The School of Applied Non-Destructive Examination cc

<Magnetic Particle Inspection.  Level I.  2010.>

History of Magnetism.

The early natural magnets that were discovered were found to be from a material called Lodestone Ferric.
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By the 1200’s we were making compass needles from steel and magnetizing them by rubbing against lodestones.

In 1600’s Gilbert discovered that there were more than one way to magnetize a steel needle: 
· Stroking it with a permanent  

      magnet. 
· Laying it in a north-south  

      direction for a long time in  

                                                                                                                      the earth’s magnetic field.

· He also discovered that  
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      when heating up a       

      magnetized part, until red    
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Ampere also discovered that a “moving” or alternating magnetic field can generate electricity in a nearby conductor.

Only after 1823 was it possible to magnetize permanent magnets using electric current. In 1932 a material called Alnico was discovered (Alloy containing iron, aluminium, nickel, cobalt, and copper) which was a lot harder to magnetize, but once magnetized, would keep its magnetic properties for far longer, thus producing a better permanent magnet.

Then in 1952 we developed Barium and Samarium which were even better permanent magnetic material. But these materials needed a more effective, deep penetrating, form of electrical current to magnetize them. The Half-cycle Magnetizers were developed. These absorb or cut out the negative part of the alternating current cycle producing only a pulsating Direct current, much better penetration.
In 1978 we started to use ferrite to make permanent magnets simply because it worked better.

Then from 1990 technology around permanent and electro magnets really took off. So today you will find a wide variety of magnets available that is used in applications, from fridge magnets to low resistance electric motors.

What is magnetism?

Most of us find magnets somewhat strange and a little mysterious. We all know what magnets can do. But how does it work? 
All magnets have two magnetic poles: a north and a south pole, which is equal but also opposite.

There is energy in the form of invisible lines in close proximity to the magnet. This energy has an intensity that varies inversely with distance. This energy is called the magnetic field and has direction.  A basic compass can be used to determine the north and South Pole of a magnet. 
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These magnetic lines have the ability to attract

ferrous metals, there is a force of attraction and

this magnetic field is therefore also known as

lines of force or flux lines. 

Flux lines flow in a three dimensional shape

around the magnet and enters and exit at the
poles of the magnet. 
The poles are equal in strength, and a remarkable property of permanent magnets is that; whenever one is broken or cracked, a new north and south pole will form in each of the pieces or either side of the crack. We effectively get two smaller, but complete permanent magnets.
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The source of magnetism is from the building blocks of all matter; the Atom.
Atoms consist of Protons, Neutrons, and electrons. A stable or balanced atom will have the same number of (+) protons and (-) electrons. The neutrons are there to keep the positive charges from repelling each other, keeping the nucleus (centre) of the atom together and stable.
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To date we have no knowledge of exactly where magnetism comes from, the most popular theory is summarized here:

The protons and neutrons are located in the nucleus of the atom, as seen in the drawing and the electrons are in constant motion in orbits around the nucleus. 

As the electrons spin through their orbit they produce a magnetic field.  Oersted and Fleming discovered and theorized that when electricity (electrons) flow through a conductor there is a resulting magnetic field in and around that conductor.

As all matter is made up of atoms, it stands to reason that all materials will be affected in one way or another by magnetism.

When a material is under the influence of an external magnetic field, it will affect the magnetic forces of the orbiting electrons, and their orbits will be distorted to some degree. The amount of orbit distortion, or even a complete change in magnetic properties will determine what overall effect magnetism will have on the material. 

Different materials will react differently to the presence of an external magnetic field. 
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Groups of atoms or molecules gather together 

in what is called a magnetic domain. 

Each of these domains will act just like a small 

magnet and each domain will have its own

 north and south poles. When these domains

are randomly aligned and positioned, the 

material is in a condition that is known as being un-magnetized.  
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If the domains line up the material is 

said to be magnetised.
The domains of a material can be aligned by bringing them into the influence of an existing magnetic field, or by passing an electric current through or around the material.

Let us take another look at the permanent bar magnet.
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It has a free north, and a free south pole. Meaning that; the flux lines exit the North Pole of the magnet, travel through air and enter the magnet at the South Pole.     

The flux lines then run through the magnet to the North Pole, and complete the loop.

Important properties of magnetic flux lines:
· The lines of force travel from north to south in the air, and from south to north in the material.

· The flux lines form closed loops.

· They do not cross each other.

· They do not merge with each other.

· They always seek the path of LEAST reluctance*.
· The flux density** decreases with increasing distance from the magnet.

· The flux lines can be distorted to suit us.

· The spacing between the flux lines increases dramatically when they flow into air. 

*
Reluctance is the resistance of the material’s magnetic domains to align. Much like the 

electrical conductivity of a conductor. We speak of a conductor's resistance to the flow of electricity and the lower the resistance, the better a conductor the material.

**   Flux density is the number of flux lines / lines of force moving through a given area at a given 
time. Generally speaking we refer to the magnetic field density as being of so many Gauss.    

           One Gauss is when one line of force passes through an area of one square centimetre. Two   

           Gauss is when two lines of force pass through the same area.

Basic Principles of Magnetic Particle Inspection
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We need a material capable of being      

            magnetized. (Permeable)

2. We use an external magnetic field or electric current to induce a magnetic field in the test piece.

3. A surface breaking or close to the surface discontinuity will cause the flux lines to expand as they flow across the discontinuity. Causing Flux leakage.

4. Free north and south poles appear at the edges of the discontinuity. 

5. Iron particles applied to the test surface will be attracted by the north and south poles and the particles bridge the gap at the discontinuity. Making the discontinuity visible to you and me.
Materials and their reaction to magnetism.
All material are affected by magnetism, but only some materials show a reaction that will be discernable by our senses. Some will be influenced in a positive way (attracted) and others in a negative way repelled). Others will appear not to be influenced at all.

We can group these materials into 3 main categories.

· Diamagnetic Materials

· Paramagnetic Materials

· Ferromagnetic Materials

The ability of a material that has to be magnetised, or to make the magnetic field in the immediate vicinity of the material stronger is determined by the permeability of that material. 
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Permeability is the ease with which a material can be magnetised.
We consider a VACUUM as truly non-magnetic and thus it has a relative permeability (µrel) of 1.

Diamagnetic materials

Diamagnetic materials will be slightly repelled by a magnetic field. A magnetic field passing close to this material will not penetrate or pass through this material, but rather flow around it. 

Because these materials have a very high electrical conductivity (good conductors of electricity), the slightest hint of a magnetic field passing through them will cause an electrical current in and around the material, which in turn will produce its own magnetic field. This magnetic field will be opposite the one that induced it in the first place, causing a repelling action.

Examples of these materials are: Pure Copper (µrel=0.99999), Pure silver (µrel=0.99998) Pure lead (µrel=0.999983), Pure gold (µrel=0.99996), and bismuth (µrel=0.99983).

Paramagnetic materials

Paramagnetic materials will be weakly attracted by a magnetic field. Only a small amount of atomic alignment takes place.

Examples:  Aluminium (µrel=1.00002), Magnesium, Brass (Copper and Aluminium), 300 -Series Stainless Steel, the human body, Air (µrel = 1.0000004).


Ferromagnetic materials

These materials are strongly attracted by a magnetic field. A greater atomic alignment takes place.

Examples include: Iron of 0,2 impurity (µrel =5000), mild steel (µrel =2000), cobalt (µrel =250), nickel (µrel =600), purified Iron of 0.05 impurity (µrel =200 000), and 400 Series Stainless Steel amongst others.
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Ferromagnetic materials are the only type of material that can be tested using the

Magnetic particle inspection method.
This is the biggest limitation of Magnetic Particle Inspection, just as all other NDT methods have their own limitations. Important to know, is that no one method is able to find all possible flaws but rather that the different methods work in conjunction with each other. On critical inspections you will find a client requesting 2 or 3 NDT methods on the same test piece, because no NDT method supersedes another.

So, now we know what magnetism is and we have seen the effect of magnetism on different materials. To perform Magnetic Particle Inspection we have to induce a magnetic field into the test piece. 

But how ? 

We make use of permanent magnets, electromagnets or electrical current (in different forms) to induce the magnetic field into the test piece.

Electromagnetism

Probably the most familiar electromagnet application we have come across is a piece of conductive wire coiled around an iron nail, connected to a battery.

When the current is switched on, the current flows through

the wire (coil) it creates a magnetic field in and around the 

wire.  This magnetic field is induced into the nail.

The nail then gains magnetic properties 

(similar to that of a permanent magnet). 

You will be able to attract and “pick up” metal objects.

When you open the switch, and the current stops flowing, 
the nail lose most of it’s magnetic properties and the 

magnetic field is no longer strong enough to hold onto the 

metal objects. 

This is probably the simplest way of showing electromagnetism and the principle remains the same for the application of electromagnetism in Magnetic Particle Inspection.

Current forms and magnetism

Alternating current (AC)

This type of electric current form is readily available and is the kind that we find in our homes.
50 to 60 Hertz. 220 to 250 Volts.

For all practical purposes AC is used to detect surface breaking discontinuities only. AC does not penetrate deep enough into the test piece and only produce a high density magnetic field on the surface of a test piece. This is called the “skin effect” and it will emphasise surface breaking flaws like fatigue or stress induced cracks.
Half wave rectified current (HWAC)


Alternating current is passed through a rectifier and the negative half cycle is removed creating a pulsating DC.
HWRC is achieved after passing AC through a rectifier, (which removes the negative half cycles leaving only the positive half cycles) and it has excellent penetration ability.  
Full wave rectified current (FWAC)

Alternating current is passed through a bridge rectifier and the negative half cycle is converted to positive.

FWAC is achieved after passing AC through a bridge rectifier, (which converts all the negative half cycles into positive half cycles) and it has excellent penetration ability. This type of current may be considered similar to DC, with very little, almost no detectable pulsation. It also requires higher current values to produce an equivalent magnetic field strength and is not as economical as HWAC.

Full wave AC rectified - 3 phase

Three phase Alternating current     

is passed through a bridge rectifier and the negative half 
cycle is converted to positive
When three phase AC is rectified the full wave rectification system is used and it has excellent penetration ability. This result in DC with a 5% ripple or pulsation of varying voltage and this is the only difference compared to true DC. It also has good penetrating abilities. It requires less current values to produce an equivalent magnetic field strength and is more economical as HWAC.

Direct current (DC)

Direct Current is the type of electricity we get from a battery.

True DC is obtained from batteries and has excellent penetration ability for the detection of sub-surface defects, but there is no pulsating effect so therefore there is very, very little particle mobility.
A major disadvantage is the weight of the batteries required and the high current draw giving them a very limited working cycle. True DC electro magnets are not usually used on site but its equivalent - the permanent magnet is. Permanent magnets have to be checked regularly for adequate strength.

When we speak of the penetrating ability of the magnetic field, please remember irrespective of which current form or particles you use. You still have the limiting depth of penetration of the magnetic fields that we can use for inspection purposes. 

For all intents and purposes the limiting depth for fairly reliable detection of sub-surface is:


Important to know:  There is a rapid reduction in sensitivity with increasing depth! The deeper the indication below the surface the broader, more fuzzy and less visible the indication will be.
It was only in around 1820, that Oersted discovered that electric current in a wire produced a circular magnetic field in and around the wire. After that Ampere (France) was able to find the relationship between electric current in the number of windings of wire (coil) and the magnetic field it produced. (Amp.turns)
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