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N I - INTRODUCTION

One of the greatest challenges of the steel industry is the consistent
production of large quantities of steel with well controlled uniform
mechanical properties. An essential step in meeting this challenge is

‘the development of reliable sensors which can non~destructively monitor

_ these properties on=-line. Although some developments exist in this -

area, most mechanical property determinations in steel plants are still
based on time consuming and costly destructive tests done off-line. In
addition to causing shipment delays and being costly, destructive
testing provides information on only a small fraction of production and
provides no information on possible variations. Mechanical properties
can vary from ingot ﬁo ingot within a heat, and even within an ingot due
to changes 1in chemical conposition or ﬁariations in subsequent
thermomechanical processing. With the tightening of custoner
specifications, e.g. .from the automﬁ%ive Industry, pressure is
increésimg for the capability to accurately measure 100% of shippéd
material. The non-destructive measurement of mechanical properties
would also provide the important possibility to control and optimize the

pProcess.
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The mechanical propertles of steel depend on microstructural parameters
such as chemical composition, the concentration, shape, and dispersion
characteristics of precipitates, grain boundaries, dislocations and
point defects such as 1nterstitial or substitutional impuripies and
vacancles. The accurate aﬁd reliable determination of mechanical
properties therefore requires the use of sensors sensitive to such
microstructural variations 1in a predictable manner.  Because of the
complexity of the problem, the approach generally taken is to establish
empiricél correlations between a physical meaéurement_and the desired
mechanical Property. Such correlations are usually valid only for
limited material parameter changes and to improve and extend their range
of applicability information such as chemical composition, processing
parameters, and the use of multiple sensors may be required as shown

schematically in Figure 1.

In this paper, the various physical mechanisms which have been used to
develop technigues  for nondestructively measuring microstructural
parameters such as grain size, annealing condition and mechanical
properties such as tensile and ultimate strength, hardness, fracture
toughness and deformability, will be briefly.reviewed. Electromagnetic
and ultrasonic techniques will then be discussed in greater detail since

these offer at present the greatest potential for on-line use. -
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II - OVERVIEW OF NON-DESTRUGTIVE CHARACTERIZATION TECHNIQUES

A large number of physical measurements can be used to characterize the
microstructure and mechanical properties of metals. A number of these
are listed in Table I. X-rays for instance are useful for monitoring
stress—relaxation, state of anneal - and has recently beén shown to be a
potentially useful technique for on-line measurement of grain size in
moving steel strip[zj. Small angle ueutron scattering can yileld
information on structural defects with a size ranging from less than
10 nm to =~ 1 im and can be used to study precipitates, microvoids,
dislocations, and~ growing or dissolving particles[Sl. Similarily,

pesitron annihilatibn can be used as- a non-destructive tool to study
defects introduced by plastic deformation, fatigue and creeplq].
Mossbauer spectroscopy has been shown to yield useful information at
hearly every stage of.the steelmaking process, e.g. in particular for
the determination of structures and percentages of the principal
metallurgical phases In common low alloy steels, investigations of dual
phase, precipitation-strengthened and high alloy steels (5], Thermal
measurements have recently been evolving as a new tool for
non—destructive measurements. In particular, thermal imaging can
provide visﬁalization of grains and thermal conductivity measurements
can provide information on hardened layers. The above techniques,
however, are in most cases far from being applicable to the on-line
menitoring  of mechanical  properties. Electrical conductivity
measurements which can provide a wealth of information on chemical
composition, phase transformations and annealing state offers the
possibility of monitoring annealing especially for batch annealing where
the requirement of non-contact 1s not present{él. For on-line
measurements of hardness, grain size, ultimate strength and formability,
techniques based on magnetic and ultrasonic measurements offer the
greatest potential and in some cases have already been installed in

steel plants as discussed below.
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TABLE 1I: Techniques useful for the nondestructive measurement

of microstructure and mechanical properties.

« Mechanical » Thermal

» X-Rays « Neutron Scattering
+ Resistivity . Mossbauer
+ Magnetic .

Pogitron Anmihilation
« Ultrasonic ' . Ete, o

TII - ELECTROMAGNETIC MEASUREMENTS

a) Magnetic Measurements (hysteresis)

Electromagnetic techniques of monitoring microstructure include
measurements of magnetic properties in the frequency range of 0 to

~10 kHz, Barkhausen noise and electrical resistivity. Figure 2 shows a

typical magnetization curve for steel together with some of the.

parameters which can be used to characterize magnetic properties. Among
these are saturation and remnant magnetic inductions By and B,
respectively, initial and maximum - permeability u, and Mgy  and
coerclve force Hc. Among the wvarious magnetic parameters, some are
relatively insensitive to changes in microstructure such as the Curie
temperature, crystallographic magnetic anisotropy and saturation
magnetization. These properties will change with chemical and phase
compositlion, whereas prbperties related to the magnetization ‘such as
permeability, coercive force, hysteresis loss and Barkhausen noise are

strongly dependent on defects which also affect mechanical properties.
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FIGURE 2:
Typical hysteresis loop of steel

illustrating parameters which
characterize -it.

FIGURE 3:

Variation of Rockwell hardness
HRC, Magnetic permeability ymax,

saturation magnetization Jg»
coercivity, He, and electrical
resistivity, p, with annealing
temperature for a carbon steel

(from ref. 7).

FIGURE 4:

Variation of coercive forece with
carbon content for lamellar and
spheroidal precipitates. (from
ref. 10).
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This is illustrated in.Figﬁre 3 where the magnetic properties pm aﬁd He
are shown to vary smoothly in accordance with hardness for a carhon
steel annealed at different temperatures[?]. As éxpected, ~ the
saturation magnetization (Jg) varies only slightly under the same
conditions. Similarly, the détails of hysteresis loops will depeund on
composition and microstructure. The  non-linear behavior of the
magnetization of steels can be analyzed by decomposing the magnetization
response {(or voltage response of a coil encircling the material) into

harmonies. The phasa and amplitude of these harmonics depend on the

detailed shape of the hysteresis locp which in turn depends on

composition and microstructure, This type of analysis has been
extensively studigd_for sorting of materials according to composition

and heat treatment[8'9].

Most of the work aimed at on-line monitoring of mechanical properties of

steel has concentrated on measurements. of coercive force, He, and
resldual magnetic induction Br (or magnetization). Accurate values of

Be can be obtained even for non-ideal geometries, and relative values of

.Br can be obtained by ‘measuring the external field, Hex, at some-

location near a sample that has either been magnetized entirely or
locally. This latter measurement has the advantage of being essentially
independent of the speed of the relative motion between the probe and
steel material, The theoretical behavior of He in the presence of
defects such as dislocations, inclusions and grain boundaries has been
atudied extensively and was recently reviewed by Mikheevy and
Gorkqnovllo].

Although the coercive force Hc of industrial steel products will be the
result of a complex synergistic interplay between wicrostructural
defects, 1t is useful to understand its behavior when each of these

is taken separately. The following relations were found to be




valld respectively for dislocations and graln boundaries:
Re o vVN - (D

where N is the dislocation density and N < 10% - 107 co~2 and

"He = A + B/d 2y

where A and B are constants and d is grain size.

In the case of inclusions, the followling expression:

o

He = P Reff VB / M (3)

is generally'found'to be valid, where V 1is the volume of the inclusion,
P is a factor dependent on the degree of dispersion of the inclusions,
Keff is an effective anisotropy cohstant and n is an exponent which
depends on the form of the inclusions and has wvalues of order .
Figure 4 illustrates equation (3) for lamellar and sphercidal cementite
inclusions in steel. For lamellar forms, He increases linearly with the

volume, whereas for spheroidal inclusions He a v2/3 (10).

The effects of stress have not been considered above although they may
be dominant in practical applications. Because steels are
magnetostrictive, stress will tend to modify their effective anisotropy

and significantly affect Hc.

In fact, changes of magnetic properties with stress form the basis of a
number of technlques to non-destructively measure residual

str-esses[”!lz].
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A_ study by Pyatunin and Slavov[13] has shown that microstresses, as
measured by the distortion of the crystalline lattice, Aa/a in a~iron

play a major role in determining both the coercive force and the tensile

strength o¢ of hot rolled steels. A universal 1inear relationship was

found betweén Aa/a and or for both hot rolled rimmed and killed carbon
steelé.l However, two different linear relations were found between Aa/a
and Hc for the two types of steels, leading to two different retations
between 0 and He for these two steels - see Figure 5, This
difference in magnetic behavior was attributed to different textures {as
detefmined by x-rays) for the two different types of steels (which are
close in chemical composition). In the case of rimmed sheet steel, a
larger fraction , of grains have the (magnetically difficult)
direction in the plane of the sheet leading to a larger coercive force
for a given o, In a more recent paper, Timoshenko et al.l[14] were
able to regroup 67 types of rolled products into 9 groups having
identical relationships between mechanical property (tensile strength)
and coercive force. The classification depends on texture. In order to
further refine the correlations factors such as chemical composition,

thickness etc. can be included in a regression analysis[lsl.

‘One of the most promising applications of real time mechanical property

determination using magnetic measurements i1s {n the monitoring of

annealing of strip or tinplate in a continuous annealer. In a
continuous annealing furnmace which operates at speeds of 150 to
600 m/min. the degree of anneal is controlled by temperature and
speed. Economy of time and energy as well as product quality dictate
that annealing not be taken much further ﬁhan 1s necessary to obtain
full recrystallization, Usually a maximum Rockwell hardness 1is
‘specified and the objective is to keep below but as close as possible
to this. A number of instruments thaf relate magnetie measurements to
mechanical hardness have been built and installed in steel plants.

Bansen[16] has built an instrument that magnetizes a moving strip of
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FIGURE 5:

Relation between tensile strength
and coercive force for hot rolled
rimmed and killed carbon steels
of different compositions. The
difference in behaviour between
killed and rimmed steels is
attributed to differences in
texture (from ref. 13).

FIGURE 6:

Magnetic sensor configuration
used 1n England for on-line

monitoring of  Thardness (from

ref. 18).

FIGURE 7:

On~line magnetic measurement of
the degree of recrystallization
of ferritiec stainless chromium
steel strip (from ref. 19).
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sheet steel as 1t leaves the annealing furnace and measures the remnant
magnetization by means of the external field of the sheet; fhe remnant
magnetization is then correlated to hardness. Similar systems have been
installed in England[l?]. One arrangement of magnetizing and sensing
heads 1s shown in Figure 6 (ref. 18). Recently, the same principles
Ihave been applied by Krupp in Germany td monitor the mlerostructure and
degree of recrystallization of continuously annealed ferritic stainless
chromium steel stfip[lg]. The equipment is depicted schematically at
the top of Figure 7. The remanent magnetization is related to the degree
of recrystallization whicﬁ depends on strip spéed as also .shown in
Figuré 7. Magneﬁic hardness sensors have also béen installed by
Kawasaki steel[20]%

k) Barkhausen noise

Another magunetic measurement that offers potential for non-destructive
evaluation of materials and that has attracted interest in recent years
is Barkhausen noise. - Barkhausen noise results from the irreversible
steplike change in magnetization that results when domain boundaries are
suddenly depimned and break away from microstructural defects under the
influence of a varying exﬁernal field. A typical experimental setup is
shown In Figure 8. A bitasing magnet is cycled at low frequency
(generally less than 100 Hz). Noilse 1s detected inductively by a coil
placed close to the material surface and analyzed in the frequency range
of =1-300kHz. A typlcal result showing Barkhausen nolse bursts is shown
in Figure 9. A maximum in noise wusually occurs at or mnear B={.
Barkhausen noise (BN) can be analyzed in several ways. One method
adopted by Finnish investigators is to analyze the noise amplitude
distribution and to determine an average valuel[21,22], Another
technique 1s to detect the envelope of the noise and to determine the

maximum value of the envelope[zal. Although BN is very sensitive to
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stress, making it an important non-destructive tool for residual stress
measurements it is also affected by a number of mechanical properties
and microstructure and researchers  in' Finland have ﬁade extensive
studies of the relation between BN and microstructure in various types
of steels[21,22], It was argued that most of the pinning points for
domains are either graln boundaries themselves or located at grain
boundaries. The noise pulsé-amplitude 1s thus affected by average grain
size. A number of low carbon ferritiec and ferritic pearlitic steels

were studied. Best results between optically determined and BN

determined  grain sizes were obtained after temper rolling over .the

recrystallized state. A linear dependence on a logarithmic grain scale
was obtained witﬂwthe ] ASTM band including 25 of 28 samples in the
11-3 ASTM range (see Figure 10}, Using about 500 samples of low-allow,
1ow—cérbon steel in soft _annealéd and temper rolled condition a
correlation coefficient of 0.92 with a standard deviation of 5.9 m at
the 95% confidénce limit was obtained. .Barkhausen nolse was also shown
to be sensitive to precipitation, pearlite motrphology and carbon
content [23], Since the Barkhausen noise maximum occurs at the B=0
crossing the experimental setup of Figure 8 can also be used to
determine He; this has been extensively exploited by Theiner and
co-workers of the Fraunhofer Institute who have studied correlations
between He and hardness of high alloy steels in quenched; tempered and
plastically deformed conditions[24], Correlations with other
parameters felated to acoustic Barkhausen moise and incremental

permeability were also investigated.

Commercial iInstruments are presently avallable which allow measurements
on material that is either stationary or moving at speeds of up to

5 m/s[25], Typical depths probed by these instruments are ~0.2 mm.
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FIGURE 8:
Typicél experimental setup for
.measuring Barkhausen noise in

steel (from ref. 23).

FIGURE G:

Schematic of change in wmagnetic
induction and production of
Barkhausen noise bursts during a
linear scan of magnetic field (H)
with a system suech as shown in
Figure 8 (from ref, 22).

FIGURE 10:

Comparison of grain size obtained
from Barkhausen noise and
metallographically for low-carhon

temper-rolled steel sheet {from
ref. 22)
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IV - ULTRASONIC TECHNIQUES

a) Introduction

‘Because of the sensitivity of ultrasonic propagation characteristics to
microstructural parameters (through direct interactions with the
crystalline lattice) and the possibility of safe on-line measurement
syétems, ultrasonics 1s potentially one of the most promising techniques
for the  mnondestructive characterization of material properties.
Ultrasonic velocity has been used to measure Young's modulus as a
fuhction of compbéition for iron-based'binaryialloys (26);_533 figure

11, Variations are mnearly linear with compositidn except for carbon.

However, because elastic properties depend on other factors such as

thermomechanical processing, wultrasonic veloeity cannot be uniquely
related to composition, An example of the effect of procéssiﬁg on
veloclty is shown in figure 12 which shows a close correlation hetween
hardness and ultrasonie velocity. Measurements were made along the
‘length of an end quenched Jominy bar. ‘Changes of hardnéss are
assoclated with a change of microstructure from martensitic at the
quenched end to ﬁearlitic at the other end. This ecorvelation can also
be used to determine case hardening depth by probing surface layers of
variable thickness with Rayleigh waves (28), Measurements of velocity
can also be used to measure residual stresses (29), However the
changes in velocity resulting from stress are very small and would be

difficult to measure on moving steel.

b) formabllity:

A more promising application of velocity measurements in the steel plant
is for determination of anisotropy and texture which can then be related
to the formabllity of cold-rolled steel sheet. Drawability is related
primarlily to plastic anisotropy which in turn 4s .dependent on

crystallographic texture. The plastic strain ratio, r, defined as

r= e,/ g (4)
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where eﬁ and €. are the natural strains measured in the width and
thickness directions of a tension specimen, is the customary measure of
anisotropy. For most commerclally produced carbon-steel sheets, T
varies with test direction and is measured at 0,45° and 90° from which
an average value r is obtained. The variation of T in thezpiane of the
sheet correlates with the tendency of sheet to form “"ears™ upon drawing

and is characterized by the value Ar defined as:
Ar = 4(ry = 2 ryg + rgg) : (5)

Determining r andﬂ Ar values from tension specimens is tedious and
costly. Recent measurements however, based on a study based on 230
steel samples covering a wide range of commercial cold-rolled low carhon
steel sheets indicates that general correlations exist between T and E
and Ar and AE, where Young's modulus E was measured from a resonance
technique (30, 31) (see figures 13 and 14), The correlation
coefficients and standard efrors were found to be essentially the same
for experimental and commercial steels of different types. Much of the
gcatter in the data 1s believed to be due to errors involving the
measurement of r by tension tests (which were done by several operators
using slightly different test methods). It was concluded that Young's
modulus provides a more sensitive measure. of the small changes in
crystallographlc texture that result from changes in processing than to
measurements of T, In a more recent study, Hitagawa (32) nas also
shown the existance of a good correlation between the square of the
through thickness longitudinal velocity, vzg and the average plastic
strain ratio, T (see figure 15). The correlation is explained
theoretically on the basls that vy increases monotoniéally with
increase of (111D axis density normal to the rolling plane and the
experimental observation that this density is proportional to r. By

using non-contact ultrasonic techniques, such as electromagnetic~
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acoustic transducers, it is probable that on-line measurements of r and
Ar could be implemeﬂted in steel plants. Work at Bethlehem Steel is

being done in this direction (33),

¢) grain size, tensile strength, fracture. toughness:

Aﬁother area of application of ultrasonics to the steel industry has for
long range goal the development of practical on-line methods to predict
properties such as yield strength, tensile strength and fracture

fdughness. One approach, taken by reséarchers at Bethlehem Steel (20,

33“35), i1s to take as a starting point the well known Hall-Petch
relations '

M =M, + M d7p | - (6)

which relate mechanical property, M, to grain size, d, (where Mg is a
constant dependént on composition, phase morphology, etc., and M; is a
constant), and estimate grain size nondestructively from ultrasonic
attenuation measurements. Ultrasonlc attenuation 1in steel, a, for the
case where the wavelength, A ,1s in the range O.UBJLdIX‘LO.S, where d is

grain size can be described by
a= ag + B a3 g (7)

where op 1s due to absorption or any contribution not associated with
grain boundary scatterihg, B is a proportionability constant and f is
ultrasonic frequency. The term Bdsfq is the contribution due to grain
boundary scattering., Klinman and co-workers {34) have shown that by é
judicieus choice of frequeney (typically 5 - 10 MHz) the attenuation due
to grain scattering can be used as a proxy for the metallographically
méasured grain size in the estimation of yield strength, tensile
strength and transition temperature. This is 1llustrated in figure 16
for yield strength estimated using an extended Hall-Petch relation which

ineludes chemical composition. For the estimation of yleld strength,




- 17 -

FIGURE 1l4:

Relation between the planar vari-
ation in plastic-strain ratio,
Ar, and the planar variation in
Young's modulus, AR for
cold-rolled low carbon steel
sheet (from ref. 30).
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-éhemical composition by itself explained 56 percent of the variance and
gave a 95 percent confidence intermal of + 55 MPa. Addition of d™4 to
the .regression markedly increased the variance explained (to 80 percent)
and tightened the confidence internal to + 31 MPa. Using the
atteﬁuation results instead of the metallographically determined d
dropped the ﬁariance to 79% and opened the confidence internal to + 39
MPa. .Similar results apply to tensile strength and transition

temperature estimations.

Graln size can also be measured ultrasonically with backscéttering
meaéurements- (36); These measurements consist 1In analysing the
tltrasonic signalé reflected from individual grains instead of the
attenuation of ultrasound due to the same. Although good accurécy can
be obtained and the technique has the advantage of not requiring
parallel surfaces, a good surface finish is required and signal to nolse

can be a problem.

Another approach to ultrasonic mechanical property measurement was taken
by A. Vary (3?), whe suggested a general empirical relation between
fracture toughness, Kips yleld strength CT?? and ultrésoﬁic
attenuation. Using attenuation measurements in the 10 to 50 MHz range,
good results were obtained for two maraging steels and a titanium alloy
aged at. various temperatures. Other stﬁdies, however, 1indicated the
doubtful applicability of the general relation for Fe-C alloys (38)
and for a 403 stainless steel whose Kjo was varied by changing the

temperature, thus keeping grain size and microstructure constant (39),

Another aspect of wultrasonics which is still largely unexplored for
material characterization is the study of non-linear elasticity.
Third-order elastic constants have been shown to depeﬁd strongly on
texture $#0) and has been shown to be & possible nondestructive tool
to characterize the state of anneal of aluminum (41}, The techniques

required, however, are difficult to apply in an industrial environment.
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At present, an ultrasonic technique to measure grain size has been

installed on a cold strip line by Krupp in Germany (19). Similar
techniques are being explored by Nippon Steel and Bethlehem Steel.

CONCLUSION

Among the varlous physiecal techniques included in table I, which can be
used to nondestructively characterize on-line the microstructure . and
mechanical propert}es of steel, the use of techniques based on x-rays,
magnetic aﬁd ultrésonic measurements appear to be the most promising.
Since information on the on-line use of x-rays 'is at present very
scarce, the above presentation concentrated on magnetic and ultrasonic
techniques.  Magnetic techniques. are extremely sensitive to stress,
microstructure and mechanical properties and offer the possibility of
.rapid mnon-contact measurements. Limitations are assoclated with the
complexity and ambiguity of the relation between wmicrostructure,
maguetic properties and mechanical properties. However, some progress
has been achieved in this area, for instance by regrcuping carbon steels
of varying composition according to texture, ylelding groups which have
identical correlations between hardness and Heo A number of magnetic
based sensors have been installed in steel plants to monitor hardness of

steel strip on-line.

Ultrasonie téchniques have been developed more recently and show great

promise. In this case, a clear relationship can be established between

texture, anisotropy and ultrasonic velocity. This property has been

used to reliably measure properties of low carbon steel sheets such as
drawability. The relationship between attenuation and grain size is
also well established and can be used to determine grain size or in
cases where mechanical properties are closely related to grain éize - to

predict mechanical properties directly.
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-Reliability would probably be enhanced by the use of several
complementary technlques; for instance, wultrasonic methods = for
determining grain size and anisotropy may be combined with magnetic
meaéurements to narrow the uncertainty in yileld strength predictions

obtalned from ultrasonic attenuation.

Research is required to develop still unknown or presently “exotic”

techniques and to Improve understanding of the relations bhetween

traditional measurements and mechanical properties.
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