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Liguid Penetrant Inspection

Revised by J.S. Borucki, Ardrox Inc., and Gail Jordan, Howmet Corporation

Evolution of the Process

The exact origin of liquid penetrant inspection is not known, but it has been assumed that the method evolved from the
observation that the rust on a crack in a stedl plate in outdoor storage was somewhat heavier than the rust on the adjacent
surfaces as a result of water seeping into the crack and forcing out the oxide it had helped to produce. The obvious
conclusion was that a liquid purposely introduced into surface cracks and then brought out again would revea the
locations of those cracks.

The only material that fulfilled the known criteria of low viscaosity, good wettability, and ready availability was kerosene.
It was found, however, that although wider cracks showed up easily, finer ones were sometimes missed because of the
difficulty of detecting, by purely visual means, the small amounts of kerosene exuding from them. The solution was to
provide a contrasting surface that would reveal smaller seepages. The properties and availability of whitewash made it the
logical choice. This method, known as the kerosene-and-whiting test, was the standard for many years. The sensitivity of
the kerosene-and-whiting test could be increased by hitting the object being tested with a hammer during testing. The
resulting vibration brought more of the kerosene out of the cracks and onto the whitewash. Although this test was not as
sensitive as those derived from it, it was quick, inexpensive, and reasonably accurate. Thus, it provided a vast
improvement over ordinary visual examination.

The first step leading to the methods now available was the development of the fluorescent penetrant process by R.C.
Switzer. Thisliquid, used jointly with a powder developer, brought penetrant inspection from arelatively crude procedure
to a more scientific operation. With fluorescent penetrant, minute flaws could be readily detected when exposed to
ultraviolet light (commonly called black light). This development represented a major breakthrough in the detection of
surface flaws.

Switzer's work also included the development of the visible-color contrast method, which alowed for inspection under
white light conditions. Although not as sensitive as fluorescent penetrant inspection, it is widely used in industry for
noncritical inspection. Through the developments described above, liquid penetrant inspection has become a major
nondestructive inspection method.

Ligquid Penetrant Inspection
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Penetrant Methods

Because of the vast differences among applications for penetrant inspection, it has been necessary to refine and develop
the two types of penetrants (type I, fluorescent, and type Il, visible) into four basic methods to accommodate the wide
variationsin the following principal factors:

Surface condition of the workpiece being inspected
Characteristics of the flaws to be detected

Time and place of inspection

Size of the workpiece

Sengitivity required

The four methods are broadly classified as:
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Water washable, method A
Postemulsifiable lipophilic, method B
Solvent removable, method C
Postemulsifiable hydrophilic, method D

These four methods are described below.

Water-washable penetrant (method A) is designed so that the penetrant is directly water washable from the
surface of the workpiece; it does not require a separate emulsification step, as does the postemulsifiable penetrant
methods. It can be used to process workpieces quickly and efficiently. It is important, however, that the washing
operation be carefully controlled because water-washable penetrants are susceptible to overwashing. The essential
operations involved in this method are illustrated schematically in Fig. 7.
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Fig. 7 Five essential operations for liquid penetrant inspection using the water-washable system

Postemulsifiable penetrants (methods B and D) are designed to ensure the detection of minute flaws in some
materials. These penetrants are not directly water washable. Because of this characteristic, the danger of overwashing the
penetrant out of the flaws is reduced. The difference between the water-washable and postemulsifiable method lies in the
use of an emulsifier prior to final rinsing. The emulsifier makes the residual surface penetrant soluble in water so that the
excess surface penetrant can be removed by the water rinse. Therefore, the emulsification time must be carefully
controlled so that the surface penetrant becomes water soluble but the penetrant in the flaws does not. The operations
involved in the postemulsifiable method are illustrated schematically in Fig. 8 for the lipophilic system and in Fig. 9 for
the hydrophilic system. Despite the additional processing steps involved with the postemulsifiable methods B and D,
these methods are the most reliable for detecting minute flaws.
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Fig. 8 Operations (in addition to precleaning) for the postemulsifiable, method B, lipophilic liquid penetrant
system
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Fig. 9 Operations (in addition to precleaning) for the postemulsifiable, method D, hydrophilic liquid penetrant
system

Solvent-removable penetrant (method C) isavailable for use when it is necessary to inspect only alocalized area
of aworkpiece or to inspect a workpiece at the site rather than on a production inspection basis. Normally, the same type
of solvent is used for precleaning and for removing excess penetrant. This penetrant process is convenient and broadens
the range of applications of penetrant inspections. However, because the solvent-removable method is labor intensive, it is
not practical for many production applications. When properly conducted and when used in the appropriate applications,
the solvent-removable method can be one of the most sensitive penetrant methods available. The operations for this
process areillustrated schematically in Fig. 10.
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Fig. 10 Operations (in addition to precleaning) for the solvent-removable liquid penetrant system

Whichever penetrant method is chosen, the degree and speed of excess penetrant removal depend on such processing
conditions as spray hozzle characteristics, water pressure and temperature, duration of the rinse cycle, surface condition of
the workpiece, and inherent removal characteristics of the penetrant employed.

Liquid Penetrant Inspection
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Description of the Process

Regardless of the type of penetrant used, that is, fluorescent (type ) or visible (type Il), penetrant inspection requires at
least five essentia steps, asfollows.

Surface Preparation. All surfaces to be inspected, whether localized or the entire workpiece, must be thoroughly
cleaned and completely dried before being subjected to penetrant inspection. Flaws exposed to the surface must be free
from oil, water, or other contaminantsif they are to be detected.

Penetration. After the workpiece has been cleaned, penetrant is applied in a suitable manner so asto form afilm of the
penetrant over the surface. This film should remain on the surface long enough to alow maximum penetration of the
penetrant into any surface openings that are present.

Removal of Excess Penetrant. Excess penetrant must be removed from the surface. The removal method is
determined by the type of penetrant used. Some penetrants can be simply washed away with water; others require the use
of emulsifiers (lipophilic or hydrophilic) or solvent/remover. Uniform removal of excess surface penetrant is necessary
for effective inspection, but overremoval must be avoided.

Development. Depending on the form of developing agent to be used, the workpiece is dried either before or directly
after application of the developer. The developer forms a film over the surface. It acts as a blotter to assist the natural
seepage of the penetrant out of surface openings and to spread it at the edges so as to enhance the penetrant indication.

Inspection. After it is sufficiently developed, the surface is visualy examined for indications of penetrant bleedback
from surface openings. This examination must be performed in a suitable inspection environment. Visible penetrant
inspection is performed in good white light. When fluorescent penetrant is used, inspection is performed in a suitably
darkened area using black (ultraviolet) light, which causes the penetrant to fluoresce brilliantly.

Liquid Penetrant Inspection
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Materials Used in Penetrant Inspection

In addition to the penetrants themselves, liquids such as emulsifiers, solvent/cleaners and removers, and developers are
required for conducting liquid penetrant inspection.

Penetrants

There are two basic types of penetrants:
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Fluorescent, type |
Visible, typell

Each type is available for any one of the four methods (water washable, postemulsifiable lipophilic, and postemulsifiable
hydrophilic, and solvent removable) mentioned in the section " Penetrant Methods" in this article.

Type 1 fluorescent penetrant utilizes penetrants that are usually green in color and fluoresce brilliantly under
ultraviolet light. The sensitivity of a fluorescent penetrant depends on its ability to form indications that appear as small
sources of light in an otherwise dark area. Type | penetrants are available in different sensitivity levels classified as
follows:

|
Level 2: Ultralow
Level 1: Low
Level 2: Medium
Level 3: High
Level 4: Ultrahigh

Type 11 visible penetrant employs a penetrant that is usually red in color and produces vivid red indications in
contrast to the light background of the applied developer under visible light. The visible penetrant indications must be
viewed under adequate white light. The sensitivity of visible penetrants is regarded as Level 1 and adequate for many
applications.

Penetrant selection and use depend on the criticality of the inspection, the condition of the workpiece surface, the
type of processing, and the desired sensitivity (see the section " Selection of Penetrant Method" in this article).

Method A, water-washable penetrants are designed for the removal of excess surface penetrant by water rinsing
directly after a suitable penetration (dwell) time. The emulsifier is incorporated into the water-washable penetrant. When
thistype of penetrant is used, it is extremely important that the removal of excess surface penetrant be properly controlled
to prevent overwashing, which can cause the penetrant to be washed out of the flaws.

Methods B and D, lipophilic and hydrophilic postemulsifiable penetrants are insoluble in water and
therefore not removable by water rinsing alone. They are designed to be selectively removed from the surface of the
workpiece by the use of a separate emulsifier. The emulsifier, properly applied and left for a suitable emulsification time,
combines with the excess surface penetrant to form a water-washable surface mixture that can be rinsed from the surface
of the workpiece. The penetrant that remains within the flaw is not subject to overwashing. However, proper
emulsification time must be established experimentally and maintained to ensure that overemulsification, which resultsin
the loss of flaws, does not occur.

Method C, solvent-removable penetrants are removed by wiping with clean, lint-free material until most traces of
the penetrant have been removed. The remaining traces are removed by wiping with clean, lint-free material lightly
moistened with solvent. This type of penetrant is primarily used where portability is required and for the inspection of
localized areas. To minimize the possibility of removing the penetrant from discontinuities, the use of excessive amounts
of solvent must be avoided.

Physical and Chemical Characteristics. Both fluorescent and visible penetrants, whether water washable,
postemulsifiable, or solvent removable, must have certain chemical and physical characteristics if they are to perform
their intended functions. The principal requirements of penetrants are as follows:

Chemical stability and uniform physical consistency

A flash point not lower than 95 °C (200 °F); penetrants that have lower flash points constitute a
potential fire hazard

A high degree of wettability

Low viscosity to permit better coverage and minimum dragout
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Ability to penetrate discontinuities quickly and completely

Sufficient brightness and permanence of color

Chemical inertness with materials being inspected and with containers
Low toxicity to protect personnel

Slow drying characteristics

Ease of removal

Inoffensive odor

Low cost

Resistance to ultraviolet light and heat fade

Emulsifiers

Emulsifiers are liquids used to render excess penetrant on the surface of a workpiece water washable. There are two
methods used in the postemul sifiable method: method B, lipophilic, and method D, hydrophilic. Both can act over arange
of durations from afew seconds to several minutes, depending on the viscosity, concentration, method of application, and
chemical composition of the emulsifier, as well as on the roughness of the workpiece surface. The length of time an
emulsifier should remain in contact with the penetrant depends on the type of emulsifier employed and the roughness of
the workpiece surface.

Method B, lipophilic emulsifiers are oil based, are used as supplied, and function by diffusion (Fig. 11). The
emulsifier diffuses into the penetrant film and renders it spontaneously emulsifiable in water. The rate at which it diffuses
into the penetrant establishes the emulsification time. The emulsifier is fast acting, thus making the emulsification
operation very critical. The emulsifier continues to act as long as it is in contact with the workpiece; therefore, the rinse
operation should take place quickly to avoid overemulsification.
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Fig. 11 Elements in the functioning of lipophilic emulsifiers

Method D, hydrophilic emulsifiers are water based and are usually supplied as concentrates that are diluted in water
to concentrations of 5 to 30% for dip applications and 0.05 to 5% for spray applications. Hydrophilic emulsifiers function
by displacing excess penetrant from the surface of the part by detergent action (Fig. 12). The force of the water spray or
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the air agitation of dip tanks provides a scrubbing action. Hydrophilic emulsifier is slower acting than the lipophilic
emulsifier; therefore, it is easier to control the cleaning action. In addition to the emulsifier application, method D aso
requires a prerinse. Utilizing a coarse water spray, the prerinse helps remove the excess penetrant to minimize
contamination of the emulsifier. Of greater significance, only a very thin and uniform layer of penetrant will remain on
the surface, thus allowing easy removal of the surface layer with minimum opportunity of removing penetrant from the
flaws. This step is required because the penetrant is not miscible with the hydrophilic emulsifier.
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Fig. 12 Elements in the functioning of hydrophilic emulsifiers

The penetrant manufacturer should recommend nominal emulsification times for the specific type of emulsifier in use.
Actual emulsification times should be determined experimentally for the particular application. The manufacturer should
also recommend the concentrations for hydrophilic emulsifiers.

Solvent Cleaner/Removers

Solvent cleaner/removers differ from emulsifiers in that they remove excess surface penetrant through direct solvent
action. There are two basic types of solvent removers. flammable and nonflammable. Flammable cleaners are essentially
free of halogens but are potential fire hazards. Nonflammable cleaners are widely used. However, they do contain
hal ogenated solvents, which may render them unsuitable for some applications.

Excess surface penetrant is removed by wiping, using lint-free cloths slightly moistened with solvent cleaner/remover. It
is not recommended that excess surface penetrant be removed by flooding the surface with solvent cleaner/remover,
because the solvent will dissolve the penetrant within the defect and indications will not be produced.

Developers

The purpose of a developer is to increase the brightness intensity of fluorescent indications and the visible contrast of

visible-penetrant indications. The developer also provides a blotting action, which serves to draw penetrant from within
the flaw to the surface, spreading the penetrant and enlarging the appearance of the flaw.
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The developer is a critical part of the inspection process; borderline indications that might otherwise be missed can be
made visible by the developer. In all applications of liquid penetrant inspection, use of a developer is desirable because it
decreases inspection time by hastening the appearance of indications.

Required Properties. To carry out its functions to the fullest possible extent, a developer must have the following
properties or characteristics (rarely are all these characteristics present to optimum degrees in any given materia or
formulation, but all must be considered in selecting a devel oper):

The developer must be adsorptive to maximize blotting

It must have fine grain size and a particle shape that will disperse and expose the penetrant at aflaw to
produce strong and sharply defined indications of flaws

It must be capable of providing a contrast background for indications when color-contrast penetrants are
used

It must be easy to apply

It must form athin, uniform coating over a surface

It must be easily wetted by the penetrant at the flaw (the liquid must be allowed to spread over the
particle surfaces)

It must be nonfluorescent if used with fluorescent penetrants

It must be easy to remove after inspection

It must not contain ingredients harmful to parts being inspected or to equipment used in the inspection
operation

It must not contain ingredients harmful or toxic to the operator

Developer Forms. There are four forms of developersin common use:

Form A, dry powder

Form B, water soluble

Form C, water suspendible

Form D, nonaqueous solvent suspendible

The characteristics of each form are discussed bel ow.

Dry powder developers (form A) are widely used with fluorescent penetrants, but should not be used with visible-
dye penetrants because they do not produce a satisfactory contrast coating on the surface of the workpiece. Ideally, dry
powder developers should be light and fluffy to allow for ease of application and should cling to dry surfaces in a fine
film. The adherence of the powder should not be excessive, as the amount of black light available to energize fluorescent
indications will be reduced.

For purposes of storage and handling as well as applications, powders should not be hygroscopic, and they should remain
dry. If they pick up moisture when stored in areas of high humidity, they will lose their ability to flow and dust easily, and
they may agglomerate, pack, or lump up in containers or in developer chambers.

For reasons of safety, dry powder devel opers should be handled with care. Like any other dust particle, it can dry the skin
and irritate the lining of the air passages, causing irritation. If an operator will be working continuously at a developer
station, rubber gloves and respirators may be desirable. Modern equipment often includes an exhaust system on the
developer spray booth or on the developer dust chamber that prevents dust from escaping. Powder recovery filters are
included in most such installations.

Water-soluble developers (form B) can be used for both fluorescent (typel) or visible (type I1) postemulsifiable or
solvent-removable penetrants. Water-soluble developers are not recommended for use with water-washable penetrants,
because of the potential to wash the penetrant from within the flaw if the developer is not very carefully controlled.
Water-soluble developers are supplied as a dry powder concentrate, which is then dispersed in water in recommended
proportions, usually from 0.12 to 0.24 kg/L (1 to 2 Ib/gal.). The bath concentration is monitored for specific gravity with
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the appropriate hydrometer. Necessary constituents of the developers include corrosion inhibitors and biocides. The
advantages of this form of developer are asfollows:

The prepared bath is completely soluble and therefore does not require any agitation

The developer is applied prior to drying, thus decreasing the devel opment time

The dried developer film on the workpiece is completely water soluble and is thus easily and completely
removed following inspection by simple water rinsing

Water-suspendible developers (form C) can be used with either fluorescent (typel) or visible (type I1) penetrants.
With fluorescent penetrant, the dried coating of developer must not fluoresce, nor may it absorb or filter out the black
light used for inspection.

Water-suspendible devel opers are supplied as a (Elry powder concentrate, which is then dispersed in water in recommended

proportions, usualy from 0.04 to 0.12 kg/L (3 to 1 Ib/gal.). The amount of powder in suspension must be carefully
maintained. Too much or too little developer on the surface of a workpiece can seriously affect sensitivity. Specific
gravity checks should be conducted routinely, using a hydrometer to check the bath concentration. Water-soluble
developers contain dispersing agents to help retard settling and caking as well as inhibitors to prevent or retard corrosion
of workpieces and equipment, and biocides to extend the working life of the aqueous solutions. In addition, wetting
agents are present to ensure even coverage of surfaces and ease of removal after inspection.

Water-suspendible developer is applied before drying; therefore, devel oping time can be decreased because the heat from
the drier helps to bring penetrant back out of surface openings. In addition, with the developer film aready in place, the
developing action begins at once. Workpieces are ready for inspection in a shorter period of time.

Nonaqueous solvent-suspendible developers (form D) are commonly used for both the fluorescent and the
visible penetrant process. This form of developer produces a white coating on the surface of the part. This coating yields
the maximum white color contrast with the red visible penetrant indication and extremely brilliant fluorescent indication.

Nonagueous solvent-suspendible developers are supplied in the ready-to-use condition and contain particles of developer
suspended in a mixture of volatile solvents. The solvents are carefully selected for their compatibility with the penetrants.
Nonagueous solvent-suspendible developers also contain surfactants in a dispersant whaose functions are to coat the
particles and reduce their tendency to clump or agglomerate.

Nonagueous solvent-suspendible developers are the most sensitive form of developer used with type | fluorescent
penetrants because the solvent action contributes to the absorption and adsorption mechanisms. In many cases where
tight, small flaws occur, the dry powder (form A), water-soluble (form B), and water-suspendible (form C) developers do
not contact the entrapped penetrant. This results in the failure of the developer to create the necessary capillary action and
surface tension that serve to pull the penetrant from the flaw. The nonagueous solvent-suspendible developer enters the
flaw and dissolves into the penetrant. This action increases the volume and reduces the viscosity of the penetrant. The
manufacturer must carefully select and compound the solvent mixture. There are two types of solvent-base developers:
nonflammable (chlorinated solvents) and flammable (nonchlorinated solvents). Both types are widely used. Selection is
based on the nature of the application and the type of alloy being inspected.

Liguid Penetrant Inspection
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Selection of Penetrant Method

The size, shape, and weight of workpieces, as well as the number of similar workpieces to be inspected, often influence
the selection of a penetrant method.
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Sensitivity and Cost. The desired degree of sensitivity and cost are usually the most important factors in selecting the
proper penetrant method for a given application. The methods capable of the greatest sensitivity are also the most costly.
Many inspection operations require the ultimate in sensitivity, but there are a significant number in which extreme
sensitivity is not required and may even produce misleading results.

On a practical basis, the fluorescent penetrant methods are employed in a wider variety of production inspection
operations than the visible penetrant methods, which are utilized primarily for localized inspections. As stated earlier,
penetrants are classified on the basis of penetrant type:

Type |: Fluorescent

Typell: Visible

Method A: Water washable

Method B: Postemulsifiable-lipophilic
Method C: Solvent removable

Method D: Postemulsifiable-hydrophilic

Penetrants are also classified in terms of sensitivity levels:

l
Level 2: Ultralow
Level 1: Low
Level 2: Medium
Level 3: High
Level 4: Ultrahigh

Advantages and Limitations of Penetrant Methods. Each penetrant method, whether postemulsifiable (either
lipophilic or hydrophilic), solvent removable, or water washable, using fluorescent or visible-dye penetrants, has inherent
advantages and limitations.

The postemulsifiable fluorescent penetrant method is the most reliable and sensitive penetrant method. This
procedure will locate wide, shallow flaws as well astight cracks and isideal for high-production work. On the other hand,
emulsification requires an additional operation, which increases cost. Also, this method requires a water supply and
facilities for inspection under black light. The postemulsifiable, lipophilic fluorescent penetrant method is less sensitive
and less reliable than the hydrophilic method. Its use is therefore declining.

The solvent-removable fluorescent penetrant method employs a procedure similar to that used for the
postemulsifiable fluorescent method, except that excess penetrant is removed with a solvent/remover. This method is
especially recommended for spot inspection or where water cannot be conveniently used. It is more sensitive than the
water-washable system, but the extreme caution and additional time required for solvent removal often preclude its use.

The water-washable fluorescent penetrant method is the fastest of the fluorescent procedures. It is also highly
sensitive, reliable, and reasonably economical. It can be used for both small and large workpieces and is effective on most
part surfaces. However, it will not reliably reveal open, shallow flaws if overwashed and in some cases, depending on the
sensitivity level of the penetrant, will not locate the very tightest cracks. There is aso the danger of overwashing by
applying water for an excessive period of time or with a pressure sufficient to remove the penetrant from the flaws.

The postemulsifiable visible penetrant method is used whenever sensitivity required is greater than that
provided by the water-washable visible penetrant method. However, the additional step of applying emulsifier makes this
system more costly than the water-washable visible penetrant dye method that requires water, but otherwise no location
limitations are imposed.

The solvent-removable visible penetrant method has a distinct advantage in that all the necessary ingredients
are portable; accordingly, it can be used in a practically limitless number of locations, both in the shop and in the field.
Because of the problems involved in penetrant removal, however, the method is generally confined to spot inspection or
to inspection under circumstances that prohibit the use of other methods because of workpiece size or location.

A
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The water-washable visible penetrant system is the fastest and simplest of all penetrant techniques. It is,
however, the least sensitive because the penetrant is likely to be removed from wide, shallow flaws. Therefore, it is most
useful in those applications where shallow and relatively wide flaws are not significant. This method is aso the least
sensitive for locating tight cracks. It requires a water source, but can be performed in almost any location because neither
adarkened area nor electricity is required.

Liguid Penetrant Inspection
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Equipment Requirements

The equipment used in the penetrant inspection process varies from spray or aerosol cans to complex, automated,
computer-driven processing systems. Some of the more generally used types of equipment are described in the following
sections.

Portable Equipment

For occasional inspections, especially in the field, where equipment portability is necessary, minimal kits for either visible
or fluorescent penetrant inspection are commercialy available. (Generally, portable penetrant applications are limited to
localized areas or spot inspections rather than entire part surfaces.)

Such akit for visible penetrant inspection work includes a precleaner, a penetrant, and a penetrant remover and devel oper,
all in pressurized spray cans. Penetrant removal requires wiping with lint-free cloths or paper towels.

A similar kit is available for fluorescent work; a precleaner, a penetrant, penetrant remover and developer are likewise
supplied in pressurized cans. Cleaning is accomplished by wiping with lint-free cloths or paper towels. This kit includes a
small, portable black light for conducting the inspection.

Stationary Inspection Equipment

The type of equipment most frequently used in fixed installations consists of a series of modular subunits. Each subunit
performs a special task. The number of subunits in a processing line varies with the type of penetrant method used. The
subunits are:

Drain and/or dwell stations
Penetrant and emulsifier stations
Pre- and post-wash stations
Drying station

Developer station

Inspection station

Cleaning stations

The drain or dwell stations are actually roller-top benches t