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On-Line Hardness Assessment of Cold-Rolled Motor
Lamination Steels

Z.S. Soghomonian, P. Beckley, and A.J. Moses

It is important to be aware of variations in the mechanical hardness of strip emerging from the strand an-
neal lines, which are used to anneal continuous steel strip during production. Lamination stamping,
punching, and handling characteristics can depend on the hardness of the materials. A novel technique
for the nondestructive determination of the hardness of nonoriented electrical steels has been developed.
This technique exploits the measurements of structure-sensitive magnetic parameters, which are meas-
ured continuously on-line in real time. The magnetic data being produced are then processed through ap-
propriate algorithms to provide an evaluation of material mechanical hardness. Variation of hardness

along the length of coils then can be readily examined.
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1. Introduction

COLD-ROLLEDelectrical steel intended for motor laminations
is produced so as to conform to strict standards of power loss
and permeability as embodied in the International Standards.
Various mechanical properties are featured in specifications
that are agreed upon between producer and user. One of the
more important of these is mechanical hardness expressed in
terms of values obtained from the Vickers or Rockwell hard-
ness test methods. Usually hardness is measured on samples
taken from the end of a production coil of steel. These same
samples may be used to assess magnetic properties and to yield
data for inclusion in a commercial test certificate. Increasingly,
the practice is to monitor magnetic properties continuously
along the length of coils of steel to guard against unwanted
variations in properties remaining unobserved. It has long been
desired to have convenient means of continuously assessing
steel hardness so that any unwelcome variations may be noted
and acted upon. This paper describes a system for providing
such information.

2. Hardness Assessment

The capabilities of traditional methods for hardness assess-
ment are reviewed.

2.1 Vickers Test

A well-known method, the Vickers test, employs a pyrami-
dal diamond indenter, which produces an impression in the
steel under a known load. The linear dimensions of the impres-
sion then can be measured to derive a hardness value. Statisti-
cal analysis shows that on thin electrical steel (approximately
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0.5 to 0.7 mm), as assessed by one indentation, hardness is
characterized by the uncertainty arising from a standard devia-
tion of 2 VPN, (Vickers pyramidal number using a 10 kg test
load). Normally, a commercial test is based on one measure-
ment, and that level of uncertainty is accepted.

Note the typical variation in hardness that can be observed
on a cold-rolled product. Figure 1 shows a three-dimensional
plot based on an extensive series of hardness measurements.
Clearly, a test method that creates a mean value for the whole
strip width would be extremely valuable industrially.

2.2 Rockwell Test

The Rockwell test is used more in the U.S.A. than in Europe,
and well-established relationships have been developed con-
necting the Rockwell and Vickers tests (Ref 1). The work de-
scribed in this paper is based on the Vickers method of hardness
measurement.

3. Continuous On-Line Systems

Over the last 30 years, various methods have been used to
obtain hardness measurements along the length of a coil of steel
strip (Ref 2).

3.1 Mechanical

Ingenious methods of carrying out repeated indenter meas-
urements on moving strip have been produced. These suffer
from the problems of maintenance and spatial resolution. Re-
bound damping techniques have also been used for nondestruc-
tive hardness assessment.

3.2 Magnetic

Various systems have been developed in which correlations
were sought between hardness and a magnetic property that
could be measured on a strip processing line. Coercive force
and remanence values were often employed because the meas-
urement of coercive force involved forcing a premagnetized
state back to a condition of B = 0 (zero magnetization), and the
remanence measurement involved observation of remaining
flux after release of a preimposed magnetizing field.
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Fig.2 Continuous mechanical hardness measurements through
the utilization of an on-line loss tester

These methods encountered two main difficulties: (a) prob-
lems of measuring remanent flux and zero flux when unfavor-
able magnetic circuits had to be used for practical reasons
perhaps utilizing components mounted in a drum over which
the strip passed; and (b) problems of poor correlation between
hardness and the chosen magnetic property. The methods
worked, but with an unfavorable uncertainty surrounding a
givenresult.

4. Algorithmic Prediction of Hardness

4.1 On-Line Power Loss Testers

Power loss is the key technical quality parameter for electri-
cal steels. Over many years, on-line power loss testers have
been developed to the point where they are a reliable and accu-
rate integral part of the quality control of electrical steels. Fur-
ther, the more recent models now employ digital signal
handling so that complete magnetization (B) and applied mag-
netic field intensity (H) data are available for the whole of each
magnetization cycle (50 Hz operation in Europe). This makes it
relatively easy to obtain remanent flux density, tesla (B, ); co-
ercive field strength, A/m(H,); specific power loss, W/KG (W);
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Fig.3 Operational structure of the hardness determination
technique

and permeability kg/Oe, (i) from operations carried out on the
data available.

Difficulty in accessing accurate, continuous real time data
on B, H, U, and W prevented any of these being used as an
indication of hardness. Further, it soon became apparent that
the uncertainty involved in inferring hardness from any one
magnetic parameter, no matter how accurately known, was too
great.

4.2 Multiparameter Operation

Experiments were carried out to test the hypothesis that if
several magnetic parameters were measured simultaneously,
and their values were used in conjunction with a set of known
hardness-versus-parameter relationships within a special vot-
ing optimization algorithm, a more certain value for hardness
could be produced. Figures 2 and 3 outline this procedure. After
considerable investigation, it was found that H_, |, and W
could, among them, give the most useful result. In the determi-
nation of the mechanical hardness, a computational technique
was invented to run synchronously with the on-line data acqui-
sition hardware of the on-line loss tester.

With respect to the deduced mechanical and metallurgical
characteristics, the technique is capable of indicating the mag-
nitude and location of mechanical or magnetic defects within
the material and allowing corrective measures to be taken in
real time to minimize its progression along the continuous
length of a coil.

The operation of the technique is categorized into three dif-
ferent sections in which different predetermined interactive
analytical tasks are performed:

e The measurement of the magnetic properties of the material
in real time (during production)

e The correlation of the required magnetic measurements
and for the deduction of mechanical hardness (in real time)

e  Afacility for upgrading the system database in order to pro-
gressively improve the resolution of the deduced values of
mechanical hardness

This facilitates the gradual upgrade of the preprocessed mag-
netic information that is used in the logical magnetic data map-
ping processes performed in section 2, as well as improving the
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Fig.4 Continuous real-time plots on magnetic and hardness variations along the full length of a nonori-
ented coil illustrating a region of decreasing mechanical hardness

COERCIVE FIELD STR.CAsm):fiverage: 177.41 St.dev,:3.62 Uar: *1.901 FILE:D05513,SUP
130.00
TRACED
183.00 | RECORD
Not 422
176.00 6.3Ckm)
168.00 Hc A/m
15,44 181.00
14.88 :'4”;;9
14,32 froporseeeetbe ; WWWWN Y Al perel
13.7¢ 8.22
PERM ITY <K.G 167 + 7 HEvd
3.57 EABIL .Bas0e):Average: 3.30 St.dev.:0. Uar: +0,38 UALUE
3.27 |- j128.3
HL 1
2.97 | TOL.
+ 0
2.67 * 80
164.6 OVERALL VICKERS HARDNESS FLUCTUATION <(vpry:fiverage: 126.8 St.dev.:8.488 Var: +2.901 T0 TRACE
LEFT BUT.
................................................................................................................................... TO END
158.0 RIGHT BUT.
TO PRINT
151.4 ¥ [/ Shift 8..
Sc.Print.
144.8 |11 HE
ZOOTrﬂNG
__________ FACTORS
138.3 e s e MAGNETICS
Hc x 0.0
1317 [ e e Hs x 0.0
pr x 0.0
. R N USSR SV ) Y HARDNESS
125.1 k Hv x 5.0
118.5
PAGE (1> TIME:10.33.9 DATE:13.4.1995 TOTAL #:430  %SHOWN:100.0 FULL LENGTH:6.5¢km> Range:0...430 (LOCI>
SOGHOMONIAN

Fig.5 Continuous real-time plots on magnetic and hardness variations along the full length of a nonori-
ented coil illustrating regions of increasing mechanical hardness
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resolution and accuracy of all the mechanical property being
determined in real time.

5. Developmental Steps

The key developmental steps have been (a) exploitation of
accurate digital information from modern on-line power loss
testers, and (b) the development and use of a multiparameter
optimal voting algorithm (the subject of patent protection, Ref
3 and 4).

6. Results

A careful statistical assessment of the reliability of the sys-
tem shows that absolute VPN 4 may be predicted to within 5
points. The magnitude of any local variation will be correctly
expressed to +1 VPN, point. This performance applies over a
basic range of silicon content in steel varying within a range of
0to 2%. Figures 4 and 5 show plots chosen to illustrate the abil-
ity of the system to detect hardness variations.

Figure 4 shows a region of softening within a coil, and Fig.
5 shows areas of increased hardness. The interplay of H_, p, and
W may be examined for comparison. Figure 6 shows a plot en-
compassing a wide range of results covering a large range of
metallurgical states of the material. With respect to these vari-
able metallurgical conditions, the interactive hardness deduc-
tion technique allows separate categorization for different
metallurgical states of “cold rolled and recovery,” “gradual re-
crystallization,” and “ferrite grain growth” for the material,
thus allocating different tolerance levels of +5 VPN, +10
VPN, and +5 VPN, respectively, to the real-time hardness
deductions. The nondestructive (real-time) deductions of the
hardness along with other on-line magnetic parameters jointly
established the necessary foundations for further process con-
trol and condition monitoring possibilities.

7. Alternative Application Prospects of the
Invention

Currently, the developed technique is being used with con-
ventional on-line magnetic testing systems for real-time moni-
toring of the magnetic and mechanical properties of different
compositions of nonoriented silicon steel grades. This has been
achieved successfully on a commercial level with minimal im-
plementation costs and without interruption to the natural proc-
ess flow.

As the current software implementation of the technique has
been fully tested for its accuracy and continuous performance
on silicon steels, it is expected that it could be employed by
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Fig. 6 Overall characteristics response of the novel hardness
determination technique for different nonoriented compositions

other manufacturers of steel strip to monitor specific mechani-
cal properties over a wide range of alloying compositions and
metallurgical conditions. Such applications could include gal-
vanized steel strip or tin-plated materials.

8. Conclusion

By the suitable use of existing on-line power loss testers and
an optimized multiparameter algorithm, an accurate, continu-
ous on-line hardness monitor may be made available. This non-
destructive, noncontact hardness determination system also
can be applied to the processing of steels other than electrical
steels where power loss testers would not normally be used.
The predevelopment of loss testers for electrical steels means
that the real time determination of the mechanical hardness
monitor is relatively inexpensive when compared with costs
that would have arisen if the project had been separately devel-
oped.
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