tools;

10 identifying and implementing design monitoring and failure reporting;
11. verifying completion of design and other actions;
12. re-evaluation of risk after corrective actions have been taken.

Designing to avoid failure can be a proactive approach, or a reactive approach, or combination of

the two.

Proactive:

Reactive:

Mainly a brainstorming and spreadsheet calculation technique called
“Failure Modes, Effects, and Criticality Analysis” (FMECA, aka FMEA).
FMECA is a tool developed by NASA back in the mid-1960’s as a result
of APOLLO missions' (where there were a lot of failures...)the original
NASA report detailing the method can be found here. FMECA is meant to
be used as a proactive tool to be used during the design process to prevent
failure through design changes and monitoring, specifically through
minimization of Risk Priority Numbers (RPN). FMEA can be applied to a
variety of engineering products: 1) systems, 2) processes, and 3) designs.
Non-destructive evaluation is another way to be proactive about failure.

Failure analysis and prevention is the main approach of reacting to
failures. Failure analysis aims to identify all root causes of failure (design,
process, human, or otherwise) through brainstorming, creation of Fault
Trees (FT), Failure Modes Assessment charts (FMA), and Technical Plan
for Resolution charts (TPR). FT, FMA and TPR charts are linked and are

! Though there were serious issues with Apollo missions (Apollo 1: fire and tragedy in 1966; Apollo 13: explosion) the NASA
FMECA method was published 8 months prior to the Apollo 1 incident, and was in its infancy for a while. Visit:
https://ntrs.nasa.gov/citations/19700076494
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living documents during an investigation which are used to find the
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ultimate root cause(s) and then plan for corrective actions for prevention.

Both of the above approaches benefit from creation, maintenance, and frequent review of failure

databases created specifically for the institution of interest. Statistics are very important for

dealing with failure from all angles (at all rungs of the Human-tech ladder as well).

Failure Database Example [1]:

Component (part number, serial number)

Manufacturing date
Date of failure

Material (heat treatment, heat number)
Where (what plant, city, state, country?)

Time of year

Type of failure (service, maintenance,

testing)
Failure mechanism
Submechanism

Data source (company, industry, Internet)

Cascading failure (yes/no)
Achieve design life (yes/no)

Root cause (physical, human, latent)

P/N 8BB3445, S/N 12345
1/02/2000

2/23/2002

321 CRES, annealed
Cleveland, Ohio

Winter

Service

Overload

Ductile

Internal

No

No

Human: wrong load applied

The types of failure mechanisms to track in your statistical database

can be overwhelming. The mechanisms change names and become further
subdivided each passing year as more technical information is acquired.

Here is a partial listing:

Ductile and brittle fracture

Fatigue: high cycle, low cycle, thermal, corrosion, etc.

Corrosion: uniform, pitting, selective leaching, intergranular, crevice
(O, starvation), galvanic, concentration cell, temperature differential,
bacterial and biofouling, erosion affected, etc.

Liquid erosion: cavitation, impingement, melting, etc.

Distortion (plastic or elastic)

Stress corrosion: stress, environment, material susceptibility

Liquid metal embrittlement

Solid metal induced embrittlement

Elevated temperature: creep, stress rupture, fatigue, creep-fatigue, etc.
Hydrogen damage: embrittlement, blistering, internal hydrogen pre-
cipitation (flakes), hydride formation, etc.

Radiation

Combinations of various failure mechanisms

The important point to remember is to make your database usable for
company-related failures. Creating a database that cannot be used is a

waste of time.
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A statistical treatment of data from database [1] in form of a Pareto chart to show cumulative
probability of failure is shown below; fatigue accounts for about 45% of the failures whereas
stress rupture occurs for about 3% of failures. However, such statistics can be misleading...what
is missing is the cost of the failure types (e.g., monetary, human, environmental). As mentioned
in [1], it could be that the failures from fatigue cost $5M/yr and those from stress rupture cost
$20M/yr, so even though stress ruptures only occur 3% of the time significant effort is placed
upon their prevention. The tables below [1] help to assess the importance of failures, which must
be accounted over and above just the frequency.
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F.g 1 A Pareto diagram is used to plot the relative importance of the differ-

ences between groups of data—in this case, the frequency of different
types of failure at a company. The bars show the number of counts for each failure
type, and the data points show the cumulative percentage (from left to right). In
this example, the three most frequent failure types at the company account for
80% of total failures.

Table 5 Examples of relative failure importance

Failure Importance Resultant decision

Break a pencil Low Throw pencil away, get a new one; more important to
school-age children and young adults

Break a pen Low Throw pen away, buy a new shirt, complain to your
coworkers, never use that kind of pen again

Break the pen your great-grandmother High Determine problem and get it fixed; money not an

used in 1903 issue
Break a scuba knife during a dive High Complain to the manufacturer and ask for a free

replacement, or buy a more reliable knife; different
importance for East Coast vs. West Coast divers

Table 6 Additional examples of relative failure importance

Failure Importance Resultant decision

Car engine blows up after 150,000 miles  High Check extended warranty; replace engine or buy new
car

Car engine blows up after 500 miles High Demand new engine or new car from manufacturer,
complain like nobody’s business

Airplane crashes into the ocean Very high  Suffer loss of plane and personnel, reputation, future
business; deal with lawsuits; answer to government
agencies
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Proactive tools (FMECA) are described later in this document.

The reactive tool of Failure Investigation

CHAPTER l

Nine Steps of a
Failure Investigation

NINE STEPS are necessary to the organization of a good failure in-
vestigation:

Understand and negotiate the investigation goals.

Obtain a clear understanding of the failure.

Objectively and clearly identify all possible root causes.
Objectively evaluate the likelihood of each root cause.
Converge on the most likely root cause(s).

Objectively and clearly identify all possible corrective actions.
Objectively evaluate each corrective action.

Select the optimal corrective action(s).

Evaluate the effectiveness of the selected corrective action(s).

Lok WD -

The first five steps relate to steps 1 and 2 of the four-step problem-
solving process discussed in Chapter 3. The next four steps relate to steps
3 and 4 of the four-step problem-solving process. Many failure investi-
gations stop after step 5, but you should try to convince your customer of
the value of completing all nine steps. In every report, add a section con-
cerning recommendations (i.e., “This is what you should do™) whether or
not the customer requests it. If the failure investigation has successfully
determined the root cause(s), then these recommendations will already
have been formulated in your mind.

Step 1: Understand and
Negotiate the Investigation Goals

At its onset, every failure investigation should establish four criteria:
(1) the priority of the investigation, (2) the resources available, (3) any
constraints imposed, and (4) the goal or goals of the investigation. A

From [1].
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Failure DevelQEmﬁnt of f.ab:m Systematic and coordinated tests,
discovered tree with a posfsi_l e exams and evaluations to prove or
and rqot causes by failure disprove each root cause
investigation team
documented
Formation
of failure Gather all Determination of
investigation background info root cause(s)
team
Development of a corrective De\fe'i}pm'%Ht ofa
action for each root cause ~ Corrective
Action Implementation Plan
>
Detailed presentation Wriﬁng of Development c_:-f a
of failure analysis concise Correction Action
report Review Plan

Flg. 8 Timeline of an organized failure investigation

The above figure shows the timeline for a well-planned organization [1]. Of important note:
during the formation of the failure investigation team the purpose of the investigation should be
decided.
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Example:
From [1]...

Another example concerns flaws in large 7050 aluminum ring-rolled
forgings used on expendable launch vehicles. The 7050 aluminum alloy
1s used because it can be fabricated in thick cross sections and still be heat
treated to an adequate strength. The part in question requires the pour of
an 8165 kg (18,000 1b) ingot to make a 1361 kg (3000 1b) forging to
machine to a 156 kg (300 Ib) part. An incredible amount of material is
lost during manufacturing. Because the 1361 kg (3000 1b) forging cross
section is so large, ultrasonic inspection for internal flaws is limited to a
Class A level, or a maximum singular flaw size of approximately 2.0 mm
(0.08 in.). The finished machine part is then dye penetrant inspected. It
was during this surface inspection that flaws were discovered. If the parts
could not be repaired, the company would experience a schedule loss of
8 to 12 months (not to mention the loss of $200,000 in forging and ma-
chining costs).

The failure investigation determined that the flaws were created during
either the ingot fabrication or forging process or both, but that the 7050
material was not a factor. As part of the investigation, other large ring-
rolled forgings made from other aluminum alloys, such as 7075 or 2219,
were evaluated as to percentage of defects discovered during dye penetrant
inspection of the machined detail part. The intent was to determine if there
was a systemic problem or one just confined to the large 7050 ring-rolled
forgings. Dye penetrant inspection found flaws in all the aluminum alloys,
but the 7050 alloy had the highest percentage of occurrence. The company
could find nothing in the literature to indicate why this might happen. It
was during this investigation that the aluminum companies shared the
concern noted earlier about pouring 7050 in the wintertime. So, in the end
it was a widespread problem in the industry, but unique to the one 7050
alloy—an interesting discovery and conclusion.
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From this example, one can generate a fault tree with all conceivable root causes [1], as shown

below:
Why Do the Forgings have
Penetrant Defects?
|
Casting Process Forging Process Heat Machining
Defects Defects Treatment Process
(1) (2) Process Defects
] Defects (4)
| @
| | | | |
Nonmetallic Shrinkage Burst Hot Defect Cavity
Inclusions Porosity (2A) Short Enhancement -
(14 ) (28) o) Graskng | | Tear
Hydrogen (3A) (4A)
Porosity
(18) I I Foreign Object
I Adiabatic Localized Debris
Heating Chemistry| (4B)
Hydrogen (281) (2B2) l\ga;;mi:g
(1B1) Feeds, and
Forging Coolant
Casting Temperatures {4A1)
| Temperature (2A1 and 2C1)
Chemical (1c1) Poor
Composition Forging FOD
(1A1) Ingot Drop Strain Rate Control
Speed (2A2 and 2C2) (4B1)
—L_ (1C2)
Filtering Forgng
Pf?;: RZ?SS Me::;:;low Strain Direction
(1C3) (2A3 and 2C3)

Fig. 3 Fault tree

There are many ways to generate fault trees, with various logic methods (such as Boolean
symbology)... the main goal is to generate root causes, and style will vary from industry to
industry or company to company.
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From fault trees, the numbered headings are used to generate a Failure Mode Assessment chart

No.# Potential Root Cause Probability Priority Rationale Technical Plan for Resolution
1 | Casting Process
1A |Non-Metaliic Inclusions Likely 1 1) Failure Analysis of S/N 1 discovered Al 1) Review of Casting Process with Both Suppliers.
Oxide inclusion in Defect Cavity by
Metallographic exam. Inclusion confirmed |2} Failure analysis of S/N 28 including metallographic
to be Al oxide with presence of Silicon by | examination, enhanced NDT evaluation and
SEM & EDS Analysis, mechanical property testing.
11) Grain flow around Defect Cavity
discovered during failure analysis of S/N 1 & 3) Complets Forgi
. ging History Spreadsheet for trend
SIN 2 by Metallographic Exam. analysis and problem definition - Class AAA level UT
inspection of forgings at Assembly Facility required.
1A1 | Chemical Composition Not likely 2 Chemical Compositions are within Spec 1) Check Chemical Composition meets AMS spec for
each ingot.
2) Compare Chemical Compositions for any variations
1A2 |Filtering Processes Likely 1 Filtering Processes control non-metallic 1) Review Supplier B Casting Process in general and
inclusion level in ingols the triple filter system in specific.
1B |Hydrogen Porosity Not likely 2 | & Il above. 1) Review of Casting Process with Both Suppliers
1ll) Hydrogen analysis of S/N 1&7 by
Supplier A indicates low potential for 2) Failure analysis of S/N 28 including metallographic
hydrogen porosity. i | ion, d l*_lDT ion and
V) This type of casting defect should heal | Mechanical property testing.
during forging process. 3) Complete Forging History Spreadsheet for trend
analysis and problem definition - Class AAA level UT
inspection of forgings at Assembly Facility required.
181 |Hydrogen Content Not likely 2 I-IV above 1) Review Supplier B Casting Process in general and
the hydrogen content testing in specific.
1C |Shrinkage Porosity Not likely 2 1 & Il above. 1) Review of Casting Process with Both Suppliers.
111) Pore count of S/N 1&7 by Supplier B . i . )
indicates low potential for shrinkage 2) Failure analysis of S/N 28 including metallographic
porosity. examination, enhanced NDT evaluation and
IV) This type of casting defect should heal during mechanical property testing.
forging process. 3) Complete Forging History Spreadsheet for trend
analysis and problem definition - Class AAA level UT
inspection of forgings at Assembly Facility required.
1C1 |Casting Temperature Not likely 2 I-lil above 1) Review Supplier B Casting Process in general and
| casling procedures in specific.
1C2 |ingot Drop Speed Not likely 2 I-ill above 1) Review Supplier B Casting Process in general and
casting procedures in specific.
1C3 | Metal Flow Rate Not likely 2 I-lll above 1) Review Supplier B Casting Process in general and
casting procedures in specific.
2 |Forging Process
2A |Burst Not likely 2 1 & Il above. 1) Review of Forging Process with Both Suppliers.
11y SEM analysis of S/N 1& S/N 2 X . . .
Defect Cavity surface not indicative of 2) Failure analysis of S/N 28 including metallographic
forging burst examination, enhanced NDT evaluation and
- . mechanical property testing.
3) Complete Forging History Spreadsheet for trend
analysis and problem definition - Class AAA level UT
inspection of forgings at Assembly Facility required.
2A1 |Forging Temperatures Not likely 2 |-l above 1) Review Supplier A Forging Process in general and
hot working procedures in specific
2A2 | Forging Strain Rate Not likely 2 Il above 1) Review Supplier A Forging Process in general and
hot working procedures in i
2A3 |Forging Strain Direction Not likely 2 I-1ll above 1) Review Supplier A Forging Process in general and
hot working procedures in specific
2B |Hot Short Not likely 2 | & Il above 1) Review of Forging Process with Both Suppliers.
{Adiabatic Heating) 11} SEM analysis of 1 & S/N 2 Defect . . . ) .
Cavity surface not indicative of hot 2) Failure analysis of S/N 28 including metallographic
tear. examination, enhanced NDT evaluation and
' mechanical property testing.
3) Complete Forging History Spreadsheet for trend
analysis and problem definition - Class AAA level UT
inspection of forgings at Assembly Facility required.
2B1 | Adiabatic Heating Not likely 2 Il above 1) Review Supplier A Forging Process in general and
hot working procedures in specific
2B2 |Localized Chemistry Variation Not likely 2 I-1Il above 1) Review Supplier A Forging Process in general and
hot working procedures in specific
2C |Defect Cavity Possible 1 1} S/N 1 Defect Cavity had no obvious 1) Review of Forging Process with Both Suppliers.
Enhancement inclusion and S/N 2 Defect Cavity was
not filled with Al Oxide inclusion. 2) Fallure analysis of S/N 28 including metallographic
i i i examination, enhanced NDT evaluation and
11) Size of Defect Cavity unigue. mechanical property testing.
3) Complete Forging History Spreadsheet for trend
analysis and problem definition - Class AAA level UT
inspection of forgings at Assembly Facility required.
2C1 |Forging Temperatures Possible 1 Il above 1) Review Supplier A Forging Process in general and
hot working procedures in specific
2C2 |Forging Strain Rate Possible 1 I-1ll above 1) Review Supplier A Forging Process in general and
hot working procedures in specific
2C3 (Forging Strain Direction Possible 1 Il above 1) Review Supplier A Forging Process in general and
hot working procedures in specific
3 |HeatTi Process
3A |Quench Cracking Not likely 3 Quench cracking does not normally produce | Supplier A investigating cause of quench cracks in S/N
small, multiple internal flaws. 5 and S/N 6
4 _|Machining Process
4A  [Machining Tear Not likely 3 No evidence of tearing, smearing, etc. on
part surface or in Defect Cavity, None
4A1 |Machining Speeds, Feeds & Not likely 3 No evidence of tearing, smearing, etc. on
Coolant rt surface or in Defect Cavity. None
4B | Foreign Object Debris Not likely 3 No FOD discovered on part surface or in
Defect Cavity. None
4B1 |Poor FOD Control Not likely 3 No FOD discovered on part surface or in
Defect Cavity. None

Fig. 4 Failure Mode Assessment (FMA) chart. Forging with defects

(FMA) [1]
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Based on the FMA once can then generate a Technical Plan for Resolution TPR chart [1]:
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Potential Root
| Nos# Cause Prioritv Technical Approach for Who? When? Result?
1| Casting Process
1A~ | Non-Metallic 1 1) Review of Casting Process with Bcth Suppliers. | 1) Team 60T ncmm not alloy conclusion
Incluslons 2) Casting Station Checkiist Requested - Received 3/16/01
But not used on our Ingolts - mm Actual checkist on
3/23/01 / Much smaller & lass defi
3) Checklist review -No vlnldinns from Supplier B
fure found on all ingof
4) Mr. with Lack of CFF inspections!t
1 2)F; of S/N 28 including metall 2) Emioe-ﬁnn Failure Analysis Phase 1 - 4/27/01
) a”h“i?h:r:m .'ﬁ..ﬁ'ﬁn-r evaluation and i Failure Analysis Phase Il - 777
_— m'"“ﬂmgL ~ S R _— — S — S
3 Cumpbh Forging History Spreadsheet for trend
analysis and problem definition - Class AAA lavel LT
1 M-MWFai ired. 10 per month - 7/1/01
Chermical 2 1)0mmmnmmswh 1) Supplier B 4101
1A1 | Composition ch ingot.
2] comnim Chemical Compositians for any
2 2) Supplier B 4101
1AZ |Fitering 1 1 wa Supplier B Casting Process In general and| 1) Team Y601
Procssses o i eyt oo, 1) Housekeoping Questions
3) Same as 1A
4) Same as 1A
16 [Hydrogen H 1) Review of Casting Process with Both Suppliers, | 1) Team 36i01 1) Casting process & hydrogen checks ok
Fovos 2) Same as 1A
3) Same as 1A
4) Same as 1A
z z) Failure analysis. of S/N 28 including metallographic| 2) Engineering Failure Analysis Phase 1 - 4/27/01
xarmination, enhanced NDT svaluation and EA Failure Analysis Phase Il - 727
modurneel »rocmyhesh
2 Tor rend 3) Ei 2 In Work - Constantly updated | No trends established 50 far
andysts and - Class AAA lovel UT | Canter
ﬁ?ﬂlngs at Assamw Facilty required.
1B1 | Hydrogen Ganten 2 1)Rawan Supplier B Casting Process in general and | 1) Team 2128101 ow
the hydrogen content testing in specific. 2) 3) Hrdrogen content
3) Same as 1A
4) Same as 1A
ic |8 2 1) Review of Casting Process wilh Both Suppliers. | 1) Team /6001
B m'::v'. B Cwung provess accopiable
3) Smu! iA
4) Same as 1A
2 2) Failure analysis of S/N 28 including i
axamination, enhanced NDT evalualion and 2) Engineering Failure Analysis Phase 1 - 5/9/01
mechanical ies Center Failure Analysis Phase Il - 777
F 3) Gompiem Fnrging Hlsbry snmmmm 3 Engmaering In Work - Constantly updated | No trends established so far
efinition - Class
msnum af mrgmgs -tAaaumhlf Facililty required.
icl C-Illhq 2 1) Review Supplier B Casting Process in general and| 1) Team 36/01 Same as 1C
cast in specific.
1c2 lngulenSpesd 2 | 1) Roview Supplier B Casting Process in general and| 1) Team 6I01 Sama as 1C
casting in 3
1C3 | Metal Flow Rate 2 [1) Review Suppiier B Casting Process in general and| 1) Team F/6i01 Same s 1C
i In speciic.
2 _|Forging Process
2A" [Burst 2 1) Review of Forging Process with Both Suppliers. | 1) Team 3 1) Hmryurwecum fings. Much tha
2) oo Fmgmgt with quench cracks in review.
) Forging -wm increase dus to Adiabatic Heating noj
Fi Ing promm uested - Completed 3/26/01 -
l\zz S‘E‘;Am'lw MIMAPMMNWMWMI
forgings
2 [2)Failure analysis of S/N 26 including melallographic| 2) Engineer Failure Analysis Phase 1 - 4/27/01
‘axamination, enhanced ND'I"evaIunlium and C)omef " Failure Analysis Phase Il - 727
testing.

2 |3) Complets Forging History Spreadsheel 3) Engineering In Work - Constantly updated | No trends established 5o far
analysis and probiem ation - Ciass AnA v UT Center
inspection of forgings at Assembly Facility required.
2A1 |Forging 2 1) Review Supplier A Forging Process In general and| 1) Team 3701 Same as 2A
Temperatures hot lures in
2A2 |Forging Strain 2 1) Review Supplier A Forging Process in general and| 1) Team 3701 Same as 2A.
Rate hot working i
2A3 |Forging Strain F] 1) Review Supplier A Forging Process in general and| 1) Team EZ] [seme as 2a
irecti hot procedures in specific
28 |HotShort 2 |1)Review of Forging Process with Both Suppliers. | 1) Team £ Same as 24
Heating)
2 [2)Fallure analysis of SN 28 indluding metallographic|2) 2) Erginesring Failura Analysis Phase 1 - 4/27/01
examination, enhanced NDT evaluation and Failurs Analysis Phase Il - 777
testing
2 [3) Complets Forging Spreadsheet 3) Engineering In Work - Constantly updated | No trends established so far
analysis and problem aﬁ"’.u,.. Clas ARA tover UT o
inspection of forgings at Assembly Facilty required.
281 | Adiabatic Heating H 1) Review Suppler A Forging Process i goneral and| 1) Team 3701 Same as 28
ot in specific
282 | Localized 2| 1) Review Supplier A Forging Process in general and| 1) Team 701 Same as 28
hot working procedures in specific
Variation
2C | Defoct G 1 1) Review of F Process with Both Suppiiers. | 1) Team 3t Same as 28
De avity ) -orging ippli ) Tear
1T |2)Fallure Znalysla of S 26 inclucing metalographic/2) 2) Engineering Fallure Analysis Phase 1- 4/27/01
examination, enhanced NDT evaluation and Center Failure Analysis Phase Il - 777
pmpnﬂy!ee‘lhﬂ
1 3) Complete For adsheet for trend | 3) Enginger In Work - Constanlly updated | No trends ostablished so far
ammhmdpm ot Cinos AAA level UT T nesing
inspaction of fergings at Assembly Facility required.
1 A)Sa-rchquRmﬂorﬂthwplmAWnus 4) Engineering 21101 ::ig:gigmﬂmﬂmlmdswuh cannot discem type of defect
Center
2C1 |Forging 1 T Rsvww swnluan\ Forging Process in general and| 1) Team a1 Same as 2C
Temperalures. hot procedures in specific
2C2 |Forging Strain 1 1) Review Supplier A Fomim Process in general and| 1) Team Tt [Same s 20
Rate hot working procedures in sp
2C3 | Forging Strain 1 1) Raview Supplier A Forulng Process in general and| 1) Team B Same 8 20
Di hot working procedures in specific
3 [Heat Treatment
Process
3 1) Sspglnl;rl investigaling cause of quanch cracks in| 1) Supplier A 401
3 |None N/A WA WA
3 |None N/A N/A NiA
3 [None NA NiA NA
3 ’ﬁm NA NIA A

Fig. 5 Technical Plan for Resolution (TPR) chart. Forging with defects
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Once the FMA and TPR are “complete” (recall that they are living documents) a corrective
action tree can be generated which helps connect back to the original fault tree [1]:

What is the Corrective Action for the
Forgings with Penetrant Defects?

Casting Process Forging Process Heat Treatment NDE
Improvements Improvermnents Process Improvements
(1) @ Improvements 4
| 3)
| | l I
Nonmetallic Shrinkage Improve Add Improve I
. Hydrogen g pro ) -
inclusions Porosity Porosity Forging Double Forging Heat v Develop Ingot Ml?lasure Ha Il:?
Content A : Reduction Reduction Cross up Process Slice E all Ingots an
. eduction Hydrogen lice Exam ;
Reduction (18) 10y (28) Work (20) Pickup (4A) Fo r‘r‘gjéngs
(1A) | [ (2B) (3A) I {4C)
_ Improved
Hz Content Visual, Dye Ultrasonic
Reduction Penetrant or| | |nspection of
(1B1) Ultrasonic Forgings
| Fumace Inspection (4B)
Casting Atmasphere (4A1)
LIMCA Temperature Forging (2C1 and 3A1)
Device {1C1) Temperatures
(1A1) (2A1) T —L
Ingot Droj oat the evelop -
gpeed P Improve Forging Forgings Rating 'm'_‘l]:rrlsk"""
Irppn?vs (1C2) Strain Rata (2C2 and 3A2) System 481
Filtering (4A2) (4B1}
(2A2)
Processes Metal Flow
{1A2) Increase Rate _ Add
Fluxing and (1C3) Improve Forging Shear Wave
l Settiing Strain Direction (4B2)
Use New Time (2A3)
Filters {1B1A)
{1A2A)

Fig. 6 Corrective action tree

The priority of each corrective action is listed in the TRP chart, and following up is aided by

having individuals assigned with deadline completion dates. The corrective action tree does not
necessarily emphasize the priorities, however the tree does show how each of the actions are
interrelated and from analysis of the tree one can determine critical paths for corrective action.
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