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Introduction

A group of ten circular wire brushes were supplied for magnetic testing. The design drawing of the brush is shown in Fig. 1. The steel cup is specified is having an outside diameter of 0.625 inch maximum, and a depth of 0.625 inch. The overall length is specified as 1.125 inches, and the diameter of the wire bundle is given as 0.500 inch maximum. No specification is given for the number of wires ("ends") in the bundle. There is no specification on the drawing of the material or diameter of the individual wires in the bundle. The wires of the brush were held together by one or two tightly-fitting O-rings, which were left in place.

The brushes from Galaxy had identification numbers engraved on the bottom of the base. The brushes from the competitor were unmarked as-received. They were numbered 1 through 5 with a felt-tip pen.
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Fig. 1. Drawing of brush

Magnetic Testing

Each wire brush was wound with 20 turns of #32 magnet wire in order to measure the magnetic flux density B (gauss) as a function of applied field. The turns were placed approximately midway along the exposed section of the wires comprising the brush, and most of the turns were applied in a single layer. A few turns were overlapped to anchor one end of the wire. The error caused by the difference in area of the turns is calculated to be less than 1%. 

Fig. 2 is a photograph of one of the brushes with the 20-turn winding in place.

For testing, each brush, with its winding in place, was lightly clamped between the pole pieces of a small electromagnet, with 3 inch diameter pole pieces tapered down to 1½ inch. Fig. 3 is a photograph of the magnet with a sample in position for measurement. In this geometry, the magnetic field is applied parallel to the axis of the wire brush, and the combination of the sample and electromagnet makes a continuous magnetic circuit so that no demagnetizing field correction is required.
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Fig. 2. Brush with winding applied.
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Fig. 3. Brush clamped in electromagnet for testing.
The 20-turn winding was directly connected to an electronic integrating fluxmeter (O.S.Walker model MF-1) for the measurement of the magnetic flux density B (gauss). The voltage output of the fluxmeter is given by the equation
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Eq. 1
where N is the number of turns in the winding, A is the cross-sectional area of the winding, B is the flux density in the sample (in gauss), and R and C are resistance and capacitance values that can be set in the fluxmeter. No calibration is needed.

The magnetic field H applied to the sample was measured with a Hall-effect gaussmeter (F. W. Bell Model 260). [It is a peculiarity of magnetic instrumentation that the device used to measure magnetic field in oersteds is called a gaussmeter. In vacuum or in air, oersteds and gauss are the same.] The gaussmeter probe, which is a small rectangular semiconductor plate mounted in a protective aluminum sheath, was oriented perpendicular to the magnetic field in the electromagnet air gap, just touching the wires of the brush at the location of the 20-turn winding.

Data Recording

The output voltage of the electronic integrator was connected directly to one input of a Dataq Model 151 analog-to-digital converter, with a range of ±10 V. The output voltage range of the F. W. Bell gaussmeter is only ±1V, so this output voltage was amplified by about a factor of 10 with a simple analog amplifier circuit and then connected to a second input of the A-to-D converter. The A-to-D converter was connected to the COM 1 port of a Dell personal computer, and data points were recorded at 60 points per second (30 per second in each input channel) using proprietary Dataq software. The resulting voltage data files were read into Microsoft Excel for conversion to values of B and H.

Calibration

The calibration of the gaussmeter was checked by placing the instrument probe in a standard magnet with a known magnetic field of 2.96 kOe and observing that the instrument meter displayed the correct value. The recorded output voltage of the external amplifier was 9.2 V when the instrument meter read 1.0 kOe (kilo-Oersted). Therefore the recorded field voltages were multiplied by the conversion factor 1.0/9.2 = 0.109 kOe/V. The gaussmeter (or the external amplifier) introduced a small positive zero offset in the field data. Since it is difficult to find a location in a magnetics laboratory that is known to have zero magnetic field, this offset was corrected from a preliminary plot of the hysteresis loop (B-H curve). All the H values were decreased by a constant amount so as to center the hysteresis loop about the y-axis. The correction was about 0.06 V, or 0.6% of the maximum H voltage of 10 volts. The correction corresponds to about 6 oersted when converted to field units.
The fluxmeter requires no calibration, but values of R and C must be selected and set on the fluxmeter. The R value was set to 100,000 ohm and the C value to
10-7 farads. This is done with control switches and buttons on the control panel of the fluxmeter.

A question arises as to the appropriate value of A, the cross-sectional area. In principle, one could find the area of magnetic material in the cross-section, by measuring the diameter of the wire (assumed the same for each wire) and counting the number of wires or "ends" in the brush. Or the brush diameter could be measured and perfect packing could be assumed, giving a fraction 0.896 of the cross-sectional area occupied by steel wires. It was difficult to get an accurate measurement of the actual brush diameter, since the wire positions shift under very small loads. The actual wire diameter of the steel was not known, and the number of wires ("ends") in each brush was unknown. Therefore the data was treated by assuming a brush diameter of 0.50 inch, corresponding to an area of 1.267 sq.cm. [Flux density B is defined as the number of flux lines, or maxwells, per sq.cm.]

This choice ignores the fact that 10% or more of the brush area is empty space, not steel. It also ignores the possibility that different brushes may contain different numbers of wires ("ends"). However, it does provide a direct measurement of the total magnetic flux in each brush, and permits a direct comparison of the flux-carrying capacity of different brushes. In the application where the brushes carry magnetic flux to the walls of a pipe to permit magnetic crack detection, this should be the principal quantity of interest.
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Eq. 1 can be rewritten as

The fluxmeter settings were R=100,000 ohm and C=10-7 farad. The number of turns N was 20, and the area was taken as 1.267 sq.cm., as noted above. The resulting calibration factor is 3946 gauss/volt. The resulting gauss value is the average flux density over an assumed area corresponding to 0.5 inch diameter.

Two corrections may be necessary to the fluxmeter data. An electronic fluxmeter drifts slightly during a measurement, which may require correction. However, in these measurements the drift was unmeasurable, so no drift correction was required. A second correction is needed because an integrator has no absolute zero reference point. It measures only changes in magnetic flux. All of the flux voltage values need to be increased or decreased by a constant amount in order to center the hysteresis loop about the x-axis.

Note that the zero-shift correction to the H values (x-axis) is needed because of a zero offset in the electronics. The zero-shift correction in the B values (y-axis) is necessary because of the inherent properties of an integrator.
Procedure

Each brush was lightly clamped between the pole pieces of the electromagnet, and the Hall-effect gaussmeter probe positioned to just touch the brush wire surface.

When the brush was clamped, the leads from the 20-turn coil were connected to the fluxmeter. The data recording program was started, and the magnetic field was ramped up to a maximum value of 1 kOe (1000 oersted), ramped down to zero, ramped up to – 1 kOe, returned to zero, and ramped up to 1 kOe to cycle a complete B-H loop. At this point, data recording was stopped. Only the data points in the range +1 → 0 → -1 → 0 → +1 kOe were used to construct the B-H loops.
Data Reduction 
Working with the recorded voltages in an Excel spreadsheet, the B values were first shifted by a constant amount to make the B-H loop symmetrical about the x-axis. Then the H values were shifted by a small constant amount to make the loop symmetrical about the y-axis. When the loop had been centered about both axes, the H and B voltages were multiplied by the appropriate constants to give H in kOe and B in gauss.. These values were then plotted and printed to give B-H curves for each sample.
The same procedure was followed for each brush. Data reduction was carried out as described above. The final result was a complete hysteresis loop for each brush. 

Results 
The B-H loops for all ten of the brushes are shown at the end of this report. The competitor’s brushes are identified as “COMP.” The magnetic behavior of all the brushes, both from Galaxy and from the competitor, are very similar. The coercive field Hc, which is defined as half the width of the B-H loop at B=0, is about 20 oersted for each brush. Variation in the value of remanence Br, defined as the value of B at H=0, is probably due to the fact that the brush cup bottom and the brush ends are not exactly parallel, making it impossible to clamp the brush flat in the electromagnet at both ends. 
The best way to compare the magnetic properties of the individual brushes is to look at the value of B at the maximum field of 1 kOe. The five Galaxy brushes all measure 17,000 ± 500 gauss. The five competitor’s brushes measure from 16,500 to 18,000 gauss, with an average value of 17,200 and a standard deviation of 600 gauss.

Within the accuracy of the measurements, the two sets of brushes have identical magnetic properties. The variation in properties of the competitor’s brushes is measurably greater than that of the Galaxy brushes.
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-20000

-15000

-10000

-5000

0

5000

10000

15000

20000

-1.0 -0.5 0.0 0.5 1.0

H, kOe

B, gauss


[image: image8.emf]Galaxy 4
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