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1.1 EXECUTIVE SUMMARY

Efficient and effective nondestructive inspection relies on the harmonious relationships among the organization, the
procedures, the test equipment, and the human operator. These entities comprise the organization’ s inspection system to
help contribute to continuing airworthiness. The National Transportation Safety Board (NTSB), Federal Aviation
Administration (FAA), Transport Canada, and the Civil Aviation Authority (CAA) have all recommended additional
studies related to nondestructive inspection.

This research focuses on fluorescent penetrant inspection, especially since the visual nature of the inspection relies
heavily on many cognitive, skill, and attitudinal aspects of human performance. This research offers detailed
explanation of all human performance challenges related to reliability, profitability of detection, environmental,
technical, and organizational issues associated with nondestructive testing.

Thisresearchis practical. It describes 86 best practices in nondestructive inspection techniques. The study not only
describes the best practices, but also offers tables of explanation as to why each best practice should be used. This
listing can be used by industry inspectors.

Finally, the study concludes with research and development needs that have potential to add to the reliability and safety
of inspection. The recommendations range from technical improvement, such as scopes for visual inspection, to
psychological and performance issues, such as selection, training, and retention.

2.1 INTRODUCTION

This project used accumulated knowledge on human factors engineering applied to Nondestructive Inspection (NDI) of
critical rotating engine components. The original basis for this project was the set of recommendations in the National
Transportation Safety Board (NTSB) report (N75B/AAR-98/01)1 concerning the failure of the inspection system to
detect acrack in aJT-8D engine hub. Asaresult Delta Flight 1288 experienced an uncontained engine failure on take-
off from Pensacola, Floridaon July 6, 1998. Two passengersdied. Previous reports addressing the issue of inspector
reliability for engine rotating components include the United Airlines crash at Sioux City, lowaon July 19, 1989 (NTSB/
AAR-90/06)2, and a Canadian Transportation Safety Board (CTSB) report on a Canadian Airlines B-767 failure at
Beijing, Chinaon September 7, 1997. Inspection failure in engine maintenance continues to cause engine failures and
take lives.
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Federal Aviation Administration (FAA) responses to these incidents have concentrated on titanium rotating parts
inspection through the Engine and Propeller Directorate (FAA/TRCTR report, 1990, referenced in NTSB/AAR-

98/01).1 These responses have included better knowledge of the defect process in forged titanium, quantification of the

Probability of Detection (PoD) curves for the primary techniques used, and drafts of Advisory Circulars on visual
inspection (AC 43-XX)3 and nondestructive inspection (AC 43-ND).4 Note that nondestructive inspection (NDI) is

equivalent to the alternative terminology of nondestructive testing (NDT) and nondestructive evaluation (NDE).

In order to control engine inspection failures, the causes of inspection failure must be found and addressed. Treating the
(inspector plus inspection technology plus component) system as a whole, inspection performance can be measured by
probability of detection (PoD). This PoD can then be measured under different circumstances to determine which
factors affect detection performance, and quantify the strength and shape of these relationships. An exampleisthe work
reported by 5 on repeated testing of the same specimens using penetrant, ultrasonic, eddy current and X-ray inspection.
Wide differences in PoD were found. It was also noted that many factors affected PoD for each technique, including
both technical and inspector factors. Over many years (e.9.6 amajor finding of such studies has been the large effects
of the inspector on PoD. Such factors as training, understanding and motivation of the inspector, and feedback to the
inspector were considered important.6

For rotating parts, the most frequently-applied inspection technique is fluorescent penetrant inspection (FPI). There are
some applications of eddy current and ultrasonic inspection, but FPI remains the fundamental technique because it can
detect cracks that have reached the surface of the specimen. FPI isalso applicable across the whole area of a
component, rather than just at a designated point. FPI, to be described in more detail in Section 3.2, can be considered
as an enhanced form of visual inspection, where the contrast between a crack and its surroundingsis increased by using
afluorescent dye and a developer. Itisarather difficult process to automate, so that the reliance on operator skillsis
particularly apparent.

In the NDE Capabilities Data Book (Version 3.0, 1997)7 there is atable showing the importance of different sources of
NDI variance for each NDI technique. Thistable, Table 1, shows the importance of human factors for all non-
automated techniques. For FPI, in particular (Ilabeled generically as “Liquid Penetrant” in Table 1), the dominant
factors are materials, procedure and human factors. Note that in the NDI literature “human factors’ isused as a
synonym for “individual inspector factors’ rather than in its more technical sense of designing human/machine systems
to reduce mismatches between task demands and human capabilities.

Table 1. Dominant Sources of Variancein NDE Procedure Application

Human

Materials Equipment Procedure  Calibration Criteria Factors
Liquid X X X
Penetrant
Magnetic X X X X
Particle
X-rey X X X X
Manual X X X X X
Eddy Current
Automatic X X X X

Eddy Current
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Manual X X X X X

Ultrasonic

Automatic X X X X
Ultrasonic

Manual X X X X
Thermo -

Automatic X X X X
Thermo

This project was designed to apply human factors engineering techniques to enhance the reliability of inspection of
rotating engine parts. In practice, this means specifying good human factors practice primarily for the FPI technique.
Human factors considerations are not new in NDI, but this project provided a more systematic view of the human/

system interaction, using data on factors affecting human inspection performance from a number of sources beyond
aviation, and even beyond NDI. The aim was to go beyond some of the material already available, such as the excellent
checklist “Nondestructive Inspection for Aviation Safety Inspectors’ 8 prepared by lowa State University’ s Center for

Aviation Systems Reliability (CASR).

To summarize, the need for improved NDI reliability in engine maintenance has been established by the NTSB. Human
factors has been a source of concern to the NDI community as seen in, for example, the NDE Capabilities Data Book
(1997).7 This project isasystematic application of human factors principles to those NDI techniques most used for
rotating engine parts.

3.1 TECHNICAL BACKGROUND: NDI RELIABILITY AND HUMAN FACTORS

There are two bodies of scientific knowledge which must be brought together in this project: quantitative NDI

reliability and human factorsin inspection. These are reviewed in turn at alevel that will allow a methodology to be
developed.

3.1.1 NDI Reliability

Over the past two decades there have been many studies of human reliability in aircraft structural inspection. All of
these to date have examined the reliability of Nondestructive Inspection (NDI) techniques, such as eddy current or
ultrasonic technologies.

From NDI reliability studies have come human/machine system detection performance data, typically expressed as a
Probability of Detection (PoD) curve, e.g. (Rummel, 1998).9 This curve expresses the reliability of the detection
process (PoD) as afunction of avariable of structural interest, usually crack length, providing in effect a psychophysical
curve as afunction of asingle parameter. Sophisticated statistical methods (e.g. Hovey and Berens, 1988)10 have been
developed to derive usable PoD curves from relatively sparse data. Because NDI techniques are designed specifically
for asingle fault type (usually cracks), much of the variance in PoD can be described by just crack length so that the
PoD isarealistic reliability measure. It aso provides the planning and life management processes with exactly the data
required, as structural integrity is largely afunction of crack length.
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A typical PoD curve haslow values for small cracks, a steeply rising section around the crack detection threshold, and
level section with a PoD value closeto 1.0 at large crack sizes. It is often maintained (e.g. Panhuise, 1989)11 that the

ideal detection system would have a step-function PoD: zero detection below threshold and perfect detection above. In
practice, the PoD is a smooth curve, with the 50% detection value representing mean performance and the slope of the
curve inversely related to detection variability. Theaimis, of course, for alow mean and low variability. Infact, a
traditional measure of inspection reliability isthe “90/95” point. Thisisthe crack size which will be detected 90% of
the time with 95% confidence, and thus is sensitive to both the mean and variability of the PoD curve.

In NDI reliability assessment the model of detecting asignal in noise is one very useful model. Other models of the
process exist (Drury, 1992)13 and have been used in particular circumstances. The signal and noise model assumes that
the probability distribution of the detector’ s response can be modeled as two similar distributions, one for signal-plus-
noise (usually referred to as the signal distribution), and one for noise alone. (This*“Signal Detection Theory” has also
been used as amodel of the human inspector, see Section 3.3). For given signal and noise characteristics, the difficulty

of detection will depend upon the amount of overlap between these distributions. If thereisno overlap at all, a detector
response level can be chosen which completely separates signal from noise. If the actual detector response is less than
the criterion or “signal” and if it exceeds criterion, this “criterion” level is used by the inspector to respond “no signal.”
For non-overlapping distributions, perfect performanceis possible, i.e. al signals receive the response “signal” for
100% defect detection, and all noise signals receive the response “no signal” for 0% false darms. More typicaly, the
noise and signal distributions overlap, leading to less than perfect performance, i.e. both missed signals and false alarms.

The distance between the two distributions divided by their (assumed equal) standard deviation gives the signal
detection theory measure of discriminability. A discriminability of O to 2 givesrelatively poor reliability while
discriminabilities beyond 3 are considered good. The criterion choice determines the balance between misses and false
alarms. Setting alow criterion gives very few misses but large numbers of false alarms. A high criterion givesthe
opposite effect. Infact, aplot of hits (1 — misses) against false dlarms gives a curve known as the Relative Operating
Characteristic (or ROC) curve which traces the effect of criterion changes for a given discriminability (see Rummell,
Hardy and Cooper, 1989).5

The NDE Capabilities Data Book 7 defines inspection outcomes as:

‘ ‘ Flaw Presence
Positive Negative
NDE Signal Positive True Positive False Positive
No Error Type 2 Error
Negative False Negative True Negative
Type 1 Error No Error
And
defines

PoD = Probability of Detection =

POFA = Probability of False Alarm =


http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=namedpopup&iid=607cc687.1bc10c5d.0.0&nid=229e
http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=endnote&iid=607cc687.1bc10c5d.0.0&q=(%5BGroup%20PH9%20GP%20Reference%5D%5BGroup%20PH9%20Ref%20GP-11%5D)&w=576&h=192
http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=namedpopup&iid=607cc687.1bc10c5d.0.0&nid=2234
http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=endnote&iid=607cc687.1bc10c5d.0.0&q=(%5BGroup%20PH9%20GP%20Reference%5D%5BGroup%20PH9%20Ref%20GP-13%5D)&w=576&h=192
http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=jump&iid=607cc687.1bc10c5d.0.0&nid=5376#JD_PH9GPSection33
http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=endnote&iid=607cc687.1bc10c5d.0.0&q=(%5BGroup%20PH9%20GP%20Reference%5D%5BGroup%20PH9%20Ref%20GP-5%5D)&w=576&h=192
http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=namedpopup&iid=607cc687.1bc10c5d.0.0&nid=2232
http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=endnote&iid=607cc687.1bc10c5d.0.0&q=(%5BGroup%20PH9%20GP%20Reference%5D%5BGroup%20PH9%20Ref%20GP-7%5D)&w=576&h=192

The ROC curve traditionally plots PoD against (1 — PoFA). Note that in most inspection tasks, and particularly for
engine rotating components, the outcomes have very unequal consequences. A failure to detect (1 — PoD) can lead to
engine failure, while afalse alarm can lead only to increased costs of needless repeated inspection or needless removal
from service.

This background can be applied to any inspection process, and provides the basis of standardized processtesting. Itis
also used as the basis for inspection policy setting throughout aviation. The size of crack reliably detected (e.g. 90/95
criterion), the initial flaw size distribution at manufacture and crack growth rate over time can be combined to determine
an interval between inspections which achieves a known balance between inspection cost and probability of component
failure.

The PoD and ROC curves differ between different techniques of NDI (including visual inspection) so that the technique

specified has alarge effect on probability of component failure. The technigues of ROC and PoD analysis can also be
applied to changing the inspection configuration, for example the quantitative study of multiple FPI of engine disks by

Y ang and Donath (1983).12
Probability of detection isnot just afunction of crack size, or even of NDI technique. Early work by Rummel, Rathke, Todd and

Mullen (1975)39 demonstrated that FPI of weld cracks was sensitive to metal treatment after manufacture. The detectable crack

size was smaller following a surface etch and smaller still following proof loading of the specimen. This points to the requirement
to examine closely al of the steps necessary to inspect an item, and not just those involving the inspector.

A suitable starting point for such an exerciseis the generic list of process steps for each NDI technique. AC43-ND4
contains flow charts (e.g. their Figure 5.6 for different FPI techniques) shown here as Figure 1. Thisfigure showsthe

different processes available, although our primary concern here is with the Post Emulsified process, and to alesser
extent with the Water Wash process. A simpler and more relevant list for engine rotating components either process
(NDE Capabilities Data Book, P7-3):7

|Figure 1. FPI processflow charts, adapted from AC 43-ND, Figure 5.6

1. Test object cleaning to remove both surface and materials in the capillary opening,

2. Application of a penetrant fluid and allowing a*“dwell” time for penetration into the capillary opening,
3. Removal of surface penetrant fluid without removing fluid from the capillary,
4.

Application of a“developer” to draw penetrant fluid from the capillary to the test object, surface (the “ devel oper”
provides a visible contrast to the penetrant fluid material),

5. Visualy inspecting the test object to detect, classify and interpret the presence, type and size (magnitude) of the
penetrant indication. (NOTE: Some automated detection systems are in use and must be characterized as special NDE

processes).

The nature of this NDE method demands attention to material type, surface condition and rigor of cleaning. Itis
obvious that processes that modify surface condition must be applied after penetrant processing has been compl eted.
Such processes include, conversion coatings, anodizing, plating, painting, shot peening, etc. In like manner, mechanical
processes that “smear” the surface and close capillary openings must be followed with “etch” and neutralization steps
before penetrant processing. Although there is disagreement on the requirement for etching after machining processes
for “hard materials,” experimental data indicate that all mechanical removal processes result in a decrease in penetrant
detection capabilities.

This set of steps and the associated listing of important factors affecting detection performance provides an excellent
basis for the subsequent application of human factors knowledge in conjunction with NDI reliability datato derive good

practices for engine NDI.
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3.1.2 Human Factors in Inspection

Note: There have been a number of recent book chapters covering this area, 13,14 which will be referenced here rather
than using the original research sources.

Human factors studies of industrial inspection go back to the 1950’ s when psychol ogists attempted to understand and
improve this notoriously error-prone activity. From this activity came literature of increasing depth focusing an analysis
and modeling of inspection performance, which complemented the quality control literature by showing how defect
detection could be improved. Two early books brought much of this accumulated knowledge to practitioners: Harris
and Chaney (1969)15 and Drury and Fox (1975).16 Much of the practical focus at that time was on enhanced
Inspection technigques or job aids, while the scientific focus was on application of psychological constructs, such as
vigilance and signal detection theory, to modeling of the inspection task.

Asaway of providing arelevant context, we use the generic functions which comprise all inspection tasks whether
manual, automated or hybrid.13 Table 2 shows these functions, with an example from fluorescent penetrant inspection.
We can go further by taking each function and listing its correct outcome, from which we can logically derive the
possible errors (Table 3).

Humans can operate at several different levelsin each function depending upon the requirements. Thusin Search, the
operator functions as alow-level detector of indications, but also as a high-level cognitive component when choosing
and modifying a search pattern. It isthis ability which makes humans uniquely useful as self-reprogramming devices,
but equally it leads to more error possibilities. Asaframework for examining inspection functions at different levels the
skills/rules/knowledge classification of Rasmussen (1983)17 will be used. Within this system, decisions are made at the
lowest possible level, with progression to higher levels only being invoked when no decision is possible at the lower
level.

Table 2. Generic Task Description of Inspection Applied to Fluorescent Penetrant I nspection

Function Description

1. Initiate All processes up to visual examination of component in reading booth.
Get and read workcard. Check part number and serial number. Prepare
inspection tools. Check booth lighting. Wait for eyesto adapt to low light

level.

2. Access Position component for inspection. Reposition as needed throughout
inspection.

3. Search Visually scan component to check cleaning adequacy. (Note: this check is

typically performed at a number of pointsin the preparation and inspection
process.) Carefully scan component using a good strategy. Stop search if an
indication is found.

4. Decision Compare indication to standards for crack. Use re-bleed processto differentiate
cracks from other features. Confirm with white light and magnifying loupe.

5. Response If cleaning is below standard, then return to cleaning. If indication confirmed,
then mark extent on component. Complete paperwork procedures and remove
component from booth.

Table 3. Generic Function, Outcome, and Error Analysisof Test I nspection
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Function Outcome Logical Errors
Initiate I nspection system functional, 1.1 Incorrect equipment
correctly calibrated and capable. | 1.2 Non-working equipment
1.3 Incorrect calibration
1.4 Incorrect or inadequate system knowledge
Access Item (or process) presented to 2.1 Wrong item presented
Inspection system 2.2 Item mis-presented
2.3 Item damaged by presentation
Search Individuals of all possible non- 3.1 Indication missed
conformities detected, located 3.2 Falseindication detected
3.3 Indication mis-located
3.4. Indication forgotten before decision
Decision All individuals located by Search, | 4.1 Indication incorrectly measured/confirmed
correctly measured and 4.2 Indication incorrectly classified
classified, correct outcome o
decision reacted 4.3 Wrong outcome decision
4.4 Indication not processed
Response Action specified by outcome 5.1 Non-conforming action taken on
5.2 Conforming action taken on non-
conforming item

For most of the functions, operation at all levelsispossible. Presenting an item for inspection is an almost purely
mechanical function, so that only skill-based behavior is appropriate. The response function is also typically skill-
based, unless complex diagnosis of the defect is required beyond mere detection and reporting.

3.1.2.1 Critical Functions: search and decision

The functions of search and decision are the most error-prone in general, although for much of NDI, setup can cause its

own unique errors. Search and decision have been the subjects of considerable mathematical modeling in the human
factors community, with direct relevance to FPI in particular.

In FPI, visual inspection and X-ray inspection, the inspector must move his’her eyes around the item to be inspected to

ensure that any defect will eventually appear within an area around the line of sight in which it is possible to have
detection. This area, called the visual lobe, varies in size depending upon target and background characteristics,
illumination and the individual inspector’s peripheral visual acuity. As successive fixations of the visual lobe on
different points occur at about three per second, it is possible to determine how many fixations are required for complete
coverage of the area to be searched.
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Eye movement studies of inspectors show that they do not follow a simple pattern in searching an object. Some tasks
have very random appearing search patterns (e.g., circuit boards), whereas others show some systematic search

components in addition to this random pattern (e.g., knitwear). However, al who have studied eye movements agree
that performance, measured by the probability of detecting an imperfection in agiven time, is predictable assuming a
random search model. The equation relating probability () of detection of an imperfection in atime (t) to that timeis

where is the mean search time. Further, it can be shown that this mean search time can be expressed
as

where
= average time for one fixation
A = area of object searched

a =areaof thevisual lobe
p = probability that an imperfection will be detected if it isfixated. (This depends on how thelobe (a) is
defined. It is often defined such that p =% Thisis an areawith a 50% chance of detecting an imperfection.

n  =number of imperfections on the object.

From these equations we can deduce that there is speed/accuracy tradeoff (SATO) in visual search, so that if insufficient
timeis spent in search, defects may be missed. We can also determine what factors affect search performance, and
modify them accordingly. Thusthe areato be searched isadirect driver of mean search time. Anything we can do to
reduce this area, e.g. by instructions about which parts of an object not to search, will help performance. Visual lobe
area needs to be maximized to reduce mean search time, or alternatively to increase detection for a given search time.
Visual lobe size can be increased by enhancing target background contrast (e.g. using the correct developer in FPI) and
by decreasing background clutter (e.g. by more careful cleaning before FPI). It can also be increased by choosing
operators with higher peripheral visual acuity18 and by training operators specifically in visual search or lobe size
improvement.19 Research has shown that there islittle to be gained by reducing the time for each fixation, , asit is not
avalid selection criterion, and cannot easily be trained.

The eguation given for search performance assumed random search, which is always less efficient than systematic
search. Human search strategy has proven to be quite difficult to train, but recently Wang, Lin and Drury (1997)20

showed that people can be trained to perform more systematic visua search. Also, Gramopadhye, Prabhu and Sharit
(1997)21 showed that particular forms of feedback can make search more systematic.

Decision-making is the second key function in inspection. An inspection decision can have four outcomes, as shownin
Table 4. These outcomes have associated probabilities, for example the probability of detection is the fraction of all

nonconforming items which are rejected by the inspector shown asin Table 4.

Table4. AttributesInspection Outcomes and Probabilities

‘ True State of Item

Decision of | nspector Conforming Nonconforming

Accept Correct accept, Miss, (1-)

Reject Faseaam, (1-) Hit,
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Just as the four outcomes of a decision-making inspection can have probabilities associated with them, they can have
costs and rewards also: costs for errors and rewards for correct decisions. Table 5 shows a general cost and reward
structure, usually called a* payoff matrix,” in which rewards are positive and costs negative. A rational economic
maximizer would multiply the probabilities of Table 4 by the corresponding payoffsin Table 5 and sum them over the
four outcomes to obtain the expected payoff. He or she would then adjust those factors under his or her control.
Basically, SDT statesthat and vary in two ways. First, if the inspector and task are kept constant, then as increases,
decreases, with the balance between and together by changing the discriminability for the inspector between acceptable
and rejectable objects. and can be changed by the inspector. The most often tested set of assumptions comes from a
body of knowledge known as the theory of signal detection, or SDT (McNichol, 1972).22 This theory has been used for
numerous studies of inspection, for example, sheet glass, electrical components, and ceramic gasigniters, and has been
found to be a useful way of measuring and predicting performance. It can be used in arather general nonparametric
form (preferable) but is often seen in a more restrictive parametric form in earlier papers (Drury and Addison, 1963).23
McNichol22 is agood source for details of both forms.

Table5. Payoff Matrix for Attributes | nspection

True State of Item

Decision of I nspector Conforming Nonconforming
Accept A b

The objective in improving decision making isto reduce decision errors. There can arise directly from forgetting
imperfections or standards in complex inspection tasks or indirectly from making an incorrect judgement about an
imperfection’s severity with respect to astandard. Ideally, the search process should be designed so as to improve the
conspicuity of rejectable imperfections (nonconformities) only, but often the measures taken to improve conspicuity
apply equally to nonrejectable imperfections. Reducing decision errors usually reduces to improving the
discriminability between imperfection and a standard.

Decision performance can be improved by providing job aids and training which increase the size of the apparent
difference between the imperfections and the standard (i.e. increasing discriminability). One exampleisthe provision of
limit standards well-integrated into the inspector’ s view of the item inspected. Limit standards change the decision-
making task from one of absolute judgement to the more accurate one of comparative judgement. Harris and Chaney
(1969)15 showed that limit standards for solder joints gave a 100% performance improvement in inspector consistency
for near-borderline cases. One area of human decision-making which has received much attention is the vigilance
phenomenon. It has been known for half a century that as time on task increases, then the probability of detecting
perceptually-difficult events decreases. This has been called the vigilance decrement and is a robust phenomenon to
demonstrate in the laboratory. Detection performance decreases rapidly over the first 20-30 minutes of a vigilance task,
and remains at alower level astime or task increases. Note that there is not a period of good performance followed by a
sudden drop: performance gradually worsens until it reaches a steady low level. Vigilance decrements are worse for
rare events, for difficult detection tasks, when no feedback of performanceis given, and where the personisin social
isolation. All of these factors are present to some extent in FPI, so that prolonged vigilance is potentially important here.
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A difficulty arises when this body of knowledge is applied to inspection tasks in practice. Thereis no guarantee that
vigilance tasks are good models of inspection tasks, so that the validity of drawing conclusions about vigilance
decrements in inspection must be empirically tested. Unfortunately, the evidence for inspection decrementsis largely
negative. A few studies (e.g. for chicken carcass inspection)24 report positive results but most (e.g. eddy current NDI)

25,26 find no vigilance decrement.

It should be noted that inspection is not merely the decision function. The use of models such as signal detection theory
to apply to the whole inspection process is misleading in that it ignores the search function. For example, if the search
is poor, then many defects will not be located. At the overall level of the inspection task, this means that PoD decreases,

but this decrease has nothing to do with setting the wrong decision criteria. Even such devices as ROC curves should

only be applied to the decision function of inspection, not to the overall process unless search failure can be ruled out on
logical grounds.

3.1.3 NDI/Human Factors Links

As noted earlier, human factors has been considered for some timein NDI reliability. This often takes the form of

measures of inter-inspector variability (e.g. Herr and Marsh, 19782), or discussion of personnel training and
certification.28 There have been more systematic applications, such as Lock and Strutt’s (1990)29 classic study from a
human reliability perspective, or theinitial work on the FAA/Office of Aviation Medicine (AAM) Aviation
Maintenance and I nspection Research Program project reported by Drury, Prabhu and Gramopadhye (1990).19 A
logical task breakdown of NDI was used by Webster (1988)30 to apply human factors data such as vigilance research to

NDI reliability. He was able to derive errors at each stage of the process of ultrasonic inspection and thus propose some
control strategies.

A more recent example from visual inspection is the Sandia National Laboratories (SNL/AANC) experiment on defect
detection on their B-737 test bed.31 The study used twelve experienced inspectors from major airlines, who were given
the task of visually inspecting ten different areas. Nine areas were on AANC’ s Boeing 737 test bed and one was on the
set of simulated fuselage panels containing cracks which had been used for the earlier eddy-current study.25

In afinal example an analysis was made of inspection errors into search and decision errors (Table 6), using atechnique
first applied to turbine engine bearing inspection in a manufacturing plant.32 This analysis enables us to attribute errors
to either a search failure (inspector never saw the indication) or decision failure (inspector saw the indication but came
to the wrong decision). With such an analysis, a choice of interventions can be made between measures to improve
search or (usually different) measures to improve decision. Such an analysis was applied to the eleven inspectors for
whom usabl e tapes were available from the cracked fuselage panel s inspection task.

Table6. Observed NDI Errorsfrom Classified by their Function and Cause

Function Error Type Acetiology/Causes Miss False
Alarm
3. Search 3.1 Motor failure 1. Not clamping straight edge X X
in probe 2. Mis-clamping straight edge X
movement
3.  Speed/accuracy tradeoff X

3.2 Fail tosearchsub- | 1. Stopped, then restarted at wrong
area point

x
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3.3 Fail to observe 1. Distracted by outside event X
display 2. Distracted by own secondary task X
3.4 Fail to perceive 1. Low-amplitude signal X
signd
4.Decision |4.1Fail torecheck |1 Doesnotgo back far enoughin
area cluster, missing first defect
4.2 Fail to 1. Marksnonsignals as questionable X
interpret  signal | 2. Notes signals but interpretsit as X
correctly noise
X
3. Misclassifiessigna X
5. Response 5.2 Mark wrong rivet |1. Marks between 2 fasteners X

The results of thisanalysis are shown in Table 7. Note the relatively consistent, although poor, search performance of
the inspectors on these relatively small cracks. In contrast, note the wide variability in decision performance shown in
the final two columns. Some inspectors (e.g. B) made many misses and few false alarms. Others (e.g. F) made few or
no misses but many or even all false darms. Two inspectors made perfect decisions (E and G). These results suggest
that the search skills of all inspectors need improvement, whereas specific individual inspectors need specific training to
improve the two decision measures.

Table7. Search and Decision Failure Probabilitieson Simulated Fuselage Panel | nspection
(derived from Spencer, Drury and Schurman, 1996).31
I nspector Probability of Search Probability of Decision Probability of Decision
Failure Failure (miss) Failure (false alarm)
A 0.31 0.27 0.14
B 0.51 0.66 0.11
C 0.47 0.31 0.26
D 0.44 0.07 0.42
E 0.52 0.00 0.00
F 0.40 0.00 1.00
G 0.47 0.00 0.00
H 0.66 0.03 0.84
I 0.64 0.23 0.80
J 0.64 0.07 0.17
K 0.64 0.17 0.22
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With linkages between NDI reliability and human factors such as these given above, it is now possible to derive amore
detailed methodology for this project.

41 RESEARCHOBJECTVES

1. Review theliterature on (a) NDI reliability and (b) human factors in inspection.

2. Apply human factors principles to the NDI of engine inspection, so asto derive a set of recommendations for
human factors good practices.

51 METHODOLOGY

The methodology developed was centered around the issues presented in the previous section. From our knowledge of
FPI and human factors engineering, important sources of error could be predicted, and control mechanisms devel oped
for these errors. Data on specific error possibilities, and on current control mechanisms was collected initialy in site
visits. Each visit was used to further develop amodel linking errors to interventions, a process that eventually produced
a series of human factors good practices.

5.1.1 Site Visits

The author, with many colleagues from the FAA’ s Engine and Propeller Directorate and the NDI community, was
actively involved in the NTSB investigation of the Delta Airlines Pensacola accident. During thistime we had the
opportunity to visit anumber of engine repair facilities to analyze their FPI systems. Thiswork has been continued by
the Engine and Propeller Directorate, culminating in a 1998 Technical Review.33 From these investigations have come
listings of salient problems which could affect FPI reliability under field conditions. These observations at different
sites show awide variability in the accomplishment of inspection of critical rotating components. In particular, note
was made of potential for error in the various stages of fluorescent penetrant inspection (FPI). Cleaning, plastic shot
blasting, drying, penetrant application and surface removal, developer application and handling during inspection were
all called out for investigation. The close relationship between technical factors affecting probability of detection (e.g.
crack still contains oils) and human factors (e.g. lack of process knowledge by cleaners) was noted. The challenge now
was to respond to these concernsin alogical and practical manner. The generic function description of inspection (Table
3) and thelist of process steps of FPI from the NDE Capabilities Handbook were used to structure the methodol ogy.

Visits were made to five engine FPI operations, four at air carriers' facilities and one owned by an engine manufacturer.
At each site the author, accompanied by FAA NDI specialists, was given an overview of the cleaning and FPI processes,
usually by amanager. At thistime we briefed the facility personnel on the purpose of our visit, i.e. to better understand
human factorsin FPI of rotating engine components rather than to inspect the facility for regulatory compliance. We
emphasized that engine FPl was usually awell-controlled process, so that we would be looking for improvements aimed
at reducing error potential even further through application of human factors principles.

Following the management overview, the author spent one or two shifts working with personnel in each process. In this
way he could observe what was being done and ask why. Notes were made and, where appropriate, photographs taken
to record the findings. A particular area of concentration was the reading booth, as thisis where active failures can
occur (missed indications, false alarms). Usually some rotating titanium components were being processed so that all
process stages could be observed while they were performing the most relevant tasks to this study.

Towards the end of the visit the author and FAA colleagues discussed their preliminary datawith FPI personnel,
typically managers, supervisors and inspectors. Any areas where we could see that a human factors principle could
improve their current system were discussed, so that they could take immediate advantage of any relevant findings.
Again, the separation of this project from regulatory compliance was emphasized.
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5.1.2 Hierarchical Task Analysis

After each visit, the function analysis of Table 2 was progressively refined to produce a detailed task description of the
FPI process. Because each function and process is composed of tasks, which are in turn composed of subtasks, a more
useful representation of the task description was needed. A method that has become standard in human factors,
Hierarchical Task Analysis (HTA) was used.34,35 In HTA, each function and task is broken down into sub-tasks using
the technique of progressive redescription. At each breakdown point there is a plan, showing the decision rules for
performing the sub-tasks. Often the planisasimplelist (Do 3.1 to 3.5in order”) but at times there are choices and
branches. Figure 2 shows the highest level breakdown for FPI, while Figure 3 shows one major process (reading).

Plan 1.0
Do1.1-14in
1.0 CtEQL_‘/ order
I I | |
1.1 5ET UP 1.2 GET PART 1.3 CLEAN 14 COMPLETE
FART FART
1.1.1 Determine 1.2.1 Choose 1.2.1 Follow 141 Maove part
basis for next order Cleaning to shipper
standards tank specs
1.1.2 Monitor 1272 Read 1.2.2 Hand 1.4.2 Secure
process documentation clean part part for
parameters Moy ement
1.2.3 Check 1.2.3 Check 143 Complete
for special for signs documentation
conditions of poor
Cleaning
1.24 Locate 1.24 Final 144 Mark
Process specs rnse and shipper for
dry transport
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|Figure3. One Major Process (Reading) of the FPI |

Each processin FPI is described by Hierarchical Task Anaysis (HTA) in Appendix 1. However, the lowest level of
redescription is shown in atable accompanying each HTA figure. Each table, for example, that for “3.0 Apply
Penetrant” in Table 8, gives the detailed steps and also asks the questions a human factor engineer would need to answer
to ensure that human factors principles had been applied. Note that for the specific task of Apply Penetrant, there are
alternative processes using water soluble and post-emulsified penetrant, although only the latter is specified for critical
rotating partsin engines.

Finally, for each processin Appendix 1 thereisalist of the errors or process variances which must be controlled. Each

error isone logically possible given the process characteristics. It can also represent a process variance that must be
controlled for reliable inspection performance.

This human factors analysis was used to structure each successive site visit so that more detailed observations could be
made.

To derive human factors good practices, two parallel approaches were taken. First, direct observation of the sites
revealed good practices developed by site management and inspectors. For example, at one site new documentation had
been introduced to assist in FPI reading. Components were photographed and labeled on digital images in the document
to ensure a consistent nomenclature. At another site, a special holder had been developed for —217 hubs (the component
which failed in the Pensacola accident). This holder allowed free part rotation about an inclined axis, which made
inspection reading simpler and hel ped reduce liquid accumulation in pockets during processing.

The second set of good practices came from the HTA analysis. Asan overal logic, the two possible outcome errors

(active failures) were logically related to their antecedents (latent failures). A point that showed a human link from
latent to active failures was analyzed using the HTA to derive an appropriate control strategy (good practice). For
example, indications can be missed (active failure) because the eye is not fully adapted to the reading booth
illumination. Two causes of thisincomplete adaptation were that inspectors underestimate the required adaptation time
and overestimate the elapsed time since they were exposed to white light (latent failures). A countdown timer with a
fixed interval will prevent both of these effects, thus eliminating these particular latent failures. (Note: inspectors do not
have to beidle during this elapsed time—they can perform any tasks which do not expose them to higher luminance
levels.)

Two representations of human factors good practice were produced. First, alist of 86 specific good practicesis given,
classified by process step (Cleaning, Loading, ....., Reading). Second, a more generic list of major issues was produced
to give knowledge-based guidance to FPI designer and managers. Here, issues were classified by major intervention
strategy (workplace design, lighting, training, etc.) under the broad structure of amodel of human factors in inspection.
For both representations, the good practices are tied back directly to the active failures they were designed to prevent
again to help users understand why an action can reduce errors.

Finally, there are a number of latent failures that will require some additional research to produce direct interventions.
These are listed, again with error-based rationales, to give guidance to industry and government research aimed at
reducing errors still further.

Table8. Detailed Level of HTA for 3.0 Apply Penetrant

TD TA
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3.1 Set-up 3.1.1 Monitor penetrant type, Are measur ements conveniently available.
consistency (for electrostatic spray) or | Are measurement instruments well
concentration, chemistry, temperature, | human-engineered?
level (for tank) . .

Do recording systemsrequire
guantitative reading or pass/fail?

3.2 Apply

3.2.1 Electrostatic spray

3.2.2 Tank

3.2.3 Spot

3.2.1.1 Choose correct spray gun,
water washable or post-emulsifiable
penetrants available.

3.2.1.2 Apply penetrant to all surfaces.

3.2.2.1 Choose correct tank, water
washable or post-emulsifiable
penetrants available.

3.2.2.2 Placein tank for correct time,
agitating/turning as needed.

3.2.2.3 Remove from tank to allow to
drain for specified time.

3.2.3.1 Choose correct penetrant,
water washable or post-emulsifiable
penetrants available.

3.2.3.2 Apply to specified areaswith
brush or spray can.

Are spray gunsclearly differentiable?
Can feeds be cross-connected?

Can sprayer reach all surfaces?

Aretanksclearly labeled?

Ishandling system touse

for part placement?

Does operator know when to agitate/
turn?

Doescarrier interface with application?

Isdrain area available?

Are spot containersclearly
differentiable?

Does operator know which areasto
apply penetrant to?

Can operator reach all areaswith
spray can/brush?

Ishandling systems well human-
engineered at all transfer stages?

3.3 Check Coverage

3.3.1 Visually check that penetrant
coversall surfaces, including holes.

3.3.2 Returnto 3.2if not complete
cover age.

Can operator see penetrant coverage?

IsUV light/white light ratio
appropriate?

Can operator seeall of part?

Can handling system back up tore-
application?




3.4.2 Allow penetrant to remain on L -
part for specified time. How isit displayed
Areproduction pressuresinterfering

with dwell time?

Istimer conveniently available, or
error-proof computer control?

Errors/Variancesfor 3.0 Apply
Penetrant

Process measur ements not taken.
Pr ocess measur ements wrong.
Wrong penetrant applied.
Wrong timein penetrant.

I nsufficient penetrant cover age.
Penetrant applied to wrong spots.
No check on penetrant coverage.
Dwell time limits not met.

6.1 RESULTS

Across the whole study, the primary observation was that FPI is underestimated as a source of errorsin inspection. The

processes observed were usually well-controlled based on written standards, and were clearly capable of finding the
larger cracks regularly seen in casings. However, there were still potential errorslatent in all of the functions of FPI.
Evenin arather traditional process, assumed to be well-understood, errors can still arise, particularly for cracks close to
the limitsindicated by PoD curves. A number of the facilities had made considerable investment in new equipment and
procedures, but the full benefit of these investments can only be realized if the human factors of the process are
accounted for. Note that “human factors” is not confined to better training and improved assertiveness by inspectors,
although these aspects can be beneficial. Here we use “human factors’ to cover all human/system interactions, from
physical ergonomics, though environmental effects of lighting and design of equipment for ease of cognitive control,
through to improved interpersonal communications.

From our HTA’s exhaustive listing of task elements and issues, we can assemble the root causes of detection failure, the
primary error we are trying to prevent. Figure 4 shows a fault true analysis with the head event of “defect not reported.”
Similar fault trees can be conducted with “false alarms” or “delays’ as head events, but the results are similar enough
that only Figure 4 is presented here to illustrate the logic as failure to detect defectsis the primary failure event
impacting public safety. Logically, “ Defect not reported” can arise because either the defect was not detected, or was
detected but not reported. At the next level, these events are further broken down to reveal the underlying root causes or
latent failures. Note that at the lowest level there are a number of reoccurring factors, such as training, as well as very
specific causal factors, such as poor dark adaptation. This means that interventions to improve the error exposure by
utilizing human factors principles will need to be at two levels: the more general and the very specific.

As noted under methodology, these two sets of interventions comprise the main findings of this study. A further set of
findings concerns latent failures where there is no obvious current intervention, and hence research isrequired. This
research is not necessarily oriented towards human factors, but the need was shown by the human factors analysis. The
following three sections provide the resultsin detail.
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Figure4. Fault treerelating latent failuresto head event (active failure) of “ Defects not
detected”

6.1.1 Detailed Human Factors Good Practices



The direct presentation of human factors good practices is found in Appendix 2. Itisgiven as Appendix 2 becauseit is
so lengthy, with 86 entries. It is organized process-by-process following the HTA in Figure 2 and Appendix 1. For
each good practice, there are three columns:

1.  Process. Which of the seven major processesis being addressed? If the practice cuts across processes (e.g.
process logging), it appearsin a section “Process Control.”

2. Good Practice: What isarecommended good practice within each process? Each good practice uses prescriptive
data where appropriate, e.g. for bench height. Good practices are written for practicing engineers and managers, rather
than as abasis for constructing legally-enforceable rules and standards.

3. Why? Thelogical link between each good practice and the errorsit can help prevent. Without the “why” column,
managers and engineers would be asked to develop their own rationales for each good practice. The addition of this
column helps to train users in applying human factors concepts, and also provides help in justifying any additional
resources.

There is no efficient way of summarizing the 86 detailed good practicesin Appendix 2: the reader can only appreciate
them by reading them. It isrecommended that one process, e.g. Reading, is selected first and examined in detail. The
good practices should then be checked in turn with each inspector performing the job to find out whether they are
actually met. Again, the question is not whether a practice is included in the operating procedures, but whether it is
followed for all critical rotating parts by all inspectors. The good practicesin Appendix 2 can even be separated and
used asindividual check items. These can then be sorted, for example, into those which are currently fully implemented,
those which can be undertaken immediately, and those which will take longer to implement.

6.1.2 Broad Human Factors Control Mechanisms

Some issues and their resulting good practices are not simple prescriptions for action, but are pervasive throughout the
FPI system. For example, “Training” appears many times in Figure 4, but good human factors practice clearly goes
beyond the prescription for a certain number of hours of classroom instruction plus an additional number of hours of on-
the-job training. Human factors good practice in training considers the knowledge and skills to be imparted for the
many different tasks of FPI. The specific needs for error free completion of “Apply Penetrant” will necessarily be quite
different from those of “Read Component.”

In this section we consider four control mechanisms which impact human factors causes of error in FPI. We present
those concerned with (1) individual abilities (training, selection, turnover), (2) hardware design, (3) software design (job
aids, environment design) and (4) the managerial environment. Note that this report does not go into depth on the
background of each control mechanism, as background material isreadily available on each. The Human Factors Guide

for Aviation Maintenance 3.036 is one readily accessible source of more information. Thisis available at the HFAMI
web site: www.hfskyway.com or on the annual Human Factors in Aviation Maintenance and Inspection CD-ROM,
available from FAA/AAM. An additional more general sourceisthe ATA Spec 113 Human Factors Programs,37
available on the ATA’ sweb site: www.air-transport.org

6.1.2.1 Operator Selection, Training and Turnover
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Most engine FPI inspectors are highly experienced individuals. The job is a steady one, with predictable tasks, and
generally confined to one or two shift operations. Thus, it becomes a desirable posting and attracts high-seniority
inspectors. Among this group, turnover isusualy relatively low, giving a stable workforce that have had time to
understand and trust each other’s abilities. Selection is often not an issue at major air carriers, as seniority among
qualified applicants often determines who is selected. At regional carriers and repair stations selection istypically less
restricted. Individual visual capabilities are rarely assessed beyond “eyesight” which is typically a measure of visual
acuity at the central portion of the visual field (foveal acuity), and is only one visual aspect affecting inspection
performance. Foveal acuity has not been shown to be a good predictor of inspection performance: acuity in the outer
areas of the visual field (peripheral acuity) isusually a better predictor.13

In contrast, the cleaning operation is usually separate from FPI, and is often an entry-level operation. Cleaning
personnel do not need an A& P license and so the cleaning processis afirst step into aviation maintenance and
inspection for some recruits. Note that FPI inspectors do not need such alicense either, but they must have other
extensive qualifications such asLevel 2 or Level 3NDI. For others, it isarelatively well-paying job with schedules
convenient for other concerns, such as education or family responsibilities. Turnover istypically much higher thanin
FPI.

Specia programs are needed to ensure that entry-level cleaners obtain the background knowledge needed to operate
intelligently. Such training programs are not general practice throughout the industry, although the ATA and FAA are
currently working on training for cleaning personnel. Some organizations have brought cleanersinto closer contact with
their customers, the FPI inspectors, by having them work as helpersin the FPI shop. Others have instituted programs

of “internships’ with brief periodsin other areas of the engine facility designed to promote understanding of why rules
and procedures are important. Thisisauseful and necessary complement to their training in the rules themselves, and
represents a good practice from a human factors' viewpoint.

In cleaning, there is also the issue of management turnover. There was wide variation across facilities, and even across
shifts, in the job tenure of cleaning managers and supervisors. In some facilities, the supervisory and managerial
positions were seen as training and proving grounds for upwardly-mobile personnel, whereas in others the same
manager had been in place for many years. Experience isimportant in providing both technical and human leadership,
so that if high turnover among supervisory and management of cleaning is normal, well-developed training and
mentoring programs are needed to bring new hires up to an effective level rapidly. Many of the potential errorsthat are
found in cleaning areas would have been visible to more experienced managements, and hence eliminated before we
found them.

The training needs for inspection personnel are more complex than for cleaners. From Figure 4, training needs arise at
many points in the process. For each process step before Reading, the training needs are basically procedural, to ensure
that metal-to-metal contact is avoided, that components are completely covered by penetrant, etc. But the Reading
function is the essence of FPI, and requires training programs derived from knowledge of human factors in inspection.
There are specific ways of training search and decision functions. These are rarely adequate in the mandated
combination of classroom and on-the-job training (OJT) followed by most facilities. For example, most inspectors had
devised different search procedures for different components. When asked how they had arrived at these procedures,
some said they had copied an older inspector while others had devised their own. Thiswould not matter if search
procedures were all equally effective, but they are not. We observed areas of incomplete coverage, e.g. of dovetails, as
well as areas missed after an interruption such as application of developer or confirming an indication with white light.
Effective search for aircraft inspection can be taught, e.g. Gramopadhye, Drury and Sharit (1997),21 and needsto be

taught in FPI.
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One area of more difficulty isin the training of expectations. Inspectors need to know, and actively seek, information
on where cracks or other defects are most likely on components. Thus, over time, they build up an expectation of what
type of indications arise in which locations on components. Weld cracks are one specific example. A more general rule
isthat cracks will occur in areas of high stress concentration, such as abrupt shape changes or radii. These expectations
help inspectors to formulate efficient search strategies by starting search where cracks are most likely. These
expectations are reinforced when cracks are found. If acrack israre on acomponent, other inspectors will be called in
to see theindication, leading to shared expectations and contributing to training. Any means of sharing data, such as
photographs or messages from other facilities or OEMs will make the expectation more realistic. This process should be
seen as part of a continuous feedback or continuous training system and be used as a good practice for al inspectors no
matter how experienced.

Expectations can, however, mislead inspectors. Throughout aviation there is a tendency for inspectors to have
“favorite” defects and locations based on their expectations. If their expectations are perfect, thiswill lead to excellent
performance, but they may not always be perfect. For example, if an inspector spends an inordinate fraction of
inspection time looking where defects are expected, then other areas may be neglected. While inspectors intend to
search all areas of a component, they may have a difficult task in detecting a defect where it is not expected. Thus,
training must continuously reinforce searching with equal diligence where defects are technically possible but not
expected.

6.1.2.2 Hardware Design

For an FPI system, the most obvious human factors hardware principles are to prevent metal-to-metal contact for
rotating parts and to ensure a compatible human-equipment interface.

Preventing metal-to-metal contact isamatter of listing the ways in which critical rotating parts can contact metal objects
and eliminating each one. Many examples are listed in Appendix 2, from covering inspection aids such as UV light

with protective coatings or guards to designing conveyor systems which make contact difficult or impossible. Note that
initial design is not the only critical factor: protective coatings must be maintained; operators must be trained.

Good hardware interface design is covered in detail in human factors and ergonomics handbooks. Two aspects
predominate in FPI: design of controls/displays to reduce errors and design of workstations for operator comfort. It

seems obvious that controls for lighting, conveyor movement and water valves should be within easy reach of the
operator and well labeled. However, even the newest designs we visited showed that the operator was not always the
main consideration in design. Water valves were at knee height, control panels required walking to the end of the line,
timers could only be set from outside the spray booth, and so on. Labeling ranged from nonexistent (a bank of six
electrical switches with no labels; water baths that were not labeled as they did not contain hazardous materials) through
inadequately labeled (spray guns with approved hazardous materials stickers, but with the name of the substance
handwritten on the label) to excellent (clear up and down arrows on a hoist).

In addition, controls should move in the natural direction, i.e. in the same sense as the controlled object. Switches
should go down to lower a component into a liquid tank; room brightness controls should turn clockwise to increase
light level and so on. Again, we found some installations that did not follow human popul ation stereotypes. Poor
placement, labeling and design of controls will increase human error rate, leading to mis-reading of dials or movement
of components backwards instead of forward. They can also cause operators to take short cuts, such as not switching on
the UV lighting because it is awalk to the control panel, or just glancing at a knee-high pressure gauge and recording
“pass’ in the log book. Such errors are small, but we are now at the point where we need to eliminate them to make
progress on process reliability.


http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=namedpopup&iid=607cc687.1bc10c5d.0.0&nid=2260
http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=jump&iid=607cc687.1bc10c5d.0.0&nid=53a0#JD_PH9GPAppendix2
http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=namedpopup&iid=607cc687.1bc10c5d.0.0&nid=2100

Finally, good ergonomics isimportant to task performance, even inspection. Most sites visited already had comfortable
and adjustable chairs for inspectors. Some sites negated their value because the component hanger did not allow ease of
raising, lowering and rotating so that the inspector could not sit down to perform the task. Note that comfortable posture
improves inspection performance and does not, as some think, make the inspector less vigilant.38 (Some ergonomic
fixes are obvious: at one site, the inspection table was at normal desk height (about 1.0m), but so much material was
stored under the bench that the knees of a seated inspector could not fit under it. The inspector in fact ignored the chair
and performed the whole inspection bending over the component on the bench—a most uncomfortable and unsafe
posture, and a posture that will increase the error rate of inspection. As with the design of controls and displays, the
required good practices have been in ergonomics textbooks for many years. It istime to use them consistently in FPI.
Also under the heading of good ergonomics comes the design of the part support hardware. This may be afixture
hanging from an overhead conveyor or afixture on an inspection bench. In either case, the fixture must allow
convenient repositioning of the part so that all areas are easily visible and accessible during reading. Any fixtures used
should also allow water and other liquids to drain completely and not pool on the part.

6.1.2.3 Software and Job
Aids

“Software” can literally refer to computer programs, or to paper-copy procedures and documents which control the FPI
process. They are both aform of job aid, although that term is usually reserved for separate tools and assistive devices.

Procedures were usually designed and presented as work control cards, known variously as workcards, shop travelers or
routing sheets. They were primarily work control devices concerned with ensuring that components were correctly
identified and routed through the processes. Thus, they contained component number and serial number, a sequential
list of processing departments (Cleaning, FPI, etc.), and a space for signing off each activity. Similar systemswerein
place for computer-based control, although most sites retained the paper system alongside the computer system.

Any detail on how to perform the procedures was contained in a manual in the cleaning and FPI departments. Thiswas
always available for FAA inspection, and the training program usually ensured that it had been read by trainees. There
was no evidence at most sites that this documentation played any part in the day-to-day activities of experienced
inspectors. In fact, at most sites the inspector’ s role was to locate and mark indications, while the decisions about each
indication were made remotely by engineers or managers. Thus, much of the detail in the manuals concerning the
critical sizes of rejectable indications would be of no interest to inspectors.

This reliance on the high level instructions on the routing sheet (e.g. “FPI per process XX X”) meant that al knowledge
about what to inspect for, where to concentrate search and what defects had been found previously was retained only in
the memory of theindividual inspector. A better way isto actively capture the knowledge from all sources to produce a
documentation aid that is of real value during the inspection process. One site had developed workcards (computer-
based) with photographs of each part labeled to show specific features. Unfortunately, the written information hardly
varied from document to document, and so was not of great use of inspectors. In fact, at no time did we observe an
inspector actually consulting these excellent job aids.

A solution isto ensure that wisdom from all inspectors and external sourcesis captured and used in the documentation.
If each inspector can contribute their own “pet defects,” and this data can be combined with OEM and industry
information, the documents can become living and evolving job aids. They should be the first place an inspector turns
to when in the reading booth, just as workcards for heavy checksin airframe inspection (C-checks, D-checks) are used
routinely as part of the task. The aim should be to support the inspectors with job aids they will want to use.

Any sharing of information by inspectors can be useful, and is already a part of the communications environment
common throughout NDI. Detecting rare, small cracksis not easy and any help from internal and external sources can

be expected to improve detection performance.
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6.1.2.4 Interpersonal System Design

Rel ationships between the various people and groups within engine maintenance and inspection can have alarge impact
on defect detection performance. Asseen in Figure 4, even if an indication has been located and detected, it may not

always be reported. The good practices are considered which impact on FPI reliability: management pressures, shift
work/overtime, and cleaning/FPI relationships.

At many of the sites, the FPI inspectors were not the final decision authority for indications. As noted earlier, their role
was to locate and mark indications which were later interpreted by engineers or others in the engine repair system.
These decisions were made under white light with a magnifying loupe (usually) using the manual as a source of
standards for rejection. Sometimes the FPI inspectors were involved with this decision, but often they were not.

I nspectors questioned not being kept informed, and suspected pressures not to reject components. Whether or not such
pressure in fact exists, the relationship between the FPI inspectors and their down-stream colleagues needs improvement
at some sites. Open communication and 100% outcome feedback would do much to prevent frictions arising.

In arather similar way, the FPI inspectors are the downstream judges of the quality of cleaning. Appendix 2 listsa
number of good practices centered around relationships between cleaning and FPI. Joint training is one good practice:
an equitable mechanism for returning components for re-cleaning is another. Again, any feedback to the cleaners
should be 100% and not just the return of poorly-cleaned items. It would help communicationsif both FPI and cleaning
reported to the same manager, so that any problems between the departments could be dealt with locally and rapidly. At
many sites, this was not the case, forcing inspection management to either go far up the command chain or devise
informal return procedures. FPI cannot function without effective cleaning, so that both departments need to ensure that
their missions are indeed closely aligned.

One area of human factors concern that has often been successfully addressed is the issue of overtime/shift work. Most
engine FPI shops visited work only one or two shifts so that the problems of vigilance caused by diurnal rhythms of
inspectors would not be as likely to affect performance as they are for airframe inspectors who at times have to work
multiple shifts back-to-back. But back-to-back shifts are not uncommon in facilities where overtime is adesirable
privilege for extra payment. In such facilities, excessive working hours need to be discouraged to avoid vigilance
decrements arising from cumulative fatigue. This could be a particular problem for engine FPI as the variety of
inspection environment and product is much less than would be found for airframe inspection.

At the sites visited, shift turnover did not appear to be a problem as each shift tried to ensure that there were no partially-
inspected components at shift change. There could be a hidden shift turnover problem where the inspector on one shift
sends a part back for cleaning, which is done on the following shift. In such acase, the original inspector is not
availableto clarify the cleaning problems with the new shift’s cleaning personnel, leading to possible cleaning errors.

At one site, however, alarge difference was noted in ambient lighting between shifts. One shift used overhead lights
throughout the FPI process while the other did not. Generally, the lower the light level outside of UV-lit areas, the more

rapidly and completely inspectors eyes adapt.

6.1.2.5 Environmental Issues

Both the visual environment and the physical environment are a source of human factors good practices. The first was
mentioned above (dark adaptation) and the second similarly has managerial overtones: visual control.

The human eye adapts rather rapidly to lower luminance levels at first, but the process slows down. For photoptic
(color) vision, about a 10 minute adaptation of the conesin the retinaare required. After 10 minutes, the eyeis about 10
times as sensitive (1 log unit). About half of this adaptation takes place in about 3 minutes. The eye can further adapt
using the rods in the retina, a process taking a further 25 minutes or so and giving a 100-fold increase in sensitivity. This
second level of adaptation israrely required for FPI.
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Note that adaptation time is the time to recover from any relatively bright white-light exposure. This can come from
opening of the reading booth, use of awhite light for confirming an indication, or even looking at a bright computer
screen. Even a brief white-light exposure will require the same adaptation time. The inspectors we met were convinced
that times such as 3-10 minutes for adaptation did not apply to them, as they only needed about one minute to adapt.
Even then, they over-estimated the time spent in the dark and often started inspecting well before a true one minute had
elapsed.

If an inspector begins FPI reading before areasonable level of dark adaptation has been achieved, the probability of

detection will suffer seriously, particularly for small cracks. Management control is required here, with three potential
solutions:

1. Traininspectorsin the dark adaptation curve. This can easily be demonstrated with avision test in the darkened
booth, where each minute of adaptation will be seen to produce improved detection performance.

2. Provideasimple “adaptation timer” set at an agreed adaptation time, and help inspectorsto use this job aid before
starting inspection. Note that inspectors do not need to be idle during the adaptation time. They can perform any tasks,
such as preparation, which do not expose them to high luminance levels and which do not require detection of small
defects.

3. Provide avision test sheet in the booth so that an inspector can check the dark adaptation after each bright light
exposure. This can be wall mounted at a fixed distance from the inspector’ s working point.

Note that many items fluoresce under UV light in the reading booth, such as clothing, paper or even workcards.
Fluorescence is the transformation of UV energy into energy within the visual spectrum. Thus, anything that fluoresces
brightly in the reading booth is effectively another white light exposure. Management control and training should be
used to minimize these sources of white light and glare that will reduce the visibility of small indications.

Visual control isamanagement principle based on the fact that the simplest way to control itemsisto be ableto see
them easily. In FP, this principle applies to control of unapproved itemsin any part of the process, but particularly in

the reading booth. At some sites the unapproved items were sol vents which had not been approved. In the visual
environment context, they would be shirts that fluoresce. Either case can benefit from visual control, i.e. by reducing
the number of itemsin the reading booth so that inspectors and management can see instantly that only the small
number of approved job aids are present. At various sites we saw reading booths used as storage areas, hence cluttered
with irrelevant (and often unapproved) objects. In others, each booth was “home” to one inspector, and used for meal
breaks and rest breaks. We all have atendency to personalize our “own” workplace, but thisis not agood ideain a
reading booth. Thisis no place for lunch bags, radios, newspapers, etc. Before such practices are eliminated,
management must provide alternate break and rest areas that are equally attractive.

7.1 RESEARCH AND DEVELOPMENT NEEDS

A number of points have arisen in this project where the human factors analysis has revealed control needs which
cannot be addressed directly from current practice. All of them area centered on the function of reading the component.
These are listed here, in no particular order.

7.1.1 Improved Solvent and NAD
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Recently, the solvents used by inspectors for re-bleeding indications have changed in response to environmental
concerns. These concerns must be respected, but the change has introduced alarge error potential into the visual search
process. When an indication is re-tested by swabbing it with solvent, the inspector must wait for the solvent to dry
before confirming the indication. Drying times on the solvent labels are about one minute or more. During visual search,
the inspector must either:

1. Re-bleed the indication and wait for the approved time to elapse before confirming.

2. Re-bleed the indication and continue the search process during the drying time, returning to the indication
for confirmation when the time has elapsed.

In practice, the inspectors tend to confirm the indication before the full time has elapsed, as they do not like to be “idle.”
Or they continue the search and forget either where the indication was or where their new search has reached. Both lead
to potential errors of missed indications. A real danger isthat inspectors will resort to solvent re-bleeding less frequently
than they should because both of the approved procedures are disruptive and error prone. There is an urgent need to
develop solvents that are rapid-acting and environmentally friendly.

The non-aqueous wet developer (NAD) suffers from exactly the same problem of time delay, and hence is subject to the
same errors. Again, amore rapid-acting NAD would be of great benefit in reducing the potential for these errors.

7.1.2 Better Magnifying Loupe

Most inspectors have available 5X or 10X magnifying loupes for visual confirmation of indications. These are not well
controlled and often awkward to use. Thisis particularly so when the inspector must use two hands to do many tasks:
steady the component, hold the light (white or UV) and hold the loupe. An improved loupe would have non-distorting
optics, alarge eye-relief so that the inspector’s eyes do not have to be in a severely restricted position, and if possible,
have hands-free operation. Good loupes are available from the photographic industry where they are used for examining
color dlides or for focusing images on view cameras. They are not a$10 item! Quality is costly, but loupes last for many
years. Many have neck strings, for instant availability. Hands-free operation can be achieved with the flip-down
magnifiers which attach to glasses, as used, for example, by dentists. These are instantly available to the inspector, and
have the incidental advantage of encouraging the permanent wearing of UV -absorbing spectacles.

A short period of testing, rather than a major research program, will yield more usable magnifying loupes.

7.1.3 Better TAM Panel
Validity

The current process testing samples, called Tool Aerospace Material (TAM) panels, consist of metal coupons with
surface cracks of different sizes. These are passed through the process at regular intervals, typically every shift or every
day to ensure that the process as a whole is functioning within specifications. Most TAM panels have five areas of
surface cracks with graded severity levels. Asoneis processed, it isread under fluorescent light in the reading booth
and the number of areas with visible cracks recorded in the process control log. Either a“pass’ is recorded or, better,
the number of areasis recorded.

However, a number of problems were seen having more to do with validity than processlogging. First, these test panels
are notorious for producing positive readings traceable only to residual penetrant in the cracks. It is often possible to
demonstrate that developer alone will show visible readings on a supposedly “clean” panel. Poor cleaning is an obvious
cause, but there islittle confidence among NDI researchers that any practical cleaning will remove all traces of prior
application of penetrant. We can encourage FPI personnel to persist with thorough cleaning procedures, but a better
solution isrequired. One system available uses disposable one-use panels, but any change of panels means that validity
needs to be reestablished, i.e. do “pass’ and “fail” criteria accurately predict system performance on cracks found in
critical rotating engine parts?
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The second issue that needs addressing is also related to panel validity. FPI inspectors admitted that they did not adjust
the FPI process when aTAM panel failed to pass the visual test for cracks. A typical reaction was to re-test the system

with another panel. This means that the inspectors do not trust the TAM panel system enough to believe its outcome.
As a process control technique, it fails to be effective as control actions are not taken based on the outcome.

Either the FPI processis alwaysin control, leading to the correct conclusion to discount the test indication, or the test

itself does not have the trust of the inspectors. We have no recommended good practices in this area at present, but are
raising the issue as one that needs to be addressed.

7.1.4 Job Aids for Search Strategy

In human visual search, a systematic search strategy is always better than arandom strategy in terms of probability of
detection (see 3.1.2.1). Also, a systematic search strategy reduces the probability of forgetting which areas have been
searched. In FPI inspection of rotating components, there is often no obvious start point, so that inspectors mark the
component to show a chosen start point. But as search progresses, inspectors need to have a ssmple visual indicator of
how far around the component they have searched. Thisis particularly true when search isinterrupted, e.g. for re-
bleeding, devel oper application or white-light confirmation of indications. Many inspectors use one hand to steady the
component on its hanger, and use this hand position to indicate which areas have been searched. But they often need to
move this hand to reposition the component on to handle other job aids such as the magnifying loupe.

A simple device or mechanism (e.g. erasable pencil) is needed which can rotate around the component, and stay in place
when released, to indicate how far around each region search has progressed.

7.1.5 Realistic Expectation Control

On rotating titanium components, the probability of a crack isvery small. Most inspectors will never see such acrack in
their working lifetime. From signal detection theory, inspectors will respond to low defect rates by lowering their
expectation, and raising their reporting threshold. Thisis rational behavior, but it means that as cracks become
increasingly rare, they become increasingly difficult to detect. We need a means of reversing this tendency.

One mitigating circumstance is that inspectors do not just inspect rotating titanium components. The other things they
inspect tend to have higher defect rates, thus helping to keep up their defect expectations. But on these other
components, the defects are typically larger than the cracks associated with early stages of rotating titanium component
cracking. Thus, inspectors may get afalse expectation of defect size. If they only find larger indications, this may
reinforce their view that cracks arein fact quite large and easy to detect.

There islittle research on how inspectors’ expectations are formed and changed, either the absol ute expectation level or
the expectation as a function of defect size. Equally, thereis little research on the effect of such expectations on defect
detections and false alarms. Such a program is needed if we are to help inspectors detect rare defects. Note that such a
research program will benefit other inspection systems beyond FPI. As processes improve and defects become rarer, so

inspectors expectations will change on any airframe or engine task.

8.1 CONCLUSIONS

This project has combined findings from NDI reliability and human factors in inspection to produce recommendations
for human factors good practices in fluorescent penetrant inspection. Recent accidents involving undetected cracksin
engine rotating components provide the justification for reliability improvementsin FPI. Site visits to a number of

engine FPI sitesrevealed a generally high standard of operations. They also showed many areas where improvements
could be made by applying the principles of human factors engineering.
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Three sets of recommendations are made in thisreport. Thefirst is aset of 86 specific good practices arising from the
detailed Hierarchical Task Analysis of engine FPI. Thislist can be used as a checklist for actions by inspectors and

managersin FPI. A second list of five more general areas of improvement came from both the HTA and the detailed

notes of the site visits. Finally, a set of five research and devel opment needs was generated to provide solutions to
currently unsolved issues.

The methodology used here can be applied to other aspects of engine and airframe inspection beyond FPI of rotating
engine components.
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11.1 ACRONYMS

AAM FAA’s Office of Aviation
Medicine

AC Advisory Circular
CAA Civil Aviation Authority
CASR Center for Aviation Systems Reliability

CTSB Canadian Transportation Safety

Board

FAA Federal Aviation
Administration

FPI Fluorescent Penetrant Inspection

HTA Hierarchica Task
Anaysis

NAD Non-Aqueous Wet Devel oper

NTSB National Transportation Safety
Board
NDI Nondestructive Inspection

NDE Nondestructive Evaluation
PoD Probability of Detection
ROC Relative Operating Characteristics

SNL/AANC  SandiaNationd
Laboratories


http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=jump&iid=607cc687.1bc10c5d.0.0&nid=2392#JD_humanfactorsguide
http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=jump&iid=607cc687.1bc10c5d.0.0&nid=2392#JD_humanfactorsguide
http://localhost/HFAMI/lpext.dll?f=FifLink&t=document-frame.htm&l=namedpopup&iid=607cc687.1bc10c5d.0.0&nid=1fae

TAM Tool Aerospace
Material

12.1 APPENDIX 1 - Task Description and Task Analysis of Each Process in FPI

The overall processis presented first as atop-level key (same as Figure 2). Next, each of the seven processesis
presented in detail asan HTA diagram. Finally, each processis presented in the most detailed level asaTask Anaysis
table.

Plan 1.0
Do 1.1-14in
1.0 CLEAN order
P— el
I I I I
1.1 SETUF 1.2 GET PART 1.3 CLEAM 1.4 COMFLETE
FART FPARET
1.1.1 Determine 121 Choose 1.3.1 Fallow 141 Move part
hasis for next order cleaning to shipper
standards tank specs
1.1.2 Monitor 1.2.2 Head 1.3.2 Hand 14.2 Secure
Process documentation clean part part far
parameters movement
1.2.3 Check 1.3.3 Check 143 Complete
for special for signs documentation
conditions of poar
cleaning
1.24 Locate 1.3.4 Final 144 Mark
Process Specs rinse and shipper far
dry transport
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Figure Appendix-1

1.0 Cleaning
Task Description Task Analysis
1.1 Set-up 111 Ensureall tanks meet quality | Gauges/dials readable?
standards and regular basis defined in | Process log well laid out and
manual. available?
1.1.2 Monitor levels, temperatures,
pressures, composition
1.2 Get part 121 Choose next order from How well is process schedule defined?
schedule or availability. Does documentation give unique
1.2.2 Read documentation, e.g. definition of best p.I’OCGS.S and any
: acceptable alternatives, if needed?
shop order to find correct process.
1.2.3 Check if specia conditions, e. D?sa?c():counrgﬁ? (t)?]ts',?n have space for
g. returned for marked areasto bere- P '
cleaned. Is part marked visibly?
1.2.4 Locate process specifications | Does operator understand?
tofollow. Are process specs available?
Are process specs used?
1.3 Clean Part Aretimes available for each tank?

1.3.1 Follow process specifications
for sequence and timing of tanks.

1.3.2 Hand clean using specified
tools on specified areas of part.

1.3.3 Continue hand cleaning until
no visible signs of dirt, oil, dust,
scale, coking.

1.3.4 Fina riseand dry.

Aretimesin and out recorded?
Aretanks informatively labeled?

How does operator find dirt, etc.
placesto clean?

How does operator choose tools?
How does operator see signs?
How does operator interpret signs?

Does operator get feedback which
improves performance?

Aretools adequate?




1.4 Complete part 1.4.1 Move part back to shipping

pallet/container Does crane control adequately?

1.4.2 Secure part for movement. I's pallet/container convenient?

1.4.3 Complete documentation on | Are shop order/department log/

Is crane/handling device convenient?

cleaning. computer available?
Are shop order/department log/
computer convenient to use?
144  Mark container for removal

to next process.

Can removal operator see and
interpret signal?

1.0 Errors/Variances
Wrong part cleaned

Wrong process used

Processes not in specification limits

Insufficient cleaning overal

Insufficient cleaning in specified areas

Part mis-matched with documentation.

Plan 2.0
Do21-24in

2.0L0OAD f order
TRANSPORT /
I FF
[
I | : I |
21 5ET URP 2.2 GET PART 2ALOADTO 2.4 MOVE
HAMNDLITMNG BETWWEEN
SYSTEM FPROCESSES
2.1.1 Ensure 221 Choose 2.3.1 Choose 241 Operate
correct carriers next order attachment / handling
available carrier Sy stem
2.1.2 Ensure 222 Locate 2.3 2 Attach
handling and read part to
sy stem wathin documentation handling system
Specs




J}[JLGIII alLrrid A A AL AL ) A IIUIIUIIIIH J}TCIL'EIII
Specs
2.2 .3 Determine 2.3.3 Position
Process steps at first
conditions process
224 Store
docurmentation
Figure Appendix-2
2.0 Load/Transport in FPI
Task Description Task Analysis

available (e.g. hooks for overhead contact, particularly sliding contact.

conveyor, paletsfor roller conveyor) | Carriers must be clean to ensure no

2.1.2 Ensure conveyor/handling contamination of pa_rt, z_;\nd 0 prevent

: I e fluorescence of carrier in reading

system working within specifications.
booth.
Handling system must ensure part is
not dropped or alowed to hit other
object.

2.2 Get part 2.2.1 Choose next order from How are parts scheduled?

schedule or input query.

2.2.2 Locateand read
documentation, e.g. shoporder.

2.2.3 Read documentation to
determine process steps.

2.24 Store part documentation so
that it can be re-united with part at
any time, but especially for reading.

Does operator know?

Is documentation easy to use?

Are process steps specified explicitly?
Are process steps same for all parts?
How are documents stored?

How are parts related to documents?
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23 Loadtohandling 231  Choose attachment/carrier Are carriers clean?
Sy 232  Attach part to handling Do carriers avoid metal to metal
content?
system.
2.3.3 Position at first process. Can carrier prevent process from
reaching part?
Can carrier alow cross-contamination
of processes?
Is handling system well human-
engineered?
2.4 Move between 2.4.1 Operate handling system as Is handling systems well human-
processes appropriate to move between engineered at al transfer stages?
processes.
20 Errorsg/Variances
Handling system allows part damage. Carries unsuitable.
Handling system allows cross-contamination. Documents not available for process/not used.

Handling system not well human engineered (cause of ¥2).  Documents not well-designed.
Errorsin matching parts to documents.




Plan 3.0

3221 Chooze
correcttark

3.2.2.2 Place
part in tark
for correcttime

2223 Bemowe
part from tank

323 Spot

4 application

22321 Choose
correct
penetrant

3232 Apphy
penstrant
mith brush ete.

30 APPLY Do3.1-3.4in
PEMETRAMNT
— order
]
[ |
21 5ETUP 3.2 APPLY 2.3 CHECK 2.4 AL o
FEMETRANT D ELL TIME
C OWERAGE
2.1.1 Manitar 2.2.1 Electro- 2.3 Visualby 2.4 1D etermine
penetrant H staticspray chedi far Apprapriate
parameters cowerage due (1 tirme
3.21.1Choose 332 Ifnot 342 Allaw
carrect spray complete, penetrant to
applicatar return to 32 remain for
Plan 3.2 e Il time
Do 3.2.1 or 3.2.2
or3.3.3 3.2.1.2 Apply
penatrant
to surfaces
222 Tark
H  application

Figure Appendix-3




3.0 Apply Penetrant

Task Description Task Analysis
3.1 Set-up 3.1.1 Monitor penetrant type, Are measurements conveniently
consistency (for electrostatic spray) available.
or concentration, chemistry, Are measurement instruments well
temperature, level (for tank) human-engineered?
Do recording systems require
quantitative reading or pass/fail?
3.2 Apply

3.2.1 Electrostatic
Spray

322 Tank

3.2.3 Spot

3.21.1 Choose correct spray gun,
water washable or post-emulsifiable
penetrants available.

3.21.2 Apply penetrant to all
surfaces.

3.2.2.1 Choose correct tank, water
washable or post-emulsifiable
penetrants available.

3.2.2.2 Placeintank for correct
time, agitating/turning as needed.

3.2.2.3 Removefrom tank to
allow to drain for specified time.

3.23.1 Choose correct penetrant,
water washable or post-emulsifiable
penetrants available.

3.2.3.2 Apply to specified areas
with brush or spray can.

Are spray guns clearly differentiable?
Can feeds be cross-connected?

Can sprayer reach all surfaces?
Aretanks clearly labeled?

Is handling system to
use for part placement?

Does operator know when to agitate/
turn?

Does carrier interface with
application?

Isdrain area available?

Are spot containers clearly
differentiable?

Does operator know which areas to
apply penetrant to?

Can operator reach all areas with
spray can/brush?

Is handling systems well human-
engineered at all transfer stages?

3.3 Check Coverage

3.3.1 Visualy check that penetrant
coversal surfaces, including holes.

3.3.2 Returnto 3.2 if not complete
coverage.

Can operator see penetrant coverage?

IsUV light/white light ratio
appropriate?

Can operator see al of part?

Can handling system back up to re-
application?




3.4 Dwdl Time
part.

part for specified time.

3.4.1 Determinedwdll timefor

3.4.2 Allow penetrant to remain on

Does operator know correct dwell
time?

How isit displayed?

Are production pressures interfering
with dwell time?

Istimer conveniently available, or
error-proof computer control ?

3.0 Errors/Variances

Process measurements not taken.

Process measurements wrong.
Wrong penetrant applied.
Wrong time in penetrant.

Insufficient penetrant coverage.

Penetrant applied to wrong spots.
No check on penetrant coverage.

Dwell time limits not met.

Plan4.0
40 WATER Do4.1to4.4
WASH
| | | |
41 WATER S 4 2EMULSIFIER 4 3P0OST- 44 REMOVE
AIR RINSE EMULSIFIER E XCESS
RINSE WATER
4.1.1 P osition 4 2.1 Position 431 Turnon 4 41 Blow
partfor part for water wat er off
washing washing part
4.1.2 Turn on 422 Turnon 4.3.2 Set timer 4.4.2 Rem ove
water fanr emulsifier or water with
Immerse suction
4.1.3 Set timer 4723 Set timer 4.3.3 Cover 443Check
p art with water
wate r spray rem oved
I I I
4 1.4 Cover 4 2.4 Cover 434 Check
part with part with em ulsifier
Spray em ulsfier FEm oved




part with
spray

4.1.5 Check
penetrant
removed

em ulsifie
Fem oved

part with
em ulsfier

r

Figure Appendix-4

4.0 Water Wash

Task Description

Task Analysis

4.1 Water / air rinse

4.1.1 Place part on bench
4.1.2 Turn water / air on

4.1.3 Set timer (2 minutes usual)

4.1.3 Cover part with spray

4.1.4 Check all penetrant removed

Bench height convenient for all tasks?

Arewater and air valves clearly
marked and easily accessible?

Istimer convenient to set?
Istimer audible at wash bench?

Can operator see and reach al points
with spray in time available?

Are bench and spray gun well suited
to each other?

|s there too much white light to see
the remaining penetrant under UV
light?

4.2 Apply Emulsifier

4.2.1 Place part on bench

4.2.2 Turn emulsifier on

4.2.3 Set
timer

4.2.3 Cover part with emulsifier

Bench height convenient for all tasks?

Is emulsifier valve convenient and
well marked?

|stimer convenient to set?
Istimer audible at wash bench?

Can operator see and reach all areas
with emulsifier spray in time
available?




4.3 Post-Emulsifier | 4.3.1 Turn water on Is water valve clearly marked and
Rinse easily accessible?

|stimer convenient to set?

Istimer audible at wash bench?

4.3.2 Set timer

4.3.3 Cover part with water spray Can operator see and reach all points
with spray in time available?

Are bench and spray gun well suited
to each other?

4.3.4 Check all penetrant removed Is there too much white light to see

the remaining penetrant under UV

light?
4.4 Remove excess 4.4.1 Use air lineto blow water off Isair line pressure correct, e.g. 5 psi?
water part |s part at correct height for air lineto

reach al of part?

Can operator see and reach all points

4.4.2 Use suction line to remove ) ) )
with suction line?

water from water traps in part

4.4.3 Check that all water has been
removed

Does operator know where water
tends to accumulate?

Can operator see all points on part,
even water traps?

40 ErrorsVariances
Pr ocess measur ements not taken.

Process measur ements wrong. Excess washing flushes penetrant from cracks
Wrong wash selection (water/air vs. emulsifier) Emulsifier not completely removed

I nsufficient washing to remove penetrant Water not completely removed
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5.0 Dry Part

Task Description Task Analysis




5.1 Place Part in
Oven/ dryer

5.1.1 Mount part on hanger

Are carriers
clean?

Do carriers avoid metal to metal
content?

Can carrier prevent part from drying?

Can carrier allow cross-contamination
of processes?

Is handling system well human-
engineered?

5.2 Set and monitor
time and temperature

5.2.1 Set correct time

5.2.2 Set correct temperature

5.2.3 Monitor timein oven/ dryer

5.2.4 Monitor temperature in oven/
dryer

I's time setting conveniently located
and well human-engineered?

I's temperature setting conveniently
located and well human-engineered?

Can time be monitored during other
tasks with low error rate?

Can time be monitored during other
tasks with low error rate?

5.3 Check for Dryness

5.3.1 View Part in oven/ dryer

5.3.2 If part appears dry then 5.4

5.3.3 If part retains water then
remove from oven / dryer

5.3.4 Remove water by rotating part
or using air hose

5.35Returnto 5.3

Can all areas of part be seen, or does
operator have to remove part from
ovento view?

Can operator recognize areas
retaining water?

Isit safe and easy to remove part
from oven/ dryer?

Can part be rotated on hanger with
easy and without contamination?

Isair hose convenient to use?

Can operator monitor total air hose
time and pressure to ensure they are
below maxima?




5.4 Remove part
from oven/ dryer

5.4.1 Final check for drying quality

5.4.2 Remove part from hanger

Can all areas of part be seen, or does
operator have to remove part from
oven to view?

Can operator recognize areas
retaining water?

Isit possible to recycle part through
oven/ dryer if not fully dry?

Is handling system well human-
engineered?

50 Errorsg/Variances
Water remains on part

Part contaminated in oven

Air hose use time or pressure limits exceeded

Flan EO
Do BEA to .2

B0 APPLY in order
DEVELORPER
AND AIR CLEAN /’/
I — I
6.1 APPLY 6.2 CHECK B3 ALLOW
DEVYELOPER DEYELOFER FART TO
COATING DEVELOP
b1 Allow b.2.1 %isual b.3.1 Set
develaper check over timer
to cover part whole part
B.2.2 If areas b.3.2 Femaoave
need maore when time
developer, apply between min
locally and max

E.2.3 Femaove

owvwrroocoo




b.2.3 Hemaove
BHCESS
developer
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6.0 Apply Developer and Air Clean

Task Description

Task Analysis

6.1 Apply developer

6.1.1 Blow developer over part

Does developer reach al areas of part?

Does hanger interfere with developer
coverage?

Are displays and controls well-
designed for operator use?

6.2 Check developer
coating

6.2.1 Visua check over whole part

6.2.2 If areas need more developer,
apply locally

Can operator view whole part?

Can operator move part for viewing
without contaminating part or
removing developer film?

Islocal developer applicator well
designed for operator use on part?

6.3 Air dry part

6.3.1 Set time and air pressure on hose

6.3.2 Blow excess developer off all
areas of part

6.3.3 Check air hose time not
exceeded

Are displays and controls well-
designed for operator use?

Can air hose be manipulated correctly
by operator to reach all areas of part?

Is pressure on air hose sufficient to
remove developer from surface while
still low enough to prevent removal
from cracks?

Does operator blow developer from
all areas effectively?

Istimelimit visible/ audible at
operator position?




6.0 Errors/Variances

Developer not applied over all areas of part Part contaminated in developer / air dry process

Developer not removed from all surface areas Air hoseusetimeor pressure limits exceeded
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Figure Appendix-6

7.0 Read Part

Task Description

Task Analysis

7.1 Initiate Inspection

7.1.1 Access and read workcard and
manual instructions

7.1.2 Check part type and seridl
number against workcard

7.1.3 Prepare UV light, white light,
swabs, cleaning solvent, NAD

7.1.4 Check inspection booth for
white light leaks

7.1.5 Wait until eyes adapt to low
illumination level before inspecting

7.1.6 Position chair, lights, swabs, for
ease of inspection

Isworkcard available and well-
written?

Is manual available, readable and
well-written?

Is serial number easy to find and read?

Have UV light, white light, been
checked for correct output?

Are all solvents approved?

Are sufficient swabs available for
task?

Does booth admit white light? Are
current standards adequate? Are
standards met?

Does inspector know how long to
wait?

Does inspector wait for correct time?

Islayout ergonomically adequate?

7.2 Access each area
of part

7.2.1 Transport part to reading booth
and place on carrier

7.2.2. Remove Electrostatic clips (if
on)

7.2.3 Position part / carrier to
facilitate inspection

7.2.4 Re-position part as needed
throughout inspection task

Is handling system well designed for
inspector to use?

Can part be positioned easily to bring
eyes to correct position to inspect?

Can part be re-positioned easily to
bring eyes to correct position to
inspect?

Can inspector manipulate carrier,
part, light(s), swabs, solvents, loupe
together as needed?




7.3 Search areas of
part

7.3.1 Visual scan to determine
whether cleaning is adequate

7.3.2 Decide on initial scan pattern
based on workcard and knowledge

7.3.3 Place fiducial mark to show
start of inspection sequence

7.3.4 Visual scan area by areafor
indications fluorescing

7.3.5 Stop scan if indication found

7.3.6 When search complete with no
defects, goto 7.5

Can inspector differentiate between
indications likely to be cracks and
false indications due to poor cleaning?

Does inspector have an optimum scan
pattern?

Does inspector know where to put the
mark? Can mark be seen during task?

Does inspector follow the correct
scan pattern? Are any areas missed?

Can inspector see indications?

Arewhitelightsin field of view
reducing indication visibility?
Can inspector recognize indication?

Are there many false indications
which slow task unacceptably?

Does inspector return to correct point
in search after re-bleed, NAD, white

light use?

7.4 Decision on each
indication

7.4.1 Compare overal level of
fluorescent marks with cleaning
standards to reject for cleaning

7.4.2 Check each indication for crack-
like characteristics

7.4.3If crack-like, re-bleed with
solvent by wiping with solvent and
swab

7.4.4 Allow solvent to dry and re-
inspect

7.4.5 If indication does not bleed
back, goto 7.4.9

7.4.6 Apply developer to indication

7.4.7 Allow developer to dry and re-
inspect

Does inspector have standards for
good cleaning? Are they adequate?

Is amount of solvent correct?

Isinspector technique correct for re-
bleed?

Does inspector wait long enough for
re-bleed solvent to dry?

Does inspector try to use re-bleed
waiting time for further scanning and
potentially lose place in scan pattern?

Does inspector return to correct point
in scan pattern after re-bleed?

Is amount of developer correct?

Isinspector technique correct for
developer?

Does inspector wait long enough for
developer to react?
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7.4.8 If indication does not re-
develop, return to search (7.3.4)

7.4.9 Confirm indication with white
light and magnifying loupe

Does inspector try to use devel oper
waiting time for further scanning and
potentially lose place in scan pattern?

Can inspector differentiate between
cracks and other visually-similar
indications?

Does inspector return to correct point
in scan pattern after NAD?

Isinspector white light / loupe
technique correct?

Can inspector recognize indication as
defect under white light?

Are examples and/or limit standards
of defects present at workplace?

Does prior experience with larger
cracksin other components bias
inspector from reporting very difficult
cracks?

Does inspector return to correct point
in scan pattern after white light use?

7.5 Make response

7.5.11f poor cleaning, mark areas of
part needing better cleaning. Go to
755

7.5.2 If no defects then accept part.
Goto7.54

7.5.3 If defects found, mark crack(s)
on part. Goto 7.5.4

7.5.4 Report outcome on workcard

7.4.5 Report outcome in correct detail
on computer system

7.5.6 Liaise with engineers on defect
detailsif required

Does marking show under UV light
or must inspector use white light?

Does marking show under UV light
or must inspector use white light?

Isworkcard well designed for
recording detail needed?

Is computer interface and program
well designed for recording detail
needed?

What are relations between
inspection, engineering and
production where pressures may
cause decisions to be changed?

7.0 Errors/Variances

Workcard (or manual) not conveniently available

Workcard (or manual) gives inadequate detail for task

Workcard (or manual) poorly designed for user

Part not returned for cleaning when cleaning required




Part returned for cleaning when cleaning not
required

Inspector does not wait long enough for dark adaptation

Contaminated areas of booth fluoresce causing visual masking of indications

White light penetrates booth and causes indications to be missed

White light for confirming cracks causes loss of dark adaptation

Layout of workplace inadequate for convenient physical movement of inspector
Manipulation of many objects simultaneously causes errors

Inspector does not locate indication

Re-bleed, NAD drying times not adhered to

Re-bleed, NAD times used for more inspection, causing inspector to lose place in scan pattern.
Contamination of part due to re-use of swab, or placing swab on contaminated surface
Inspector misinterprets indication: missed defect or false alarm

Workcard not suitable for recording all aspects of outcome

Computer system not suitable for recording all aspects of outcome

Pressures for production change inspection reporting standards

13.1 APPENDIX 2 - Detailed Human Factors Good Practices for Each FPI Process

Table9. Presentation of Human Factors Good Practices

Process Good Practice Why

Process Control When recording procgssltzg, writg ) 1. Makeslog recording less automatic,
measured values, not just “ passifail” or | and therefore less prone to signoff error.
San oft 2. All f seful
Example: Record output of UV d.ata OWS Capture of mor e usstul process
inspection light as 17,500 watt/m2, not '
just “pass’ for exceeding process Example: deterioration of UV light can be
standard. seen by decreasing readings, so that a

replacement can be ordered before light
failsto meet standard.
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Process Control Allow good accessroom around all tasks | 1. |f maintenance accessis poor,
forgotten, reducing process control
effectiveness.

2. Poor accessincreasesthetimerequired
for maintenance, increasing process
downtime.

Process Control Ensurethat operator follows good 1. Contamination of gloves can spread to
practices of washing or discarding components, masking smaller cracks.
gloves at different pointsin processing. _ _

2. Penetrant on gloves will fluorescein
reading booth and cause glareto the
inspector, reducing crack visibility.

Process Control Reduce light levelsaround any areas 1. Reduced light levels speed dark
where UV light is used. adaptation to improveindication visibility

under UV light.

2. Reduced light levels minimize white
light penetration of areaswheretasksare
carried out under UV light.

Cleaning Maintain good communicationsbetween | 1. | earning each other’sjobs helpsall
cleaning and FPI. oper atorswork in a more knowledge-based
Example: Weekly meetings, joint manner. Thiscan reduceerrorsand help
training, periodsas“helpers’ in each to cope with unusual conditions.
other’s department. 2. If thereturn processistooinformal, it
Example: Good processfor returning may encourage poor cleaning. If the
componentsto cleaning. return processistoo punitive, an unofficial

process may beinvented. Both can
increaseoverall errors,

Cleaning Ensurethat system for matching 1. Simple, visible system reduces

components and paperwork issimple
and visible.

Example: Paired tagswith easily
readable numbers, 3 digits maximum
and 2 digits better.

probability of parts going through wrong
cleaning process.

2. Simple, visible numbersaid process
logging, e.g. for timing in and out of tanks
or dryers.




system between tanks has controls wrong dir ection, metal-to-metal contact

which are conveniently located and can occur, peening small cracks and

which movein the correct sense. making them mor e difficult to detect.

Example: Hoist controls move up to > Movement errors can be prevented

raise, and in the correct directionsto B preve

move alona the line with controlslocated between waist and
g ' shoulder height, and which movein the

correct sense.

Cleaning Mark blasting processes which should 1. Abrasiveblasting (eg. grit,
not be used for rotating titanium glassbeads) should not be used on rotating
componentsclearly, an_d tr_aln operators | titanium components as they can peen
never to usethem for titanium. small cracks, making them more difficult
Consider special markingsfor rotating |tg detect.
titanium components (e.g. colored tags). _ _ o _

2. Marking, labeling and training give
increased redundancy, helping to reduce
thiserror.
on each process, and train operatorsto | ysinga clock on awall or awristwatch can
use them. produce timing errorsthat reduce cleaning
effectiveness.
2. Iftimesareeasy tore-set, clearly
visible and audible from all partsof the
cleaning department, then operators can
plan their work for efficiency while
reducingerrors.

Cleaning H.ave clearly marked cleaning.toolsfor 1. Cleaning rotating titanium partswith
different components, and train some abr asives can obscur e cracks and
operatorswhich to use. produce surface scratches. Both of these
Example: Marked hangersfor toolsin reduce probability of detecting cracks,
different partsof the cleaning area. particularly small cracks.

2. Clearly identified toolsreducethe
probability of such errors.

temperature, water pressure) to be
easlly readable. Placethem at eye
height with appropriate lighting.

easy to seeand interpret. Errorswill go
unnoticed if dialsare at knee height, or are
difficult tointerpret and record.




Cleaning Trair_l cleaners how to recogniz_e\{vhen a 1. Improperly-cleaned components cause
partisadequately cleaned. Thisisbest |recleaning delays, or reading errors.
done by having FPI inspectorsinvolved | ynlessthe cleaners can recognize good
in thetraining. cleaning (e.g. no dirt inside gr ooves or
holes) they cannot ensurethat cleaning is
adequate.
2. FPI inspectorscan show inspectors
poor cleaning after penetrant application
and help them recognize visible indications
of poor cleaning.
Cleaning Load componentsso asto avoid metal- |1 Metal-to-metal contact can peen
to-metal contact. cracks, making them more difficult to
detect, particularly small cracks.
Cleaning Design hanger sbasketsto prevent 1. Transferring liquids between
liquid collecting in components when processes prevents thorough liquid/
transferring between processes. component contact.
2. Transferring liquids between processes
contaminates downstream processes.
Cleaning If separateline_sfor each clea_nin_g _ 1. Sending partsthrough the wrong
process, label linesaswell asindividual | cleaning lineisarareerror but onewhich
processes with clear, understandable can reduce cleaning effectiveness, causing
and visible labels. delaysfor re-cleaning.
‘I‘Example:" Water_ clegnlng aswell_as 2. If lineshave understandable aswell as
SPOP84”, both in 4 inch, contrasting . ;
: technical labels, errorsarelesslikely and
lettering. L :
training ismore rapid.
Example: “Pre-wash solvent” aswell as | cleaning effectiveness and cause cross-
“Turco4181-L” contamination of tanks.
2. If tanks have understandable aswell as
technical labels, errorsarelesslikely and
training ismore rapid.
Cleaning Design handling system using materials |1 Reduces contamination between tanks

which do not absorb chemicals

and contamination of components.
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Cleaning Specify line to be used and order of 1. Specification in understandable terms
processes clearly on documentation, incr eases redundancy of information,
using both under standable and thereforereducing errors.
technical terminology. _ _

2. Clearly marking the documentation for
each component, e.g. using different colors
of cleaning paperwork for different lines,
reduceswrong-line errorsand reduces
training times.

L oading Provide custom hangersfor rotating 1.  Prevent metal-to-metal contact that
parts, label them clearly and train can peen cracks over.
loading personnel in how to choose _
them. If there are many, you can even 2. Allow easy rotation and m_ovem_ent
specify which hanger on the process thrOl_Jghout process, but especially in the
traveler. reading booth.

3. Prevent wrong choices of hanger by
training and labeling.

Loading Ensurethat each component isclearly 1. Usingthewrong FPI process, while a
mar ked with which FPI processisto be rare event, can seriously reduce the
used. Example: separatelinesfor water- | \igpility of cracks, particularly small
soluble and post-emulsification cracks.
pr ocesses.

L oading Provide convenient meansfor checking |1, Serial numbers can bedifficult to read
component serial number before without good lighting, and difficult to
component and paperwork are compare to paperwork if long strings of
separ ated. numbersareinvolved. Mismatched serial
Example: provide good lighting at the number s can waste processing time and
load component position and have place |inspection effort until the mismatch is
to hold the paperwork closeto the discovered.
component while serial number is
checked.

L oading Providewell-designed job aid at loading |1 Theloading step isthe most

to ensureall functions are completed.

Example: simple checklist for steps, or
list of steps mounted on wall.

procedural in FPI, so can be supported by
simplejob aids. These help ensurethat
steps are not omitted in thisrepetitive
function.
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L oading Design handling system, overhead hoists | 1. |f components hit each other the
or roller conveyors, so that adjacent metal-to-metal contact can peen cracks,
components cannot contact each other | particularly small cracks, making them
during processing. lessvisible.

2. Ascomponentstend to travel through
the FPI processin batches, the handling
system design should not rely on error-free
human performance to prevent metal-to-
metal contact.

L oading Ensurethat each component and 1. Good re-matching system ensures
accompanying paperwork can bere- correct identification of often-similar
matched easily. components. Thispreventserrorsthat are
Example: paired tags attached to only discovered later when serial numbers
component and paperworKk. arere-matched.

L oading Design cranes, conveyor s and other 1. The handling system and the component
handling systemsto avoid metal-to- hanger must be designed together so that
metal contact at all process stages. component does not contact metal, such as

hooks or chains, throughout the FPI process.
M etal-to-metal contact can peen small cracks,
and scratch components, making inspection
mor e difficult.

L oading Design cranes, conveyors and other 1. Ergonomic design preventsinjuries
handling system componentsto and promotes safe use.
ergonomics standar ds. . .

2. Poorly designed equipment encour ages
Example: Roller conveyorsshould beat | gneratorsto use unapproved shortcuts that
about 1 m from ground for safe lifting. can reduce inspection effectiveness.
Examp'e' Controlsshould belocated ;= 1< <houid be operable without
etween waist and shoulder height (1- : : :
1.7 m) and should move in the same reaching, bending or stretching for safe use.
sense as the component. 4. Controlsshould movein the expected
direction: up for on or raise; left for left
movement, etc.
Loading Provide good equipment and trainingto |1 Ensuresthat processing timeis not

allow operator to judge whether
cleaning is adequate.

Example: Good lighting and clean
swabsto check for dirt or ail in holes,
grooves, dovetails or firtrees.

wasted on poor ly-cleaned components.
Discovery of poor cleaning at the reading
booth disruptsthe schedule and wastes
inspector’stime.

2. Reection before processing prevents
ingpectorsfrom trying to inspect a poorly-
cleaned component, which could lead to
missed indications.
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L oading

Design handling system and hangersto
ensurethat penetrant, emulsifier, water
and developer can reach all partsof the
component.

Note: This may mean that component
needsto be moved on hanger or
conveyor during processing.

1. If thehanger or conveyor prevents
liquids from reaching any part of the
component, the subsequent inspection will
not be complete.

L oading Design handling system and hangersso |1 |f liquids can beretained by the
that contamination between processesis component or hanger, subsequent
minimized. processes will be contaminated. Thiscan
Note: Thismay mean that component reduce process purity, and/or make
needsto be moved on hanger or reading more difficult and error prone.
conveyor during processing.
Apply penetrant | Train operatorsto movespray gunand |1 |ncomplete coverage can cause cracks
(spray) component so that all areas can be to be missed wher e no penetrant was
I‘eaChed. app“ed
Apply penetrant | Makethe spray gun easier to maneuver |1 A more manageable spray gun helps
(spray) by suspending or balancing theweight | the operator reach all areasof the
of the hose. Also choose the lightest and component, preventing missed cracks
most flexible hose. wher e no penetrant was applied.
2. Choosing a light and flexible hose, and
balancing its weight makes the gun move
maneuver able.
Apply penetrant | Design processindicator dials (e.g. 1. Indicatorsareonly useful if they are
(tank) temperature, water pressure) to be easy to seeand interpret. Errorswill go
easlly readable. Place them at eye unnoticed if dialsare at knee height, or are
height with appropriatelighting. difficult tointerpret and record.
Apply penetrant L abel all processtanksand boothswith |1 Errorsin moving componentsto the
(tank) clear, understandable and visible labels. wrong tank arerare, but can reduce

Example: “Pre-wash solvent” aswell as
“Turco4181-L”

cleaning effectiveness and cause cr oss-
contamination of tanks.

2. If tanks have understandable aswell as
technical labels, errorsarelesslikely and
trainingismorerapid.




Apply penetrant Ensurethat the containersfor the two 1. Error of using the wrong can may
(spot) penetrant systems are clearly reduce visibility of cracks, particularly
EI); irgrgg t[())lr]:fsr er;tg(izl o_r;;((:)?nsc,)gﬁ? 2. Themorewaysin which thecan is
Elear and underpsFt)andak?lelabelson c:';m different, the moreredundancy isavailable
" |toprevent thiserror. Small, technical
labels (e.g. SPOP084) ar e not sufficient to
eliminatethiserror.
Apply Penetrant | Design the drum-to-spray gun 1.  Applying thewrong penetrant can
(spray) connections so that each spray gun can | educe crack visibility, particularly for
only be connected to the correct drum. | gmall cracks.
Example: Different sized fittings, : 2. Physically-different fittingsreduce the
reversal of male and female coupling . :
. probability of a wrong connection to zero.
areon line.
Apply Penetrant Make spra_y_gunsfor water-solubleand |1 Error of us ng the wrong spray gun
(spray) post emulsifier penetrants clearly can reduce visibility of cracks, particularly
dlﬁlngUIShab|e Srna” Cracks
gi??mplfi Dllﬁ;er efnt d:ﬂr?nlzof gu:, 2. Themorewaysin which the spray guns
rierent co'ors of gun, noiders o aredifferent, the moreredundancy is
different sides of spray booths, large availableto prevent thiserror. Small
labels visible under UV light. : : ’
technical labels (e.g. SPOP084) are not
sufficient to eliminatethiserror.
Apply Penetrant Perform spraying under UV light with a | 1. Fluorescence of penetrant makes it
booth with UV light only. coverage of part. Thisreducesthe
probability of missing a crack becauseit
never received penetrant.
Apply Penetrant | L ocate processgauges, eg.for line |1 Before each application process gauges
(spray) pressure or temperature, between waist | should be checked to ensure processisin
and shoulder height and design them to | control. The easier the gauges are to check,
be easy toread under UV illumination. | the more often thisrulewill be followed.
Example: Temperatur e gauge marked
with acceptable range in fluor escent
orange.
Apply Penetrant | Ensurethat timer system for penetrant | 1. A singletimer for penetrant application
(spray) application isflexible enough to handle | cannot be used for multiple components

real operations.

Example: Separatetiming for each
component or timing for clearly-marked
batch of components.

unlessthey are carefully and visually
batched. Multipletimersor largedisplay
board for recording timesarerequired if
partsarenot batched.




Apply Penetrant | Locate electrical controls (e.g. for UV 1. Dark adaptation can be ruined by

(spray) and whitelights, timers) wherethey are | inadvertent use of white light. Good

pray clearly visibleand clearly labeled. location and labeling of controls helps
prevent thiserror.

Apply Penetrant Keep extranet_)us hosesand spray guns |1 Any extraneous equipment can be
(e.g. for cleaning booth) out of spray used by mistake instead of the correct
booth. equipment, potentially stopping the

processing of a component.

2. Thelessequipment that isin the spray
booth the easier it isto provide visual
control over the entrance of unapproved
substances.

Water Wash Design wash booth so that component 1. Convenient positioning of the
can be wasned between shoulder and component helps ensurethat all penetrant
elbow height. or emulsifier isremoved, improving

visibility of cracks and reducing false
indications.

Water Wash Provideaclearly visible and audible 1. Emulsifier timingiscritical and needsto
timer for emulsifier dwell time. be donein seconds, not minutes. Excesstime
Example: Large clock on wall with n theerr_u_;lsfler can reduce crack

. detectability, particularly for small cracks.

sweep second hand and loud signal - _ _ _

2. Alargevisibletimer, easily set in seconds,
when complete. . )

helps operator s plan their spraying and

waiting. A loud end-signal ensuresthat

operator interruptsother tasksto begin

washing the component.

Water Wash Perform washing under UV lighting, with 1. Areasof thecomponent retaining
minimal white light. penetrant are much easier to seeunder UV

lighting. Thisleadsto more thorough
washing, improving crack visibility.
component so that all areas can bereached. | phe missed where no penetr ant was applied.

Water Wash Makethe wash gun easier to maneuver by

suspending or balancing the weight of the
hose. Also choose the lightest and most
flexible hose.

1. A moremanageable wash gun helpsthe
operator reach all areas of the component,
preventing missed cracks wher e penetrant was
not removed.

2. Choosing a light and flexible hose, and
balancing its weight makes the gun move
maneuver able.




Water Wash Design displaysfor water and air pressure | 1. |If water and air pressure areincorrect,
to be easily legible under UV light. Locate |too much penetrant may be washed from
them at eye height. cracks, making them less easy to detect.

2. Convenient and legible displays help
ensurethat they are used for every component
processed.

Water Wash Provideair lineand suction hosetoremove |1. Water accumulation in pockets of a
excess water, particularly wherewater can | component will not be dried in oven, leading
accumulate in a component. Ensurethat to incomplete developer coverage, which
airline and suction hose do not have metal reduces crack visibility.
nozzles. 2. Using plastic or rubber nozzles on air

hose and suction hosereducesrisk of metal-to-
metal contact which can peen cracks,
particularly small cracks.

Water Wash Train operatorsto provide complete 1. Even with good tools and work area,
coverage of all componentsin emulsifier training isimportant to ensure full coverage
application, wash and water removal. of each type of component, enhancing crack

visibility.

2. Operator knowledge of particular
components helpsthem perform their tasks
mor e thoroughly.

Drying Either provide a system for timing each 1. Timing of drying and developer
component in drying and developing, or use | application must be well controlled for
clearly-marked batches of componentswith | maximum visibility of cracks.
asingletimer for each process. 2. Onetimer (or recording) per component
Example: Use a display board to writein isrequired if componentsflow individually. If
and out times of individual components. components are batched, a singletimer can be

, used for the whole batch, but the batch must
_Exa_lmple: Use color ed j[agsto visually have a clear visual indication to avoid errors.
indicate batches, and time each batch asa
singleitem.

Drying Train operatorsto move componentsin 1. If water pocket in component isnot
dryer if water can accumulatein completely dried, developer will not have
component. complete cover age, with potential for missing

cracks.

Drying Controlsand displaysfor dryer 1. Dryer temperature must be controlled to
temper atur es should be at eye height and ensure correct processing for maximum crack
be easy to set/read. visibility.

2.  Weéll-designed displays at eye height help
ensurethat dryer temperatureis checked for
each component processed.

Dryer When developer isapplied to acomponent, |1. Developer powder penetrates holes, etc.

ensure even and gentle coverage of all areas.

well, but component must be completely
immer sed in developer cloud for full
coverage. |ncomplete coverage reduces crack
visibility significantly.




Dryer Make low pressureair hose availableto 1. Excessdeveloper powder will contaminate
blow off excess developer powder. reading booth.

2. Excessdeveloper powder can distract from
the search processin reading booth.

Reading Keep reading booth separate from 1. Preventsaccumulation of personal
inspector’s“home” area. possessionsin reading booth. Thisreduces

distractions, prevents penetrant
contamination, and gives visual control over
entry of non-approved substancesinto reading
booth.

Reading Provide timer in booth to indicate dark 1. Dark adaptation isessential to defect
adaptation time. Train inspectorsthatat | yisipility. Without dark adaptation only large
least 2 minutes adaptation is needed after indications can be seen.
every whitelight exposure. _ o

_ . . 2. Thedark adaptation processiswidely
Note. Oth_er work can be done during .thls misunderstood. Many inspector s believe that
“”.‘e prov_lded the inspector does not view atimemuch shorter than the recommended
bright objects. time appliesto them. After about 8 minutesin

darkness, the eyeisabout 100 times as
sensitive aswhen first entering a darkened
room.

3. Inspectorsare eager to get on with the
reading, and often over estimate how much
adaptation time has passed.

Reading Ensurethat other objectsin thereading 1. Any object fluorescing under UV light
booth are not fluorescent. becomes a glar e sour ce which decr eases the
Example: ingpector’s clothing, inspection visibility of defects, particularly small defects.
paperwork.
display booth, provide arapid means of sour ce of glare, and reduce dark adaptation.
lowering its brightnesswhen thebooth is | Both will reduce defect visibility, particularly
darkened. for small defects.
ﬁiﬁgéizigglgr?gmggr;ﬂﬁm screen, or N'o_te: Thedimmer screen will be adequately

visible when the eye isfully adapted.

Reading Provide surface for inspectingwhichissoft |1 prevents physical damage to

and easy to clean. A modern example
would be the black plastic

.................... (brand name)

components from contact with surface.

2. Reduces chance of component falling
off ingpection surface.

3. Preventspenetrant contamination
which reduces defect visibility, particularly
for small deflects.




Reading

Choose materialsfor hangersthat are
yielding but will not retain penetrant.

1. Preventsphysical damageto
components from contact with hanger.

2. Preventspenetrant contamination that
reduces defect visibility, particularly for
small deflects.

Reading Ensurethat all tools, such asUV light, 1. Metal-to-metal contact can peen
whitelight, magnifier, ruler, cannot cracks, especially smaller cracks, making
make metal-to-metal contact with the them lessvisible.
component. Plastic coveringsare
recommended, but they must be 2. MetaJ-to-mgtal contact. can sgratgh the
maintained. component, giving a falseindication in

future fluor escent penetrant inspections.

Reading Wear UV-absorbing glassesat all times |1, yv light can cause cataracts if
when UV light ison. prolonged.

2. UV absorbing glassesreduce any
diffusing glarein the eyeball, and thus
enhance defect visibility, particularly for
small defects.

Reading Use markers on component to show 1. Rotating components have no visually-
wher e inspection started and how obvious starting point, so that a start
inspection isprogressing. Makers mar ker is needed to show when each
include approved pens and tapes for circuit of visual search has been
starting marker, and movable sticker completed. 1f no marker isused, part of
for progressmarker. Theinspector’s | the component may not be inspected.
hand which is steadying the component _ _
can be used as a movable marker if it 2. Assearch progresses, any interruption
does not contaminate the part, and if it | €@n causeinspectorstolosetheir placein
isnever needed for other activities. the search, leading to parts of the

component not being inspected.
Interruptionsare not just external but can
include applying de-bleed solvent or
NAWD and waiting for it to completeits
action.

Reading Have low pressureair in thereading 1. Dust speckscan adhereto the

booth to blow away fluor escing dust
specks.

component surface wher e they become
false indications which slow and distract
the sear ch process.

2. Gentleair blowingispreferableto
either hand-wiping or mouth blowing asit
prevents surface contamination.
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Reading

Use a consistent and systematic search
strategy in inspecting the component.

1. A good search strategy ensures
complete cover age, preventing missed
areas of inspection.

2. A consistent strategy will be
remember ed better from component to
component, reducing memory errors.

Reading Inspect holesin components (e.g. bolt 1. Lookingthrough aholedirectly at a
holes) with a diffuser behind the hole UV source can harm the eyes,
rather than the UV light itself. _ _
2. A diffuse sourcereflects UV lights
equally around all partsof the hole
internal diameter, so that only the eyes
need to move around the hole and not the
UV light source.
Reading Train inspectorsin aconsistent strategy | 1. A consistent search strategy ensures
of eye movement for inspecting holes complete conver ge of each hole or dovetail/
and blade dovetails/firtrees. firtree. Thisprevents missing areas of high
physical stresswheresmall cracksare
more likely.
Reading Ensurethat inspectorsallow thecorrect |1 |ngpectorsunderestimate thetime
timefor an indication to de-bleed after | neaded for de-bleeding.
swabbing with solvent.
2. Inspectorsoverestimate the timewhich
has elapsed since solvent applied.
Note: Both reasonsresult in an indication
not bleeding back sufficiently for detection
during theinspector’sviewing time.
Reading Eliminate white light leaksintoreading |1 White light causes loss of dark
booth. adaptation, which reduces the visibility of
Note: Even if the 2 lux standard is met defects, particularly small defects.
at the surface of the component, there
may still be white light sourcesvisible
from theinspector’s position.
Reading When an indication isfound under UV |1 Every time awhitelight isused in the

light, mark it temporarily and complete
UV inspection before checking the
indication under white light.

booth, dark adaptation islost, which
reducesthe visibility of defects,
particularly small defects.




Reading Provide both fixed area and portable 1. A largediffuse UV source provides
spot UV illumination in thereading unchanging, even illumination of the
booth. Thearea light may be UV component, while a spot UV source
fluorescent tubes at ceiling level. provides brighter illumination that can be

aimed asneeded. Thiscombination allows
theinspector to obtain appropriate
illumination at any point on the component.

Reading Provide easily-adjustable seating for the | 1. Comfortable seating increases
Inspector. inspection effectiveness. Easy adjustability

allowsinspectorsto keep their eyesat the
correct location throughout inspection.

Reading If theinspection is performed on atable, | 1. Unless inspector s can put their knees
allow kneeroom under thetable. Do under an inspection table, they will either
not use the space under thetable for twist sidewayson their chair, or stand and
shelves or storage. bend over thetable. Both reduce comfort

and so result in decreased performance.

2. Storage areas below table height reduce
the ability to visually control the contents
of the inspection booth.

Reading Provide a magnifier of sufficient power |1 Confirmation of someindications,
that iseasy to use so that indications can particularly small ones, requires
be checked under whiteor UV light. A | magnification to see the mor phology of the
good magnifier is5X — 10X, with as indication. For example, under
much eyerelief aspossible. An magnification a scratch is distinguishable
alternativeisa magnifier attached tothe | from a crack.
inspector’s glasses, which can be swung _ _ _
into the line of vision as needed. 2. Convenienceis essential to encourage

the inspector to use the magnifier on all
indications. Good eyerélief allowsthe
inspectorsto view theindication with less
postural difficulty. Magnifiersattached to
glasses (e.g. asused by dentists) are

per haps the most convenient in use. They
would also help ensure that UV absor bent
glasses ar e alwaysworn.

Reading Place swabs, solvent, NAWD and 1.  Placing items conveniently causes

magnifying lamps wher e they can be
reached and used easily during
inspection.

minimum disruption to the search process
and ensuresfull cover age of component.

2. If itemsare conveniently located, they
aremorelikely to be used every time they
are needed.
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Reading Design hanger and suspension systém |1 The easier it isto move the component
for easy vertical movement. vertically, the less extreme postures will be
Example: balance hoist for instant needed to inspect it fully. Thishelps
positioning. ensure full inspection cover age.
Reading Provide awell-designed job aid suchas |1, A good workcard will define the
aworkcard for each component. inspection level and any special use of
Example: Workcardswith details of solvent or NAWD.
component nomenclature, placeswhere
defectsaremost likely and past defect 2 A QOOd workcard can captur_e
history of these components. Thiscan Inspection knowlledgefrom avariety of
be done via paper copy or computer sourcesto allow inspectorsto develop
program. better se_arch patterns and defect
expectations.
Reading Design reporting system to identify 1. Standard and comprehensive
defect in sufficient detail. reporting reducing errorsin inter pretation
Example: standardsfor making defect of indications and ensures better final
location or component and convenient decisions.
meansto explain indication to o If o .
subsequent stages. 2. rgportmg isinconvenient, e.g.
insufficient space on form or computer
field to explain indication, inspector will
haveto curtail the explanation, affecting
decision accuracy.
Reading Providevisual test of dark adaptationin |1 Gjvesinspector immediateindication
reading booth. that proper level of adaptation hasbeen
Example: fluorescent eye chart at reached.
appropriate distance from inspector. 2. Proper adaptation improves defect
visibility, particularly for small cracks.
Reading Train inspectorsto use de-bleed solvent |1 gabhing with approved solvent
on all indications which could conceal a | effectively removes penetrant from large
crack. areas. When penetrant isremoved, a
crack could berevealed beneath the
penetrant. De-bleeding will confirm the
indications as a crack rather than surface
contamination.
Reading Train inspectorsto wait for along 1. A crack indication will not re-appear

enough interval after swabbing with
solvent for any crack to de-bleed and re-
appear. Thecorrect timecan be
marked prominently on the solvent
container.

instantly. Astimeelapses, any true
indication will become stronger as
penetrant de-bleeds towardsthe surface.

2. Inspectorsoften underestimate thetime
needed for a crack indication to fully de-
bleed.
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Reading

Train inspectorsto allow sufficient time
for NAWD applied to an indication to
fully develop. Mark the correct
development time prominently on the
NAWD container.

1. A crack indication will not re-develop
immediately. Often several minutesare
required for full development to render
crack adequately visible.

2. Inspectorstend to underestimate the
timerequired for re-development.
Alternatively, visual search of new areasis
continued during re-development, leading
to memory errorsconcerning inspection
cover age.

Reading Provide easily attached holder or 1. Allows consistent positioning of UV
hanger for portable UV light for when [ ight for each circuit of arotating
both of theinspector’s hands are needed | component.
for other tasks. .

2. Allowsinspector to use solvent, swabs,
magnifying lenses while still holding
component in correct position.
hanger to stop component swinging other tasks.
during inspection. _
o 2. Encouragesinspector to move around
Example: quickly attached clamp to . o
. component to obtain best visibility of
booth structure, or even good hand grip . .= .. .~ .
indicationsin different areas.
on holder.

Reading Always use swabs (e.g. Q-tips) for 1. Swabsprovide correct amount of
applying de-bleed solvent. Always solvent. Too much solvent can be applied
throw away swabs after single use. if sprayed or washed on, reducing visibility

of cracks, particularly small cracks.
2. A clean swab each time prevents
spreading of penetrant which can
potentially conceal indications.

Reading Use glares when handling components 1. Contamination of gloveswith

through processing and remove or
replace glaresfor reading.

penetrant or other chemicals can be
transferred to component. This causes
distracting glare from penetrant, reducing
crack visibility.

2. Contaminated gloves also fluoresceto
produce glarethat can reduce visibility of
cracks, particularly small cracks.
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