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2.1. Introduction of Penetrant Inspection 

Liquid penetrant inspection is a method that is used to reveal surface breaking flaws 

by bleedout of a colored or fluorescent dye from the flaw (figure 1).  The technique is 

based on the ability of a liquid to be drawn into a "clean" surface breaking flaw by 

capillary action. After a period of time called the "dwell," excess surface penetrant is 

removed and a developer applied. This acts as a blotter.  It draws the penetrant from 

the flaw to reveal its presence.  Colored (contrast) penetrants require good white light 

while fluorescent penetrants need to be used in darkened conditions with an 

ultraviolet "black light". 

 

 

 

 

 

2.2. Why a Penetrant Inspection Improves the detectability of 

Flaws.   



                        

figure 1: bleedout of a colored or fluorescent dye from the flaw 

The advantage that a liquid penetrant inspection (LPI) offers over an unaided visual 

inspection is that it makes defects easier to see for the inspector. There are basically 

two ways that a penetrant inspection process makes flaws more easily seen. First, LPI 

produces a flaw indication that is much larger and easier for the eye to detect than the 

flaw itself. Many flaws are so small or narrow that they are undetectable by the 

unaided eye. Due to the physical features of the eye, there is a threshold below which 

objects cannot be resolved. This threshold of visual acuity is around 0.003 inch for a 

person with 20/20 vision. The second way that LPI improves the detectability of a 

flaw is that it produces a flaw indication with a high level of contrast between the 

indication and the background also helping to make the indication more easily seen. 

2.3. Basic Processing Steps of a Liquid Penetrant Inspection 

2.3.1. Surface Preparation: One of the most critical steps of a liquid 

penetrant inspection is the surface preparation. The surface must be free 

of oil, grease, water, or other contaminants that may prevent penetrant 

from entering flaws. The sample may also require etching if mechanical 

operations such as machining, sanding, or grit blasting have been 

performed. These and other mechanical operations can smear metal over 

the flaw opening and prevent the penetrant from entering. 

2.3.2. Penetrant Application: Once the surface has been thoroughly cleaned 

and dried, the penetrant material is applied by spraying, brushing, or 

immersing the part in a penetrant bath (figure 2). 



                         

figure 2: the penetrant material is applied 

 

2.3.3. Penetrant Dwell: The penetrant is left on the surface for a sufficient 

time to allow as much penetrant as possible to be drawn from or to seep 

into a defect. Penetrant dwell time is the total time that the penetrant is in 

contact with the part surface. Dwell times are usually recommended by 

the penetrant producers or required by the specification being followed. 

The times vary depending on the application, penetrant materials used, 

the material, the form of the material being inspected, and the type of 

defect being inspected for. Minimum dwell times typically range from 

five to 60 minutes. Generally, there is no harm in using a longer 

penetrant dwell time as long as the penetrant is not allowed to dry. The 

ideal dwell time is often determined by experimentation and may be very 

specific to a particular application.   

2.3.4.   Excess Penetrant Removal: This is the most delicate part of the 

inspection procedure because the excess penetrant must be removed from 

the surface of the sample while removing as little penetrant as possible 

from defects (figure 3).  Depending on the penetrant system used, this 

step may involve cleaning with a solvent, direct rinsing with water, or 

first treating the part with an emulsifier and then rinsing with water. 



   

figure 3: The excess penetrant removed from the surface of the sample 

 

 

2.3.5. Developer Application: A thin layer of developer is then applied to the 

sample to draw penetrant trapped in flaws back to the surface where it 

will be visible (figure 4). Developers come in a variety of forms that may 

be applied by dusting (dry powdered), dipping, or spraying (wet 

developers). 

 

figure 4: Developer Application  

 

2.3.6. Indication Development: The developer is allowed to stand on the part 

surface for a period of time sufficient to permit the extraction of the 

trapped penetrant out of any surface flaws. This development time is 

usually a minimum of 10 minutes.  Significantly longer times may be 

necessary for tight cracks. 

2.3.7. Inspection: Inspection is then performed under appropriate lighting to 

detect indications from any flaws which may be present. 

2.3.8. Clean Surface: The final step in the process is to thoroughly clean the 

part surface to remove the developer from the parts that were found to be 

acceptable.  

 



2.4. Common Uses of Liquid Penetrant Inspection 

Liquid penetrant inspection (LPI) is one of the most widely used nondestructive 

evaluation (NDE) methods. Its popularity can be attributed to two main factors: its 

relative ease of use and its flexibility.   LPI can be used to inspect almost any 

material provided that its surface is not extremely rough or porous. Materials that 

are commonly inspected using LPI include the following:  

 Metals (aluminum, copper, steel, titanium, etc.)  

 Glass  

 Many ceramic materials  

 Rubber  

 Plastics  

Liquid penetrant inspection can only be used to inspect for flaws that break the 

surface of the sample. Some of these flaws are listed below:  

 Fatigue cracks  

 Quench cracks  

 Grinding cracks  

 Overload and impact fractures  

 Porosity  

 Laps  

 Seams  

 Pin holes in welds  

 Lack of fusion or braising along the edge of the bond line  

As mentioned above, one of the major limitations of a penetrant inspection is that 

flaws must be open to the surface.  

2.5. Advantages and Disadvantages of Penetrant Testing 

Primary Advantages  

 The method has high sensitivity to small surface discontinuities.  



 The method has few material limitations, i.e. metallic and nonmetallic, 

magnetic and nonmagnetic, and conductive and nonconductive materials may 

be inspected.  

 Large areas and large volumes of parts/materials can be inspected rapidly and 

at low cost.  

 Parts with complex geometric shapes are routinely inspected.  

 Indications are produced directly on the surface of the part and constitute a 

visual representation of the flaw.  

 Aerosol spray cans make penetrant materials very portable.  

 Penetrant materials and associated equipment are relatively inexpensive.  

Primary Disadvantages  

 Only surface breaking defects can be detected.  

 Only materials with a relatively nonporous surface can be inspected.  

 Precleaning is critical since contaminants can mask defects.  

 Metal smearing from machining, grinding, and grit or vapor blasting must be 

removed prior to LPI.  

 The inspector must have direct access to the surface being inspected.  

 Surface finish and roughness can affect inspection sensitivity.  

 Multiple process operations must be performed and controlled.  

 Post cleaning of acceptable parts or materials is required.  

 Chemical handling and proper disposal is required.  

2.6. Penetrant Testing Materials 

To perform well, a penetrant must possess a number of important characteristics. A 

penetrant must: 

 spread easily over the surface of the material being inspected to provide 

complete and even coverage.  

 be drawn into surface breaking defects by capillary action.  

 remain in the defect but remove easily from the surface of the part.  

 remain fluid so it can be drawn back to the surface of the part through the 

drying and developing steps.  



 be highly visible or fluoresce brightly to produce easy to see indications.  

 not be harmful to the material being tested or the inspector 

Certain physical properties of the penetrant materials must be met. Some of these 

requirements address the safe use of the materials, other requirements address storage 

and contamination issues, Still others delineate properties that are thought to be 

primarily responsible for the performance or sensitivity of the penetrants. 

 The properties of penetrant materials include toxicity, flash point, and corrosiveness, 

surface wetting capability, viscosity, color, brightness, ultraviolet stability, thermal 

stability, water tolerance, and removability. 

Penetrant materials come in two basic types. These types are listed below: 

 Type 1 - Fluorescent Penetrants  

 Type 2 - Visible Penetrants  

 

figure 5: Fluorescent Penetrants 

Fluorescent penetrants ( figure 5) contain a dye or several dyes that fluoresce when 

exposed to ultraviolet radiation.  Visible penetrants contain a red dye that provides 

high contrast against the white developer background. Fluorescent penetrant systems 

are more sensitive than visible penetrant systems because the eye is drawn to the glow 

of the fluorescing indication.  However, visible penetrants do not require a darkened 

area and an ultraviolet light in order to make an inspection. Visible penetrants are also 

less vulnerable to contamination from things such as cleaning fluid that can 

significantly reduce the strength of a fluorescent indication. Penetrants are then 



classified by the method used to remove the excess penetrant from the part.  The four 

methods are listed below:  

1. Method A - Water Washable  

2. Method B - Post-Emulsifiable, Lipophilic  

3. Method C - Solvent Removable  

4. Method D - Post-Emulsifiable, Hydrophilic  

Water washable (Method A) penetrants can be removed from the part by rinsing with 

water alone.  These penetrants contain an emulsifying agent (detergent) that makes it 

possible to wash the penetrant from the part surface with water alone.  Water 

washable penetrants are sometimes referred to as self-emulsifying systems.   Post-

emulsifiable penetrants come in two varieties, lipophilic and hydrophilic.  In post-

emulsifiers, lipophilic systems (Method B), the penetrant is oil soluble and interacts 

with the oil-based emulsifier to make removal possible.  Post-emulsifiable, 

hydrophilic systems (Method D), use an emulsifier that is a water soluble detergent 

which lifts the excess penetrant from the surface of the part with a water wash.  

Solvent removable penetrants require the use of a solvent to remove the penetrant 

from the part. 
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2.1. Basic Principles of Eddy Current Inspection 

Eddy currents are created through a process called electromagnetic induction. When 

alternating current is applied to the conductor, such as copper wire, a magnetic field 

develops in and around the conductor. This magnetic field expands as the alternating 

current rises to maximum and collapses as the current is reduced to zero. If another 

electrical conductor is brought into the close proximity to this changing magnetic 

field, current will be induced in this second conductor. Eddy currents are induced 

electrical currents that flow in a circular path. 

 

 

 

 

 

 

 

 

 

 

 

 

One of the major advantages of eddy current as an NDT tool is the variety of 

inspections  

 

In order to generate eddy currents for an 
inspection a “probe” is used. Inside the 
probe is a length of electrical conductor 
which is formed into a coil  
 

Alternating current is allowed to flow in 
the coil at a frequency chosen by the 
technician for the type of test involved. 
 

A dynamic expanding and collapsing magnetic 
field forms in and around the coil as the 

alternating current flows through the coil.  

A dynamic expanding and collapsing magnetic field 
forms in and around the coil as the alternating 
current flows through the coil.  
 

Eddy currents flowing in the material will generate  
their own “secondary” magnetic field which will 
oppose the coil’s “primary” magnetic field.  
 

Figure 1: The process of electromagnetic induction 



and measurements that can be performed. In the proper circumstances, eddy currents 

can be used for: 

 Crack detection  

 Material thickness measurements  

 Coating thickness measurements  

 Conductivity measurements for:  

o Material identification  

o Heat damage detection  

o Case depth determination  

o Heat treatment monitoring  

Some of the advantages of eddy current inspection include:  

 Sensitive to small cracks and other defects  

 Detects surface and near surface defects  

 Inspection gives immediate results  

 Equipment is very portable  

 Method can be used for much more than flaw detection  

 Minimum part preparation is required  

 Test probe does not need to contact the part  

 Inspects complex shapes and sizes of conductive materials 

Some of the limitations of eddy current inspection include: 

1. Only conductive materials can be inspected  

2. Surface must be accessible to the probe  

3. Skill and training required is more extensive than other techniques  

4. Surface finish and roughness may interfere  

5. Reference standards needed for setup  

6. Depth of penetration is limited  

7. Flaws such as delaminations that lie parallel to the probe coil winding and 

probe scan direction are undetectable.  

 



2.2. Present State of Eddy Current Inspection 

Eddy current inspection is used in a variety of industries to find defects and make 

measurements. One of the primary uses of eddy current testing is for defect detection 

when the nature of the defect is well understood. In general, the technique is used to 

inspect a relatively small area and the probe design and test parameters must be 

established with a good understanding of the flaw that is to be detected. Since eddy 

currents tend to concentrate at the surface of a material, they can only be used to 

detect surface and near surface defects. 

In thin materials such as tubing and sheet stock, eddy currents can be used to measure 

the thickness of the material. This makes eddy current a useful tool for detecting 

corrosion damage and other damage that causes a thinning of the material. The 

technique is used to make corrosion thinning measurements on aircraft skins and in 

the walls of tubing used in assemblies such as heat exchangers. Eddy current testing is 

also used to measure the thickness of paints and other coatings. 

Eddy currents are also affected by the electrical conductivity and magnetic 

permeability of materials. Therefore, eddy current measurements can be used to sort 

materials and to tell if a material has seen high temperatures or been heat treated, 

which changes the conductivity of some materials.  

2.3. Induction and Inductance 

2.3.1. Induction 

In 1824, Oersted discovered that current passing though a coil 

created a magnetic field capable of shifting a compass needle. 

Seven years later, Faraday and Henry discovered just the 

opposite. They noticed that a moving magnetic field would 

induce current in an electrical conductor. This process of 

generating electrical current in a conductor by placing the 

conductor in a changing magnetic field is called 

electromagnetic induction or just induction. It is called induction because the 

current is said to be induced in the conductor by the magnetic field.  

Faraday also noticed that the rate at which the magnetic field changed also had an 

effect on the amount of current or voltage that was induced. Faraday's Law for an 

uncoiled conductor states that the amount of induced voltage is proportional to the 

Figure 2: electromagnetic induction 



rate of change of flux lines cutting the conductor. Faraday's Law for a straight wire is 

shown below. 

dt

d
VL




 

Where: 

VL = the induced voltage in volts  

dø/dt = the rate of change of magnetic flux in webers/second  

Induction is measured in unit of Henries (H) which reflects this dependence on the 

rate of change of the magnetic field. One henry is the amount of inductance that is 

required to generate one volt of induced voltage when the current is changing at the 

rate of one ampere per second.  

2.3.2. Inductance 

When induction occurs in an electrical circuit and affects the flow of electricity it is 

called inductance. Self-inductance, or simply inductance, is the property of a circuit 

whereby a change in current causes a change in voltage in the same circuit. When one 

circuit induces current flow in a second nearby circuit, it is known as mutual-

inductance. 

The image to the right shows an example of mutual-

inductance. When an AC current is flowing through a piece 

of wire in a circuit, an electromagnetic field is produced 

that is constantly growing and shrinking and changing 

direction due to the constantly changing current in the 

wire. This changing magnetic field will induce electrical 

current in another wire or circuit that is brought close to the 

wire in the primary circuit. The current in the second wire will also be AC and in fact 

will look very similar to the current flowing in the first wire. An electrical transformer 

uses inductance to change the voltage of electricity into a more useful level. In 

nondestructive testing, inductance is used to generate eddy currents in the test piece. 

Figure 3: mutual-inductance. 



Figure 4: self –inductance in a coil  

2.4. Self-Inductance and Inductive Reactance  

The property of self-inductance is a particular form of electromagnetic induction. Self 

inductance is defined as the induction of a voltage in a current-carrying wire when the 

current in the wire itself is changing. In the case of self-inductance, the magnetic field 

created by a changing current in the circuit itself induces a voltage in the same circuit. 

Therefore, the voltage is self-induced.  

The term inductor is used to describe a circuit element possessing the property of 

inductance and a coil of wire is a very common inductor. In circuit diagrams, a coil or 

wire is usually used to indicate an inductive component. Taking a closer look at a coil 

will help understand the reason that a voltage is induced in a wire carrying a changing 

current. The alternating current running through the coil creates a magnetic field in 

and around the coil that is increasing and decreasing as the current changes. The 

magnetic field forms concentric loops that surround the wire and join to form larger 

loops that surround the coil as shown in the image below. When the current increases 

in one loop the expanding magnetic field will cut across some or all of the 

neighboring loops of wire, inducing a voltage in these loops. This causes a voltage to 

be induced in the coil when the current is changing. 

 

 

 

 

 

By studying this image of a coil, it can be seen that the number of turns in the coil will 

have an effect on the amount of voltage that is induced into the circuit. Increasing the 

number of turns or the rate of change of magnetic flux increases the amount of 

induced voltage. Therefore, Faraday's Law must be modified for a coil of wire and 

becomes the following. 



dt

d
NVL




 

Where:  

VL = induced voltage in volts 

N = number of turns in the coil 

dø/dt = rate of change of magnetic flux in webers/second 

The equation simply states that the amount of induced voltage (VL) is proportional to 

the number of turns in the coil and the rate of change of the magnetic flux (dø/dt). In 

other words, when the frequency of the flux is increased or the number of turns in the 

coil is increased, the amount of induced voltage will also increase.  

In a circuit, it is much easier to measure current than it is to measure magnetic flux, so 

the following equation can be used to determine the induced voltage if the inductance 

and frequency of the current are known. This equation can also be reorganized to 

allow the inductance to be calculated when the amount of inducted voltage can be 

determined and the current frequency is known. 

                                                          dt

di
LVL   

Where: 

VL = the induced voltage in volts 

L = the value of inductance in henries 

di/dt = the rate of change of current in amperes per second 

2.4.1. Lenz's Law 

Soon after Faraday proposed his law of induction, Heinrich Lenz developed a rule for 

determining the direction of the induced current in a loop. Basically, Lenz's law 

states that an induced current has a direction such that its magnetic field opposes 

the change in magnetic field that induced the current. This means that the current 

induced in a conductor will oppose the change in current that is causing the flux to 



Figure5: inductive reactance  

change. Lenz's law is important in understanding the property of inductive reactance, 

which is one of the properties measured in eddy current testing.  

2.4.2.  Inductive Reactance 

The reduction of current flow in a circuit due to induction is called inductive 

reactance. By taking a closer look at a coil of wire and applying Lenz's law, it can be 

seen how inductance reduces the flow of current in the circuit. In the image below, the 

direction of the primary current is shown in red, and the magnetic field generated by 

the current is shown in blue. The direction of the magnetic field can be determined by 

taking your right hand and pointing your thumb in the direction of the current. Your 

fingers will then point in the direction of the magnetic field. It can be seen that the 

magnetic field from one loop of the wire will cut across the other loops in the coil and 

this will induce current flow (shown in green) in the circuit. According to Lenz's law, 

the induced current must flow in the opposite direction of the primary current. The 

induced current working against the primary current results in a reduction of current 

flow in the circuit. It should be noted that the inductive reactance will increase if the 

number of winds in the coil is increased since the magnetic field from one coil will 

have more coils to interact with  

 

Since inductive reactance reduces the flow of current in a circuit, it appears as an 

energy loss just like resistance. However, it is possible to distinguish between 

resistance and inductive reactance in a circuit by looking at the timing between the 

sine waves of the voltage and current of the alternating current. In an AC circuit that 

contains only resistive components, the voltage and the current will be in-phase, 

meaning that the peaks and valleys of their sine waves will occur at the same time. 



Figure 6: mutual-inductance. 

When there is inductive reactance present in the circuit, the phase of the current will 

be shifted so that its peaks and valleys do not occur at the same time as those of the 

voltage. 

2.5. Mutual Inductance (The Basis for Eddy Current Inspection)  

The magnetic flux through a circuit can be related to the current in that circuit and the 

currents in other nearby circuits, assuming that there are no nearby permanent 

magnets. Consider the following two circuits.  

              

 

The magnetic field produced by circuit 1 will intersect the wire in circuit 2 and create 

current flow. The induced current flow in circuit 2 will have its own magnetic field 

which will interact with the magnetic field of circuit 1. At some point P, the magnetic 

field consists of a part due to i1 and a part due to i2. These fields are proportional to 

the currents producing them. The coils in the circuits are labeled L1 and L2 and this 

term represents the self inductance of each of the coils. The values of L1 and L2 

depend on the geometrical arrangement of the circuit (i.e. number of turns in the coil) 

and the conductivity of the material. The constant M, called the mutual inductance 

of the two circuits, is dependent on the geometrical arrangement of both circuits. In 

particular, if the circuits are far apart, the magnetic flux through circuit 2 due to the 

current i1 will be small and the mutual inductance will be small. L2 and M are 

constants. 

We can write the flux, B through circuit 2 as the sum of two parts.  

B2 = L2i2 + i1M 

An equation similar to the one above can be written for the flux through circuit 1. 

B1 = L1i1 + i2M 



Figure 7: mutual inductance  

Though it is certainly not obvious, it can be shown that the mutual inductance is the 

same for both circuits. Therefore, it can be written as follows: 

M1,2=M2,1 

 

 

2.5.1. How is mutual induction used in eddy current inspection? 

In eddy current inspection, the eddy currents are generated 

in the test material due to mutual induction. The test probe 

is basically a coil of wire through which alternating current 

is passed. The second circuit can be any piece of 

conductive material (figure 7(a)).  

When alternating current is passed through the coil, a 

magnetic field is generated in and around the coil. When the 

probe is brought in close proximity to a conductive material, 

such as aluminum, the probe's changing magnetic field 

generates current flow in the material. The induced current 

flows in closed loops in planes perpendicular to the 

magnetic flux. They are named eddy currents because 

they are thought to resemble the eddy currents that can be 

seen swirling in streams (figure 7(b)). 

 

The eddy currents produce their own magnetic fields that interact with the primary 

magnetic field of the coil. By measuring changes in the resistance and inductive 

reactance of the coil, information can be gathered about the test material. This 

information includes the electrical conductivity and magnetic permeability of the 

material, the amount of material cutting through the coils magnetic field, and the 

condition of the material (i.e. whether it contains cracks or other defects.) The 

distance that the coil is from the conductive material is called liftoff, and this distance 

affects the mutual-inductance of the circuits. Liftoff can be used to make 

)(a  

)(b  

)(c  



Figure 8 : A circuit consists of voltage source (a), The circuit diagram shows the value of the 

voltage and the current for this circuit over a period of time (b). 

measurements of the thickness of nonconductive coatings, such as paint, that hold the 

probe a certain distance from the surface of the conductive material (figure 7(c)). 

2.6. Circuits and Phase 

A circuit can be thought of as a closed path in which current flows through the 

components that make up the circuit. The current (i) obeys Ohm's Law. The simple 

circuit below (figure 8 (a)) consists of a voltage source (in this case an alternating 

current voltage source) and a resistor. The graph below (figure 8(b)) shows the value 

of the voltage and the current for this circuit over a period of time. This graph shows 

one complete cycle of an alternating current source. From the graph, it can be seen 

that as the voltage increases, the current does the same. The voltage and the current 

are said to be "in-phase" since their zero, peak, and valley points occur at the same 

time. They are also directly proportional to each other. 

 

 

 

                                                                                    

 

In the circuit below (figure 9(a)), the resistive component has been replaced with an 

inductor. When inductance is introduced into a circuit, the voltage and the current will 

be "out-of-phase," meaning that the voltage and current do not cross zero, or reach 

their peaks and valleys at the same time. When a circuit has an inductive component, 

the current (iL) will lag the voltage by one quarter of a cycle. One cycle is often 

referred to as 360
o
, so it can be said that the current lags the voltage by 90

o
.   

This phase shift occurs because the inductive reactance changes with changing 

current.  Recall that it is the changing magnetic field caused by a changing current 

that produces inductive reactance.  When the change in current is greatest, inductive 

reactance will be the greatest, and the voltage across the inductor will be the highest.  

When the change in current is zero, the inductive reactance will be zero and the 

)(a  )(b 



Figure 10 : A circuit consists of an alternating current voltage source and a capacitor (a), The 

circuit diagram shows the value of the voltage and the current for this circuit over a period of 

time (b). 

voltage across the inductor will be zero.  Be careful not to confuse the amount of 

current with the amount of change in the current.  Consider the points where the 

current reaches it peak amplitude and changes direction in the graph below (figure 

9(b)) (0
o
, 180

o
, and 360

o
).  As the current is changing directions, there is a split 

second when the change in current is zero.  Since the change in current is zero, no 

magnetic field is generated to produce the inductive reactance.  When the inductive 

reactance is zero, the voltage across the inductor is zero.  

               

  

 

The resistive and inductive components are of primary interest in eddy current testing 

since the test probe is basically a coil of wire, which will have both resistance and 

inductive reactance. However, there is a small amount of capacitance in the circuits so 

a mention is appropriate. This simple circuit below (figure 10) consists of an 

alternating current voltage source and a capacitor. Capacitance in a circuit caused the 

current (ic) to lead the voltage by one quarter of a cycle (90
o
 current lead).   

 

 

When there is both  resistance and inductive reactance (and/or capacitance) in a 

circuit, the combined opposition to current flow is known as impedance. 

2.7. Impedance 

)(a  )(b  

Figure 9 : A circuit consists of voltage source, the resistive component has been replaced with an 

inductor (a), The circuit diagram shows the value of the voltage and the current for this circuit over 

a period of time. 



Figure 11 :  a circuit diagram that represents an eddy current inspection system (a), The circuit 

diagram  shows the circuit's total current, which is affected by the total impedance of the 

circuit the  (b). 

Electrical Impedance (Z), is the total opposition that a circuit presents to alternating 

current. Impedance is measured in ohms and may include resistance (R), inductive 

reactance (XL), and capacitive reactance (XC). However, the total impedance is not 

simply the algebraic sum of the resistance, inductive reactance, and capacitive 

reactance. Since the inductive reactance and capacitive reactance are 90
o
 out of phase 

with the resistance and, therefore, their maximum values occur at different times, 

vector addition must be used to calculate impedance. In the image below (figure 

11(a)), a circuit diagram is shown that represents an eddy current inspection system. 

The eddy current probe is a coil of wire so it contains resistance and inductive 

reactance when driven by alternating current. The capacitive reactance can be dropped 

as most eddy current probes have little capacitive reactance. The solid line in the 

graph below (figure 11(b)) shows the circuit's total current, which is affected by the 

total impedance of the circuit. The two dashed lines represent the portion of the 

current that is affected by the resistance and the inductive reactance components 

individually. It can be seen that the resistance and the inductive reactance lines are 90
o
 

out of phase, so when combined to produce the impedance line, the phase shift is 

somewhere between zero and 90
o
. The phase shift is always relative to the resistance 

line since the resistance line is always in-phase with the voltage. If more resistance 

than inductive reactance is present in the circuit, the impedance line will move toward 

the resistance line and the phase shift will decrease. If more inductive reactance is 

present in the circuit, the impedance line will shift toward the inductive reactance line 

and the phase shift will increase. 

   

 

The relationship between impedance and its individual components (resistance and 

inductive reactance) can be represented using a vector (figure 12). The amplitude of 

the resistance component is shown by a vector along the x-axis and the amplitude of 

the inductive reactance is shown by a vector along the y-axis. The amplitude of the 

)(a  
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Figure 12 :  The relationship between impedance and its individual components  

impedance is shown by a vector that stretches from zero to a point that represents both 

the resistance value in the x-direction and the inductive reactance in the y-direction. 

                                                    

                                            

Eddy current instruments with impedance plane displays present information in this 

format. The impedance in a circuit with resistance and inductive reactance can be 

calculated using the following equation. If capacitive reactance was present in the 

circuit, its value would be added to the inductance term before squaring 

                                                       22 RXZ L   

The phase angle of the circuit can be calculated using the equation below. If 

capacitive reactance was present in the circuit, its value would be subtracted from the 

inductive reactance term.      

R

X Ltan  

2.8. Depth of Penetration & Current Density 

Eddy currents are closed loops of induced current circulating in planes perpendicular 

to the magnetic flux. They normally travel parallel to the coil's winding and flow is 

limited to the area of the inducing magnetic field. Eddy currents concentrate near the 

surface adjacent to an excitation coil and their strength decreases with distance from 

the coil. Eddy current density decreases exponentially with depth. This phenomenon 



Figure 13: The depth that eddy currents penetrate into a material 

is known as the skin effect. The skin effect arises when the eddy currents flowing in 

the test object at any depth produce magnetic fields which oppose the primary field, 

thus reducing the net magnetic flux and causing a decrease in current flow as the 

depth increases. Alternatively, eddy currents near the surface can be viewed as 

shielding the coil's magnetic field, thereby weakening the magnetic field at greater 

depths and reducing induced currents. The depth that eddy currents penetrate into a 

material is affected by the frequency of the excitation current, the electrical 

conductivity and the magnetic permeability of the specimen (see figure 13). The depth 

of penetration decreases with increasing frequency and increasing conductivity and 

magnetic permeability. The depth at which eddy current density has decreased to 1/e, 

or about 37% of the surface density, is called the standard depth of penetration (δ). 

The word 'standard' denotes plane wave electromagnetic field excitation within the 

test sample (conditions which are rarely achieved in practice). Although eddy currents 

penetrate deeper than one standard depth of penetration, they decrease rapidly with 

depth. At two standard depths of penetration ( 2δ ), eddy current density has 

decreased to 1/e squared or 13.5% of the surface density. At three depths ( 3δ), the 

eddy current density is down to only 5% of the surface density. 

 

Since the sensitivity of an eddy current inspection depends on the eddy current 

density at the defect location, it is important to know the strength of the eddy currents 

at this location. When attempting to locate flaws, a frequency is often selected which 

places the expected flaw depth within one standard depth of penetration. This helps to 

assure that the strength of the eddy currents will be sufficient to produce a flaw 



Figure 14 : Eddy current probes 

indication. Alternately, when using eddy currents to measure the electrical 

conductivity of a material, the frequency is often set so that it produces three standard 

depths of penetration within the material. This helps to assure that the eddy currents 

will be so weak at the back side of the material that changes in the material thickness 

will not affect the eddy current measurements. The equation for the calculation of  the 

standard depth of penetration:  

                           

Where: 

  

 

 

δ = Standard Depth of Penetration (mm) 

π = 3.14 

f = Test Frequency (Hz) 

µ = Magnetic Permeability (H/mm) 

σ = Electrical Conductivity (% IACS) 

                      

                

2.9. Probes - Mode of Operation 

Eddy current probes are available in a large variety of 

shapes and sizes (figure 14). In fact, one of the major 

advantages of eddy current inspection is that probes 

can be custom designed for a wide variety of 

applications. 

                                

Eddy current probes are classified by the configuration and mode of operation of the 

test coils. The configuration of the probe generally refers to the way the coil or coils 

are packaged to best "couple" to the test area of interest.  

The mode of operation of a probe generally falls into one of four categories: absolute, 

differential, reflection and hybrid. Each of these classifications will be discussed in 

more detail below. 

 

 

 



Figure 15 : Absolute probes 

2.9.1. Absolute Probes   

Absolute probes generally have a single test coil that is used to generate the eddy 

currents and sense changes in the eddy current field (figure 15). AC is passed through 

the coil and this sets up an expanding and collapsing magnetic field in and around the 

coil. When the probe is positioned next to a conductive material, the changing 

magnetic field generates eddy currents within the material. The generation of   the 

eddy currents takes energy from the coil and this appears as an increase in the 

electrical resistance of the coil. The eddy currents generate their own magnetic field 

that opposes the magnetic field of the coil and this changes the inductive reactance of 

the coil. By measuring the absolute change in impedance of the test coil, much 

information can be gained about the test material. Absolute coils can be used for flaw 

detection, conductivity measurements, liftoff measurements and thickness 

measurements. They are widely used due to their versatility.   

                                       

 

 

 

 

 

2.9.2. Differential Probes 

Differential probes have two active coils usually wound in opposition (see figure 17). 

When the two coils are over a flaw-free area of test sample, there is no differential 

signal developed between the coils since they are both inspecting identical material. 

However, when one coil is over a defect and the other is over good material, a 

differential signal is produced. They have the advantage of being very sensitive to 

defects yet relatively insensitive to slowly varying properties such as gradual 

dimensional or temperature variations. Probe wobble signals are also reduced with 

this probe type. There are also disadvantages to using differential probes. Most 

notably, the signals may be difficult to interpret. For example, if a flaw is longer than 

the spacing between the two coils, only the leading and trailing edges will be detected 

due to signal cancellation when both coils sense the flaw equally. 

 

 



Figure 16 : Surface probes 

2.10. Probes – Configurations 

2.10.1. Surface Probes 

Surface probes (see figure 16) are usually designed to be handheld and are intended to 

be used in contact with the test surface. Surface probes generally consist of a coil of 

very fine wire encased in a protective housing. The size of the coil and shape of the 

housing are determined by the intended use of the probe. Most of the coils are wound 

so that the axis of the coil is perpendicular to the test surface. This coil configuration 

is sometimes referred to as a pancake coil and is good for detecting surface 

discontinuities that are oriented perpendicular to the test surface. 

 Discontinuities, such as delaminations, that are in a parallel plane to the test surface 

will likely go undetected with this coil configuration. Wide surface coils are used 

when scanning large areas for relatively large defects. They sample a relatively large 

area and allow for deeper penetration. Since they do sample a large area, they are 

often used for conductivity tests to get more of a bulk material measurement. 

However, their large sampling area limits their ability to detect small discontinuities. 

Pencil probes have a small surface coil that is encased in a long slender housing to 

permit inspection in restricted spaces. They are available with a straight shaft or with 

a bent shaft, which facilitates easier handling and use in applications such as the 

inspection of small diameter bores. Pencil probes are prone to wobble due to their 

small base and sleeves are sometimes used to provide a wider base 

 

 

 

 

 

 

 

. 

2.11. Inspection Applications:  

2.11.1. Conductivity Measurements 
One of the uses of eddy current instruments is for the measurement of electrical 

conductivity. The value of the electrical conductivity of a metal depends on several 

factors, such as its chemical composition and the stress state of its crystalline 



structure. Therefore, electrical conductivity information can be used for sorting 

metals, checking for proper heat treatment, and inspecting for heat damage. 

The technique usually involves nulling an absolute probe in air and placing the probe 

in contact with the sample surface. For nonmagnetic materials, the change in 

impedance of the coil can be correlated directly to the conductivity of the material. 

The technique can be used to easily sort magnetic materials from nonmagnetic 

materials but it is difficult to separate the conductivity effects from the magnetic 

permeability effects, so conductivity measurements are limited to nonmagnetic 

materials. It is important to control factors that can affect the results such as the 

inspection temperature and the part geometry. Conductivity changes with temperature 

so measurements should be made at a constant temperature and adjustments made for 

temperature variations when necessary. The thickness of the specimen should 

generally be greater than three standard depths of penetration. This is so the eddy 

currents at the back surface of the sample are sufficiently weaker than the variations 

in the specimen thickness that are not seen in the measurements. 

Generally large surface probes are used to get a value for a relatively large sample 

area. The instrument is usually setup such that a ferromagnetic material produces a 

response that is nearly vertical. Then, all conductive but nonmagnetic materials will 

produce a trace that moves down and to the right as the probe is moved toward the 

surface. When the probe is brought near a conductive but nonmagnetic material, the 

coil's inductive reactance goes down since the magnetic field from the eddy currents 

opposes the magnetic field of the coil. The resistance in the coil increases since it 

takes some of the coil's energy to generate the eddy currents and this appears as 

additional resistance in the circuit. As the conductivity of the materials being tested 

increases, the resistance losses will be less and the inductive reactance changes will be 

greater. Therefore, the signals will become more vertical as the conductivity  

increases.                     

2.11.1.1. Conductivity Measurements for the Verification of Heat    

    Treatment 

With some materials, such as solution heat treatable aluminum alloys, conductivity 

measurements are often made verifying that parts and materials have received the 

proper heat treatment. High purity aluminum is soft and ductile, and gains strength 



and hardness with the addition of alloying elements. A few such aluminum alloys are 

the 2000 series (2014, 2024, etc.), 6000 series (6061, 6063, etc.), and 7000 series 

(7050, 7075, etc.). The 2xxx series aluminum alloys have copper, the 6xxx series have 

magnesium, and the 7xxx have zinc as their major alloying elements. 

 Heat treatment of aluminum alloys is accomplished in two phases - solution heat 

treatment and then aging. In the solution heat treatment step, the alloys are heated to 

an elevated temperature to dissolve the alloying elements into solution. The metal is 

then rapidly cooled or quenched to “freeze” the atoms of the alloying elements in the 

lattice structure of the aluminum. This distorts and stresses the structure, making 

electron movement more difficult, thereby decreasing the electrical conductivity. In 

this condition, the alloys are still relatively soft but start to gain strength as the 

alloying elements begin to precipitate out of solution to form extremely small 

particles that impede the movement of dislocations within the material. The formation 

of the precipitates can be controlled for many alloys by heating and holding the 

material at an elevated temperature for a period of time (artificial aging). As the 

alloying elements precipitate out of solid solution, the conductivity of the material 

gradually increases. By controlling the amount of precipitated particles within the 

aluminum, the properties can be controlled to produce peak strength or some 

combinations of strength and corrosion resistance. Sometimes, the material must be 

annealed or put into the softest, most ductile condition possible in order to perform 

forming operations. Annealing allows all of the alloying elements to precipitate out of 

solution to form a coarse, widely spaced precipitate. The electrical conductivity is 

greatest when the material is in the annealed condition. 

2.11.2. Thickness Measurements of Thin Material 

2.11.2.1. Thickness Measurement of Thin Conductive Layers 

It is possible to measure the thickness of a thin layer of metal on a metallic substrate, 

provided the two metals have widely differing electrical conductivities (i.e. silver on 

lead where σ= 67 and 10 MS/m, respectively). A frequency must be selected such that 

there is complete eddy current penetration of the layer, but not of the substrate itself. 

The method has also been used successfully for measuring thickness of very thin 

protective coatings of ferromagnetic metals (i.e. chromium and nickel) on non-

ferromagnetic metal bases.          



Figure 17: thickness measurements of nonconducting coatings on metal substrates  

2.11.2.2. Thickness Measurements of Nonconducting Coatings on 

Conductive Materials 

The thickness of nonmetallic coatings on metal substrates can be determined simply 

from the effect of liftoff on impedance (figure 17). This method has widespread use 

for measuring thickness of paint and plastic coatings. The coating serves as a spacer 

between the probe and the conductive surface. As the distance between the probe and 

the conductive base metal increases, the eddy current field strength decreases because 

less of the probe's magnetic field can interact with the base metal. Thicknesses 

between 0.5 and 25 µm can be measured to an accuracy between 10% for lower 

values and 4% for higher values. Contributions to impedance changes due to 

conductivity variations should be phased out, unless it is known that conductivity 

variations are negligible, as normally found at higher frequencies.  
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2.12. Introduction 

Magnetic particle inspection (MPI) is a nondestructive testing method used for defect 

detection. MPI is fast and relatively easy to apply, and part surface preparation is not 

as critical as it is for some other NDT methods. These characteristics make MPI one 

of the most widely utilized nondestructive testing methods. MPI uses magnetic fields 

and small magnetic particles (i.e.iron filings) to detect flaws in components. The only 

requirement from an inspectability standpoint is that the component being inspected 

must be made of a ferromagnetic material such as iron, nickel, cobalt, or some of their 

alloys. Ferromagnetic materials are materials that can be magnetized to a level that 

will allow the inspection to be effective. The method is used to inspect a variety of 

product forms including castings, forgings, and weldments. Many different industries 

use magnetic particle inspection for determining a component's fitness-for-use. Some 

examples of industries that use magnetic particle inspection are the structural steel, 

automotive, petrochemical, power generation, and aerospace industries. Underwater 

inspection is another area where magnetic particle inspection may be used to test 

items such as offshore structures and underwater pipeline. 

2.13. Basic Principles 

In theory, magnetic particle inspection (MPI) is a relatively simple concept. It can be 

considered as a combination of two nondestructive testing methods: magnetic flux 

leakage testing and visual testing. 

Consider the case of a bar magnet (figure 1). It has a magnetic field in and around the 

magnet. 



Any place that a magnetic line of force exits or enters the magnet is called a pole. A 

pole where a magnetic line of force exits the magnet is called a north pole and a pole 

where a line of force enters the magnet is called a south pole. 

 
figure  1: a bar magnet 

 

 

When a bar magnet is broken in the center of its length (figure 2), two complete bar 

magnets with magnetic poles on each end of each piece will result. If the magnet is 

just cracked but not broken completely in two, a north and south pole will form at 

each edge of the crack. The magnetic field exits the north pole and reenters at the 

south pole. The magnetic field spreads out when it encounters the small air gap 

created by the crack because the air cannot support as much magnetic field per unit 

volume as the magnet can. When the field spreads out, it appears to leak out of the 

material and, thus is called a flux leakage field. 

 

 
figure  2: a bar magnet broken in the center 

 

If iron particles are sprinkled on a cracked magnet (figure 3) , the particles will be 

attracted to and cluster not only at the poles at the ends of the magnet, but also at the 

poles at the edges of the crack. This cluster of particles is much easier to see than the 

actual crack and this is the basis for magnetic particle inspection. 

 
figure  3: iron particles are sprinkled on a cracked magnet 

 



The first step in a magnetic particle inspection is to magnetize the component that is to be 

inspected. If any defects on or near the surface are present, the defects will create a leakage 

field. After the component has been magnetized, iron particles, either in a dry or wet 

suspended form, are applied to the surface of the magnetized part. The particles will be 

attracted and cluster at the flux leakage fields, thus forming a visible indication that the 

inspector can detect.  

 

2.14.  Diamagnetic, Paramagnetic, and Ferromagnetic Materials  

When a material is placed within a magnetic field, the magnetic forces of the 

material's electrons will be affected. This effect is known as Faraday's Law of 

Magnetic Induction. However, materials can react quite differently to the presence of 

an external magnetic field. This reaction is dependent on a number of factors, such as 

the atomic and molecular structure of the material, and the net magnetic field 

associated with the atoms. The magnetic moments associated with atoms have three 

origins. These are the electron orbital motion, the change in orbital motion caused by 

an external magnetic field, and the spin of the electrons. In most atoms, electrons 

occur in pairs. Electrons in a pair spin in opposite directions. So, when electrons are 

paired together, their opposite spins cause their magnetic fields to cancel each other. 

Therefore, no net magnetic field exists. Alternately, materials with some unpaired 

electrons will have a net magnetic field and will react more to an external field. Most 

materials can be classified as diamagnetic, paramagnetic or ferromagnetic. 

2.14.1. Diamagnetic metals  

have a very weak and negative susceptibility to magnetic fields. Diamagnetic 

materials are slightly repelled by a magnetic field and the material does not retain the 

magnetic properties when the external field is removed. Diamagnetic materials are 

solids with all paired electron resulting in no permanent net magnetic moment per 

atom. Diamagnetic properties arise from the realignment of the electron orbits under 

the influence of an external magnetic field. Most elements in the periodic table, 

including copper, silver, and gold, are diamagnetic. 

 

 



2.14.2. Paramagnetic metals 

have a small and positive susceptibility to magnetic fields. These materials are 

slightly attracted by a magnetic field and the material does not retain the magnetic 

properties when the external field is removed. Paramagnetic properties are due to the 

presence of some unpaired electrons, and from the realignment of the electron orbits 

caused by the external magnetic field. Paramagnetic materials include magnesium, 

molybdenum, lithium, and tantalum. 

2.14.3. Ferromagnetic materials 

have a large and positive susceptibility to an external magnetic field. They exhibit a 

strong attraction to magnetic fields and are able to retain their magnetic properties 

after the external field has been removed. Ferromagnetic materials have some 

unpaired electrons so their atoms have a net magnetic moment. They get their strong 

magnetic properties due to the presence of magnetic domains. In these domains, large 

numbers of atom's moments (10
12

 to 10
15

) are aligned parallel so that the magnetic 

force within the domain is strong. When a ferromagnetic material is in the 

unmagnitized state, the domains are nearly randomly organized and the net magnetic 

field for the part as a whole is zero. When a magnetizing force is applied, the domains 

become aligned to produce a strong magnetic field within the part. Iron, nickel, and 

cobalt are examples of ferromagnetic materials. Components with these materials are 

commonly inspected using the magnetic particle method. 

2.15. Magnetic Domains 

Ferromagnetic materials get their magnetic properties not only because their atoms 

carry a magnetic moment but also because the material is made up of small regions 

known as magnetic domains. In each domain, all of the atomic dipoles are coupled 

together in a preferential direction. This alignment develops as the material develops 

its crystalline structure during solidification from the molten state. Magnetic domains 

can be detected using Magnetic Force Microscopy (MFM) and images of the domains 

like the one shown below (figure 4) can be constructed.  



 

figure  4: Magnetic Force Microscopy (MFM) image showing the magnetic domains in a piece of 

heat treated carbon steel. 

During solidification, a trillion or more atom moments are aligned parallel so that the 

magnetic force within the domain is strong in one direction. Ferromagnetic materials 

are said to be characterized by "spontaneous magnetization" since they obtain 

saturation magnetization in each of the domains without an external magnetic field 

being applied. Even though the domains are magnetically saturated, the bulk material 

may not show any signs of magnetism because the domains develop themselves and 

are randomly oriented relative to each other (figure 5). Ferromagnetic materials 

become magnetized when the magnetic domains within the material are aligned 

(figure 6). This can be done by placing the material in a strong external magnetic field 

or by passing electrical current through the material. Some or all of the domains can 

become aligned. The more domains that are aligned, the stronger the magnetic field in 

the material. When all of the domains are aligned, the material is said to be 

magnetically saturated. When a material is magnetically saturated, no additional 

amount of external magnetization force will cause an increase in its internal level of 

magnetization. 

 

figure  5: the domains are randomly  oriented relative to each othe 

 

figure  6: the magnetic domains within the material are aligned 

 



2.16. Magnetic Field In and Around a Bar Magnet 

As discussed previously, a magnetic field is a change in energy within a volume of 

space. The magnetic field surrounding a bar magnet can be seen in the magnetograph 

below (figure 7). A magnetograph can be created by placing a piece of paper over a 

magnet and sprinkling the paper with iron filings. The particles align themselves with 

the lines of magnetic force produced by the magnet. The magnetic lines of force show 

where the magnetic field exits the material at one pole and reenters the material at 

another pole along the length of the magnet. It should be noted that the magnetic lines 

of force exist in three dimensions but are only seen in two dimensions in the image. 

 
figure  7: The magnetic field surrounding a bar magnet 

 

It can be seen in the magnetograph that there are poles all along the length of the 

magnet but that the poles are concentrated at the ends of the magnet. The area where 

the exit poles are concentrated is called the magnet's north pole and the area where the 

entrance poles are concentrated is called the magnet's south pole. 

2.17. Magnetic Fields in and around Horseshoe and Ring Magnets  

Magnets come in a variety of shapes and one of the more common is the horseshoe 

(U) magnet. The horseshoe magnet has north and south poles just like a bar magnet 

but the magnet is curved so the poles lie in the same plane (figure 8). The magnetic 

lines of force flow from pole to pole just like in the bar magnet. However, since the 

poles are located closer together and a more direct path exists for the lines of flux to 

travel between the poles, the magnetic field is concentrated between the poles.  



 

figure  8: The horseshoe magnet 

If a bar magnet was placed across the end of a horseshoe magnet (figure 9) or if a 

magnet was formed in the shape of a ring, the lines of magnetic force would not even 

need to enter the air. The value of such a magnet where the magnetic field is 

completely contained with the material probably has limited use. However, it is 

important to understand that the magnetic field can flow in loop within a material.  

 

figure  9: a bar magnet placed across the end of a horseshoe magnet 

 

 

2.18. General Properties of Magnetic Lines of Force 

Magnetic lines of force (figure 10) have a number of important properties, which 

include: 

 They seek the path of least resistance between opposite magnetic poles. In a 

single bar magnet as shown to the right, they attempt to form closed loops 

from pole to pole.  

 They never cross one another.  

 They all have the same strength.  

 Their density decreases (they spread out) when they move from an area of 

higher permeability to an area of lower permeability.  

 Their density decreases with increasing distance from the poles.  



 They are considered to have direction as if flowing, though no actual 

movement occurs.  

 They flow from the south pole to the north pole within a material and north 

pole to south pole in air.  

  

 

figure  10: Magnetic lines of force 

 

2.19. Electromagnetic Fields 

Magnets are not the only source of magnetic fields. In 1820, Hans Christian Oersted 

discovered that an electric current flowing through a wire caused a nearby compass to 

deflect. This indicated that the current in the wire was generating a magnetic field. 

Oersted studied the nature of the magnetic field around the long straight wire. He 

found that the magnetic field existed in circular form around the wire (figure 11) and 

that the intensity of the field was directly proportional to the amount of current carried 

by the wire. He also found that the strength of the field was strongest next to the wire 

and diminished with distance from the conductor until it could no longer be detected. 

In most conductors, the magnetic field exists only as long as the current is flowing 

(i.e. an electrical charge is in motion). However, in ferromagnetic materials the 

electric current will cause some or all of the magnetic domains to align and a residual 

magnetic field will remain. 



 

figure  11: magnetic field around a long straight wire 

Oersted also noticed that the direction of the magnetic field was dependent on the 

direction of the electrical current in the wire. A three-dimensional representation of 

the magnetic field is shown below. There is a simple rule for remembering the 

direction of the magnetic field around a conductor. It is called the right-hand rule. If 

a person grasps a conductor in one's right hand with the thumb pointing in the 

direction of the current, the fingers will circle the conductor in the direction of the 

magnetic field (figure 12). 

 

figure  12: the right-hand rule 

 

 

 

2.20. Magnetic Field Produced by a Coil 

When a current carrying conductor is formed into a loop or several loops to form a 

coil, a magnetic field develops that flows through the center of the loop or coil along 

its longitudinal axis and circles back around the outside of the loop or coil (figure 13). 

The magnetic field circling each loop of wire combines with the fields from the other 

loops to produce a concentrated field down the center of the coil. A loosely wound 

coil is illustrated below to show the interaction of the magnetic field. The magnetic 

field is essentially uniform down the length of the coil when it is wound tighter. 



 

figure  13: Magnetic Field Produced by a Coil 

 

The strength of a coil's magnetic field increases not only with increasing current but 

also with each loop that is added to the coil. A long, straight coil of wire is called a 

solenoid and can be used to generate a nearly uniform magnetic field similar to that of 

a bar magnet. The concentrated magnetic field inside a coil is very useful in 

magnetizing ferromagnetic materials for inspection using the magnetic particle testing 

method. Please be aware that the field outside the coil is weak and is not suitable for 

magnetizing ferromagnetic materials. 

2.21. The Hysteresis Loop and Magnetic Properties 

A great deal of information can be learned about the magnetic properties of a material 

by studying its hysteresis loop (figure 14). A hysteresis loop shows the relationship 

between the induced magnetic flux density (B) and the magnetizing force (H). It is 

often referred to as the B-H loop. An example hysteresis loop is shown below. 

                 

figure  14: The Hysteresis Loop 



The loop is generated by measuring the magnetic flux of a ferromagnetic material 

while the magnetizing force is changed. A ferromagnetic material that has never been 

previously magnetized or has been thoroughly demagnetized will follow the dashed 

line as H is increased. As the line demonstrates, the greater the amount of current 

applied (H+), the stronger the magnetic field in the component (B+). At point "a" 

almost all of the magnetic domains are aligned and an additional increase in the 

magnetizing force will produce very little increase in magnetic flux. The material has 

reached the point of magnetic saturation. When H is reduced to zero, the curve will 

move from point "a" to point "b." At this point, it can be seen that some magnetic flux 

remains in the material even though the magnetizing force is zero. This is referred to 

as the point of retentivity on the graph and indicates the remanence or level of 

residual magnetism in the material. (Some of the magnetic domains remain aligned 

but some have lost their alignment.) As the magnetizing force is reversed, the curve 

moves to point "c", where the flux has been reduced to zero. This is called the point of 

coercivity on the curve. (The reversed magnetizing force has flipped enough of the 

domains so that the net flux within the material is zero.) The force required to remove 

the residual magnetism from the material is called the coercive force or coercivity of 

the material. As the magnetizing force is increased in the negative direction, the 

material will again become magnetically saturated but in the opposite direction (point 

"d"). Reducing H to zero brings the curve to point "e." It will have a level of residual 

magnetism equal to that achieved in the other direction. Increasing H back in the 

positive direction will return B to zero. Notice that the curve did not return to the 

origin of the graph because some force is required to remove the residual magnetism. 

The curve will take a different path from point "f" back to the saturation point where 

it with complete the loop.                                                                                          

From the hysteresis loop, a number of primary magnetic properties of a material can 

be determined: 

2.21.1. Retentivity - A measure of the residual flux density corresponding to 

the saturation induction of a magnetic material. In other words, it is a 

material's ability to retain a certain amount of residual magnetic field 

when the magnetizing force is removed after achieving saturation. (The 

value of B at point b on the hysteresis curve.)  



2.21.2. Residual Magnetism or Residual Flux - the magnetic flux density 

that remains in a material when the magnetizing force is zero. Note that 

residual magnetism and retentivity are the same when the material has 

been magnetized to the saturation point. However, the level of residual 

magnetism may be lower than the retentivity value when the magnetizing 

force did not reach the saturation level. 

2.21.3.  Coercive Force - The amount of reverse magnetic field which must 

be applied to a magnetic material to make the magnetic flux return to 

zero. (The value of H at point c on the hysteresis curve.)  

2.21.4. Permeability, - A property of a material that describes the ease with 

which a magnetic flux is established in the component.  

2.21.5. Reluctance - Is the opposition that a ferromagnetic material shows to 

the establishment of a magnetic field. Reluctance is analogous to the 

resistance in an electrical circuit. 

 

2.22. Permeability 

As previously mentioned, permeability is a material property that describes the ease 

with which a magnetic flux is established in a component. It is the ratio of the flux 

density to the magnetizing force and is represented by the following equation: 

H

B


 

It is clear that this equation describes the slope of the curve at any point on the 

hysteresis loop (figure 15). The permeability value given in papers and reference 

materials is usually the maximum permeability or the maximum relative permeability. 

The maximum permeability is the point where the slope of the B/H curve for the 

unmagnetized material is the greatest. This point is often taken as the point where a 

straight line from the origin is tangent to the B/H curve. 



 

figure  15: the slope of the curve on the hysteresis loop.  
 

The relative permeability is arrived at by taking the ratio of the material's permeability to the 

permeability in free space (air).  

µ(relative) = µ (material) / µ air 

where: µ air = 1.256 x 10
-6

 H/m 

The shape of the hysteresis loop tells a great deal about the material being 

magnetized. The hysteresis curves of two different materials are shown in the graph. 

Relative to other materials, a material with a wider hysteresis loop has: 

 Lower Permeability  

 Higher Retentivity  

 Higher Coercivity  

 Higher Reluctance  

 Higher Residual Magnetism  

Relative to other materials, a material with the narrower hysteresis loop has: 

 Higher Permeability  

 Lower Retentivity  

 Lower Coercivity  

 Lower Reluctance  

 Lower Residual Magnetism 



In magnetic particle testing, the level of residual magnetism is important. Residual 

magnetic fields are affected by the permeability, which can be related to the carbon 

content and alloying of the material. A component with high carbon content will have 

low permeability and will retain more magnetic flux than a material with low carbon 

content. 

2.23. Magnetic Field Orientation and Flaw Detectability 

To properly inspect a component for cracks or other defects, it is important to 

understand that the orientation between the magnetic lines of force and the flaw is 

very important. There are two general types of magnetic fields that can be established 

within a component. A longitudinal magnetic field has magnetic lines of force that run 

parallel to the long axis of the part (figure 16). Longitudinal magnetization of a 

component can be accomplished using the longitudinal field set up by a coil or 

solenoid. It can also be accomplished using permanent magnets or electromagnets. A 

circular magnetic field (figure 17) has magnetic lines of force that run 

circumferentially around the perimeter of a part. A circular magnetic field is induced 

in an article by either passing current through the component or by passing current 

through a conductor surrounded by the component.  

 

figure  16: A longitudinal magnetic field 

 

   

figure  17: A circular magnetic field 



The type of magnetic field established is determined by the method used to magnetize 

the specimen. Being able to magnetize the part in two directions is important because 

the best detection of defects occurs when the lines of magnetic force are established at 

right angles to the longest dimension of the defect. This orientation creates the largest 

disruption of the magnetic field within the part and the greatest flux leakage at the 

surface of the part. As can be seen in the image below, if the magnetic field is parallel 

to the defect, the field will see little disruption and no flux leakage field will be 

produced.  

An orientation of 45 to 90 degrees between the magnetic field and the defect is 

necessary to form an indication (figure 18). Since defects may occur in various and 

unknown directions, each part is normally magnetized in two directions at right angles 

to each other. If the component below is considered, it is known that passing current 

through the part from end to end will establish a circular magnetic field that will be 90 

degrees to the direction of the current. Therefore, defects that have a significant 

dimension in the direction of the current (longitudinal defects) should be detectable. 

Alternately, transverse-type defects will not be detectable with circular magnetization. 

         

figure 68: An orientation of 45 to 90 degrees between the magnetic field and the defect is 

necessary to form an indication 

 

 

 

2.24. Magnetization of Ferromagnetic Materials 

There are a variety of methods that can be used to establish a magnetic field in a component for 

evaluation using magnetic particle inspection. It is common to classify the magnetizing methods as 

either direct or indirect 

 

2.24.1. Magnetization Using Direct Induction (Direct Magnetization) 

 

With direct magnetization, current is passed directly through the component. Recall 

that whenever current flows, a magnetic field is produced. Using the right-hand rule, 

which was introduced earlier, it is known that the magnetic lines of flux form normal 



to the direction of the current and form a circular field in and around the conductor. 

When using the direct magnetization method, care must be taken to ensure that good 

electrical contact is established and maintained between the test equipment and the 

test component. Improper contact can result in arcing that may damage the 

component. It is also possible to overheat components in areas of high resistance such 

as the contact points and in areas of small cross-sectional area. 

There are several ways that direct magnetization is commonly accomplished. One 

way involves clamping the component between two electrical contacts in a special 

piece of equipment (figure 19a). Current is passed through the component and a 

circular magnetic field is established in and around the component. When the 

magnetizing current is stopped, a residual magnetic field will remain within the 

component. The strength of the induced magnetic field is proportional to the amount 

of current passed through the component.  

 

second technique involves using clamps or prods, which are attached or placed in 

contact with the component (figure 19b). Electrical current flows through the 

component from contact to contact. The current sets up a circular magnetic field 

around the path of the current. 

               
(a)                                                                       (b)  

 

figure 19: direct magnetization: electrical contacts(a), clamps or prods(b) 

 

 

 



2.24.2. Magnetization Using Indirect Induction (Indirect Magnetization) 

Indirect magnetization is accomplished by using a strong external magnetic field to 

establish a magnetic field within the component. As with direct magnetization, there 

are several ways that indirect magnetization can be accomplished.  

The use of permanent magnets is a low cost method of establishing a magnetic field. 

However, their use is limited due to lack of control of the field strength and the 

difficulty of placing and removing strong permanent magnets from the component. 

Electromagnets in the form of an adjustable horseshoe magnet (called a yoke)(figure 

20a) eliminate the problems associated with permanent magnets and are used 

extensively in industry. Electromagnets only exhibit a magnetic flux when electric 

current is flowing around the soft iron core. When the magnet is placed on the 

component, a magnetic field is established between the north and south poles of the 

magnet. 

Another way of indirectly inducting a magnetic field in a material is by using the 

magnetic field of a current carrying conductor. A circular magnetic field can be 

established in cylindrical components by using a central conductor. Typically, one 

or more cylindrical components are hung from a solid copper bar running through the 

inside diameter. Current is passed through the copper bar and the resulting circular 

magnetic field establishes a magnetic field within the test components. 

The use of coils and solenoids is a third method of indirect magnetization (figure 

20b). When the length of a component is several times larger than its diameter, a 

longitudinal magnetic field can be established in the component. The component is 

placed longitudinally in the concentrated magnetic field that fills the center of a coil 

or solenoid. This magnetization technique is often referred to as a "coil shot." 

          

(a)                                                                                   (b)  

 

 

Figure 20: Indirect magnetization:  horseshoe magnet (a yoke) (a), coils and solenoids(b) 



 

 

2.25.  Magnetizing Current 

As seen in the previous pages, electric current is often used to establish the magnetic 

field in components during magnetic particle inspection. Alternating current and 

direct current are the two basic types of current commonly used. Current from single 

phase 110 volts, to three phase 440 volts, are used when generating an electric field in 

a component. Current flow is often modified to provide the appropriate field within 

the part. The type of current used can have an effect on the inspection results, so the 

types of currents commonly used will be briefly reviewed. 

2.25.1. Direct Current 

Direct current (DC) flows continuously in one direction at a constant voltage. A 

battery is the most common source of direct current. As previously mentioned, current 

is said to flow from the positive to the negative terminal. In actuality, the electrons 

flow in the opposite direction. DC is very desirable when inspecting for subsurface 

defects because DC generates a magnetic field that penetrates deeper into the 

material. In ferromagnetic materials, the magnetic field produced by DC generally 

penetrates the entire cross-section of the component.  Conversely, the field produced 

using alternating current is concentrated in a thin layer at the surface of the 

component.  

2.25.2. Alternating Current 

Alternating current (AC) reverses in direction at a rate of 50 or 60 cycles per second. 

In the United States, 60 cycle current is the commercial norm but 50 cycle current is 

common in many countries. Since AC is readily available in most facilities, it is 

convenient to make use of it for magnetic particle inspection. However, when AC is 

used to induce a magnetic field in ferromagnetic materials, the magnetic field will be 

limited to narrow region at the surface of the component. This phenomenon is known 

as the "skin effect" and occurs because induction is not a spontaneous reaction and the 

rapidly reversing current does not allow the domains below the surface time to align. 



Therefore, it is recommended that AC be used only when the inspection is limited to 

surface defects.  

2.25.3. Rectified Alternating Current 

Clearly, the skin effect limits the use of AC since many inspection applications call 

for the detection of subsurface defects. However, the convenient access to AC, drives 

its use beyond surface flaw inspections. Luckily, AC can be converted to current that 

is very much like DC through the process of rectification. With the use of rectifiers, 

the reversing AC can be converted to a one directional current. The three commonly  

used types of rectified current are described below.  

2.26. Longitudinal Magnetic Fields Distribution and 

2.26.1. Intensity 

When the length of a component is several times larger than its diameter, a 

longitudinal magnetic field can be established in the component (figure 21). The 

component is often placed longitudinally in the concentrated magnetic field that fills 

the center of a coil or solenoid. This magnetization technique is often referred to as a 

"coil shot." 

 

figure 71: a "coil shot"  

The magnetic field travels through the component from end to end with some flux 

loss along its length as shown in the image to the right. Keep in mind that the 

magnetic lines of flux occur in three dimensions and are only shown in 2D in the 

image. The magnetic lines of flux (figure 22) are much denser inside the 

ferromagnetic material than in air because ferromagnetic materials have much higher 

permeability than does air. When the concentrated flux within the material comes to 

the air at the end of the component, it must spread out since the air can not support as 



many lines of flux per unit volume. To keep from crossing as they spread out, some of 

the magnetic lines of flux are forced out the side of the component.  

 

figure 22: The magnetic lines of flux 

When a component is magnetized along its complete length, the flux loss is small 

along its length. Therefore, when a component is uniform in cross section and 

magnetic permeability, the flux density will be relatively uniform throughout the 

component. Flaws that run normal to the magnetic lines of flux will disturb the flux 

lines and often cause a leakage field at the surface of the component (figure 23). 

 

figure 23: a component magnetized along its complete length 

When a component with considerable length is magnetized using a solenoid, it is 

possible to magnetize only a portion of the component (figure 24). Only the material 

within the solenoid and about the same width on each side of the solenoid will be 

strongly magnetized. At some distance from the solenoid, the magnetic lines of force 

will abandon their longitudinal direction, leave the part at a pole on one side of the 

solenoid and return to the part at a opposite pole on the other side of the solenoid. 

This occurs because the magnetizing force diminishes with increasing distance from 

the solenoid.  As a result, the magnetizing force may only be strong enough to align 

the magnetic domains within and very near the solenoid. The unmagnetized portion of 

the component will not support as much magnetic flux as the magnetized portion and 



some of the flux will be forced out of the part as illustrated in the image below. 

Therefore, a long component must be magnetized and inspected at several locations 

along its length for complete inspection coverage. 

 

figure 24: a component with considerable length magnetized using a solenoid. 

 

2.26.2. Circular Magnetic Fields Distribution and Intensity 

As discussed previously, when current is passed through a solid conductor, a magnetic 

field forms in and around the conductor. The following statements can be made about 

the distribution and intensity of the magnetic field. 

 The field strength varies from zero at the center of the component to a 

maximum at the surface.  

 The field strength at the surface of the conductor decreases as the radius of the 

conductor increases when the current strength is held constant. (However, a 

larger conductor is capable of carrying more current.)  

 The field strength outside the conductor is directly proportional to the current 

strength. Inside the conductor, the field strength is dependent on the current 

strength, magnetic permeability of the material, and if magnetic, the location 

on the B-H curve.  

 The field strength outside the conductor decreases with distance from the 

conductor.  

In the images below (figure 25), the magnetic field strength is graphed versus distance 

from the center of the conductor. It can be seen that in a nonmagnetic conductor 

carrying DC, the internal field strength rises from zero at the center to a maximum 

value at the surface of the conductor. The external field strength decrease with 

distance from the surface of the conductor. When the conductor is a magnetic 



material, the field strength within the conductor is much greater than it was in the 

nonmagnetic conductor (figure 26). This is due to the permeability of the magnetic 

material. The external field is exactly the same for the two materials provided the 

current level and conductor radius are the same.    

 

figure 25: The magnetic field distribution in and around a solid conductor of a nonmagnetic 

material carrying direct current. 

 

 

Figure 26: The magnetic field distribution in and around a solid conductor of a magnetic 

material carrying direct current. 

 

When the conductor is carrying alternating current, the internal magnetic field 

strength rises from zero at the center to a maximum at the surface (figure 27). 

However, the field is concentrated in a thin layer near the surface of the conductor . 

This is known as the "skin effect." The skin effect is evident in the field strength 

versus distance graph for a magnetic conductor shown to the right. The external field 

decreases with increasing distance from the surface as it does with DC. It should be 

remembered that with AC the field is constantly varying in strength and direction. 



 

figure 27: The magnetic field distribution in and around a solid conductor of a magnetic material 

carrying alternating current. 

In a hollow circular conductor there is no magnetic field in the void area. The 

magnetic field is zero at the inside wall surface and rises until it reaches a maximum 

at the outside wall surface (figure 28). As with a solid conductor, when the conductor 

is a magnetic material, the field strength within the conductor is much greater than it 

was in the nonmagnetic conductor due to the permeability of the magnetic material 

(figure 29). The external field strength decreases with distance from the surface of the 

conductor. The external field is exactly the same for the two materials provided the 

current level and conductor radius are the same. 

 

figure 28: The magnetic field distribution in and around a hollow conductor of a magnetic 

material carrying direct current. 

 



 

Figure 29: The magnetic field distribution in and around a hollow conductor of a nonmagnetic 

material carrying direct current 

 

When AC is passed through a hollow circular conductor, the skin effect concentrates 

the magnetic field at the outside diameter of the component (figure 30).  

 

figure 80: The magnetic field distribution in and around a hollow conductor of a magnetic 

material carrying alternating current 

 

2.26.3. Demagnetization 

After conducting a magnetic particle inspection, it is usually necessary to demagnetize 

the component. Remanent magnetic fields can: 

1. affect machining by causing cuttings to cling to a component.  

2. interfere with electronic equipment such as a compass.  

3. create a condition known as "arc blow" in the welding process. Arc blow may 

cause the weld arc to wonder or filler metal to be repelled from the weld.  

4. cause abrasive particles to cling to bearing or faying surfaces and increase 

wear.  



Removal of a field (figure 31) may be accomplished in several ways. This random 

orientation of the magnetic domains can be achieved most effectively by heating 

the material above its curie temperature. The curie temperature for a low carbon 

steel is 770
o
C or 1390

o
F. When steel is heated above its curie temperature, it will 

become austenitic and loses its magnetic properties. When it is cooled back down, 

it will go through a reverse transformation and will contain no residual magnetic 

field. The material should also be placed with it long axis in an east-west 

orientation to avoid any influence of the Earth's magnetic field. It is often 

inconvenient to heat a material above it curie temperature to demagnetize it, so 

another method that returns the material to a nearly unmagnetized state is 

commonly used. Subjecting the component to a reversing and decreasing 

magnetic field will return the dipoles to a nearly random orientation throughout 

the material. This can be accomplished by pulling a component out and away from 

a coil with AC passing through it. The same can also be accomplished using an 

electromagnetic yoke with AC selected. Also, many stationary magnetic particle 

inspection units come with a demagnetization feature that slowly reduces the AC 

in a coil in which the component is placed. 

  

Figure 31: Removal of a magnetic field 
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