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The possibilities of certification of hardened surface layers by measurement of coercive force, eddy current in-
spection and analysis of the field dependence of differential magnetic permeability p,(H ) are considered. The
advantages of analysis of the pattern of peaks on the p,(//) dependence for estimating the state of sur-
face-hardened steels subjected to subsequent force loading are shown.

Key words: coercive force, eddy current method, field dependence of differential magnetic perme-
ability, carburizing, laser hardening, plastic deformation.

INTRODUCTION

High operating properties can be provided in conven-
tional structural steels with the help of methods of surface
engineering. In the recent literature on materials science sur-
face engineering is understood as a field of science and engi-
neering that includes traditional and innovative processes of
surface treatment of objects for creating a composite material
with properties differing from those of the matrix material or
of pure surface. The task of nondestructive inspection of
modified surface layers has to be solved [2]. The magnetic
properties of surface-hardened articles characterize two sub-
systems, i.e., a magneticallay soft core and a magnetically
hard surface layer. The methods of magnetic and electromag-
netic analysis used with allowance for the difference in the
electrical and magnetic characteristics of the hardened layer
and of the core of the article make it possible to diagnose the
thickness and hardness of surface layers. In addition, in
many cases they permit estimation of the wear resistance of
the surface layer and of the level of the applied stresses,
which becomes a base for predicting the operating capacity
of the article. The aim of the present work was to show the
possibilities of coercive force metering and eddy current
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methods and of analysis of the field dependence of differen-
tial magnetic permeability p,(H) for estimating the condi-
tion of steels after laser quenching, carburizing, gas powder
facing, and surface deformation, in particular, with allow-
ance for their subsequent temperature and force loading.

RESULTS AND DISCUSSION

Coercive Force Metering Control
of Hardened Surface Layers

Fundamentals of the nondestructive method of inspec-
tion of surface-hardened steels with the help of attached elec-
tromagnets have been developed in Russia in the war years
and in the first years after the war [3 — 5]. The essence of the
method is magnetization of the tested article to different
depths and obtainment of data on the magnetic properties at
different distances from the surface.

To control the hardness the magnetic flux should perme-
ate only the surface layer. To control the thickness of the
hardened layer with the help of an attached I1-shape electro-
magnet a part of the core of the article is magnetized in addi-
tion to the surface layer. Growth in the thickness of the hard-
ened layer is accompanied by increase in the demagnetiza-
tion current of the coercive force meter /. , which is propor-
tional to the coercive force H, of the tested article. The
higher the hardness of the layer the greater the coercive
force. Successful application of the method involves prelimi-
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nary determination of the correlation dependences of the out-
let parameter of the device on the initial characteristics [6].
The more substantial is the difference between the coercive
force of the hardened layer and the coercive force of the core,
the more reliable is the result of the inspection.

It has been shown that the coercive force of a carburized
layer and of the core can differ after quenching by more than
a factor of 10 [7]. To control the quality of the carburization
machine-building enterprises have long employed coercive
force meters of type KIFM with attached electromagnets, the
experience of the operation with which is generalized in
[8, 9]. For simultaneous control of the thickness and hard-
ness of quenched carburized layers on parts of drill bits from
steels 17KhN2 and 20KhN3A, plunger blades from steel 20,
and many other parts it is sufficient to use only one attached
electromagnet. Ample statistical material gas been gathered
in the production flow and used to plot two-parameter
dependences of demagnetization current /,.; the range of
readings of the coercive force meter corresponding to the ad-
missible values of the hardness and thickness of the layer on
the article is determined. To determine the thickness and the
hardness of the hardened layer individually, at least two at-
tached electromagnets are used successively, which lowers
the efficiency of the inspection.

It is known that the coercive force of a hardened layer
obtained by HFC treatment is 2 — 4 times higher than the co-
ercive force of the core [7]. To control the layers on articles
hardened after heating by high-frequency currents, in partic-
ular on crankshafts from steels 45 and 40KhFA, it is neces-
sary to use two attached electromagnets, one for controlling
the hardness and the other for controlling the thickness of the
layer [10].

It has been shown that the magnetic characteristics mea-
sured in particular cycles of magnetic hysteresis in weak
magnetic fields are sometimes more sensitive to the thick-
ness of the hardened layer than the characteristics deter-
mined for the major hysteresis loop [7]. This makes it possi-
ble to lower substantially the energy intensity of sensing de-
vices.

The method of metering coercive force is suitable for
certifying the surface layers reinforced by cold plastic defor-
mation. The readings of a coercive force meter Ipc increase
upon growth in the force of roll burnishing of bars from steel
10, axles from steel 35 and other articles with an initial fer-
rite-pearlite structure [11].

As a result of a hardening friction treatment of the sur-
face of steel St3 by a hard-alloy indenter under the conditions
of sliding friction the coercive force H, over the major loop
of magnetic hysteresis has been shown to grow by 30 — 70%
with respect to the coercive force in the initial annealed state
[12]. This effect is explainable by considerable refining of
the structure of the surface layer with a thickness of 70 um
and marked growth in the dislocation density in the layer ac-
companied by elevation of the surface microhardness from
1.68 to 4.25 GPa. The coercive force /2, measured in weak
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Fig. 1. Dependence of wear resistance € (tests against corundum)
and ¢’ (tests against silica), of the coercive force H, and of readings
of an eddy current device o; and o, on the content of carbon in
martensite of quenched and low-tempered steels: @, x) 65G; O) US;
O, @) quenching after heating in the furnace; x) laser hardening
[13].

magnetic fields for particular loops of magnetic hysteresis at
maximum magnetic induction b, < 0.1 T is even more sen-
sitive to friction treatment. This characteristic has grown in
experiments by 100% [12].

Actually, surface deformation hardening is also applied
to parts with a structure of tempered martensite. In this case
metering of the coercive force is complicated, because cold
plastic deformation of the surface of a preliminarily heat
treated steel does not cause noticeable growth in the coercive
force H, but frequently causes its decrease [8].

It is shown in [13, 14] that the method of coercive force
metering is effective for estimating the wear resistance of
structural and tool steels including those subjected to carbu-
rizing and laser hardening. This approach has been devel-
oped on the basis of the high sensitivity of coercivity to the
content of carbon in the a-solid solution. It is known that it is
just the content of carbon in the a-solid solution which deter-
mines to a considerable degree the resistance of hardened
steels to abrasive and adhesive wear [15]. The possibility of
estimation of the wear resistance of steels 65G and U8 from
growth in coercive force H, is illustrated by Fig. 1 [13]. The
coefficient of correlation between the values of H, and wear
resistance in tests against corundum for both steels is 0.98.



Certification of Hardened Surface Layers By Magnetic and Electromagnetic Methods 159

The detected similarity of the dependences of wear resis-
tance and coercive force on the content of carbon in marten-
site has made it possible to develop a nondestructive method
for checking the wear resistance of hardened and low-
tempered steels [16] from the value of the coercive force.

Eddy-Current Method

Eddy-current inspection of articles hardened by methods
of surface engineering is aimed primarily at determining the
thickness of the heat-hardened layer on steels [17, 18] or cast
irons [19]. The authors of [20] have suggested a method for
eddy-current estimation of the thickness of coatings of the
Cr — Ni and Cr — Ni — Co systems formed on steel St3 by the
method of gas-powder laser deposition. It is known [21] that
at a fixed frequency and weak excitation fields correspond-
ing to the Rayleigh domain, the eddy-current parameter o of
ferromagnetic materials is determined by the values of effec-
tive magnetic permeability pg and electric resistivity p, i.e.,

a~ |1 (1)
Hesr P

Decrease in the permeability by more than tens of times
upon transition from a highly ferromagnetic matrix to a
weakly magnetic y-solid solution based on nickel or to an
a-solid solution (Co—Ni) of the coating prevails over
growth in the electric resistivity of the material. For this rea-
son the values of the eddy-current parameter for all the stu-
died types of laser facings grow continuously with the thick-
ness of the coating.

In works [13, 14, 22] the eddy current method is applied
successfully not only for estimating the structural state and
the hardness but also for predicting the wear resistance of
steels subjected to laser hardening followed by heat treat-
ment. Work [13] is devoted to determining a linear relation
between the parameter o and the content of carbon in mar-
tensite for steels 65G and U8 (Fig. 1). This has been used as
a physical foundation for estimating the wear resistance of
articles from steels 65G and U8 by the eddy current method.

An important advantage of laser hardening is the possi-
bility to eliminate subsequent tempering and to find applica-
tion for hardened steels with a structure possessing maxi-
mum wear resistance [23]. However, tempering may occur in
subsequent welding, grinding, or friction heating. A marked
decrease in readings a of the eddy current device allows us
to predict lowering of the wear resistance of steels ShKh15
[14] and 65G [13] hardened after laser heating due to tem-
pering in the range of 100 — 300°C as a result of the produc-
tion process or operational effects.

Analysis of Field Dependence
of Differential Magnetic Permeability

The problem of separate certification of the hardened
surface layer and of the core of an article can be solved in

many cases with allowance for the special features of rever-
sal magnetization of two-layer ferromagnetics. It is known
that the loops of magnetic hysteresis of a two-layer ferro-
magnetic have characteristic inflections, and the depen-
dences of the differential magnetic permeability p, on the in-
tensity of the reversal magnetization field H has as many
maximums as many different ferromagnetic layers the article
has [24]. The field of maximum differential permeability
H (Wgmax ) of a layer virtually coincides with the value of its
coercive force H,..

Field dependences of differential permeability p, (H ) are
commonly obtained using standard three-point differentia-
tion with respect to the field of descending or ascending
branches of the major loops of magnetic hysteresis, i.e.,

. Mo AM p,dM
= lim = 2
Ha™ i Do AH dH @

where p, =4p x 10~ 7 H/m is the magnetic constant, M is the
magnetization, and H is the intensity of the magnetic field.

The principles for analyzing the field dependence of dif-
ferential permeability p, (/) have been developed in the
works of E. S. Gorkunov with coauthors in the 1980s. Ac-
cording to them the height of the peak and the field of the
peak of magnetic permeability are suitable for estimating the
thickness and the hardness of the respective layer; the thicker
the layer the higher the higher the respective peak other con-
ditions being equal; the higher the hardness (and the mag-
netic hardness) of the layer the stronger the magnetic field in
which its peak of differential magnetic permeability is loca-
lized. The same principles have been used by American
authors in [26] for determining the thickness of a layer ob-
tained by induction hardening (up to 3.3 mm thick) or carbu-
rizing (up to 1.6 mm thick) on a number of low- and me-
dium-carbon low-alloy steels.

Figure 2 presents the ascending branches of major loops
of magnetic hysteresis and the field dependences of the dif-
ferential magnetic permeability of cylindrical test pieces of
steel 45 after normalizing and heat hardening by irradiation
of a continuous CO,-laser [27]. Here and below we present
only those parts of the field dependences where the perme-
ability maximums form.

Figure 3 [28] presents the special features of the obtained
layer responsible for the observed bimodal field dependence
of differential magnetic permeability p,(H) in a field of
1.3 kA/m corresponding to a hardened surface layer and in a
field of about 0.6 kA/m corresponding to a ferrite-pearlite
core. The presence of a transition zone between the layer and
the core smears the boundary between the two peaks, where
the permeability remains considerably higher than the back-
ground value. This can be proved by successive removal of a
thin layer from the surface of the test pieces. Figure 4a pre-
sents the field dependences of differential magnetic perme-
ability of steel 45 at different distances from the surface of a
test piece after laser treatment. It can be seen that as a result
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Fig. 2. Descending branches of major loops of magnetic hysteresis
and field dependences of differential magnetic permeability n; (H)
for steel 45 in normalized condition (the solid lines) and after laser
heat hardening (the dashed lines) [27].

of removal of a layer the peak in the region of stronger force
fields is much lower, because the volume of the hardened
layer decreases and so does the coercive force H, of the test
piece (Fig. 4b). Similar changes have been observed as a re-
sult of removal of a layer with a thickness of 0.8 and 1.5 mm
from the surface of carburized test pieces of steel 20 [29].

Effect of Force Loading of Surface-Hardened Steels on
Field Dependence of Differential Magnetic Permeability

It is known that the deformation behavior of surface-
hardened materials differs from that of homogeneous ones
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[30]. The total strains on the surface and in the bulk of a ma-
terial under a load and after unloading are the same but the
arising stresses differ [31]. To design multilayer components
of structures (shells) by methods of building mechanics we
should have accurate data on the stress state of every layer,
which may vary in operation. This problem can be solved by
measuring magnetic characteristics with the aim to deter-
mine the relation between them and the active stresses and
then to estimate the remaining life. However, measurements
of the coercivity H, give little relevant information, because
H_ of a multilayer ferromagnetic is not a physical parameter
of the material in the conventional sense but is a quantity
characterizing the demagnetization current at which the mag-
netic fluxes of the layers are mutually compensated [32].

Until recently, plotting of dependence L, () has been a
complex methodological problem due to the long time and
low accuracy of measurements. Modern facilities for mag-
netic measurements make it possible to record magnetic hys-
teresis loops fast and in detail and the applied softwares pro-
vide accurate plotting of functions p, (). This allows us to
study the evolution of peaks of differential magnetic perme-
ability under force loading in order to monitor the state of
every layer of an article in operation.

Figure 5a generalizes the evolution of the field depen-
dence p,; (H) under the action of applied tensile stresses nor-
malized to the value of the yield strength for a series of test
pieces of steel 45 after laser heat hardening [27 — 29]. The
magnetic measurements were performed when the specified
values of the tensile stress were attained and the test piece
was unloaded. It can be seen from Fig. 5a that under the ac-
tion of 0.95c,, the permeability of the core decreases sub-
stantially, while that of the surface layer increases. To ex-
plain this interesting effect we should understand that in fact

Fig. 3. Microstructure magnified to x 240
(1, 2)and x 1500 (3) and field dependence of
differential magnetic permeability p;(H) for
steel 45 after laser heat hardening [28]: /) sur-
face layer; 2) transition zone; 3) core of the
test piece.
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Fig. 4. Field dependences of differential magnetic permeability
Ly (H) (a) and variation of coercivity /. over the thickness of the
surface layer (b ) of steel 45: 1) after laser heat hardening; 2, 3) af-
ter removal of a surface layer with thickness # = 0.4 and 0.6 mm, re-
spectively.

a specimen with a hardened surface consists of two different
materials, i.e., a hardened surface layer and a ferrite-pearlite
core, the mechanical properties of which differ. The yield
strength G, determined for such a specimen does not match

either of these materials but represents a mean value. For this
reason, the stresses below the yield strength o, in a laser-
treated test piece can exceed the yield strength of its core.
This is proved by the results of structural studies and hard-
ness metering and by computations of stresses in each of the
layers [33], which have shown that under the action of
stresses equal to 0.95G, the core is strain hardened and its
magnetic permeability decreases regularly.

In the plastic tension range (¢ = 1.055, , ) the permeabi-
lity of the whole of the material decreases considerably and
the bimodal field dependence p, (H) transforms into a curve
with one maximum (Fig. 5a ) typical for homogeneous speci-
mens not subjected to surface hardening. It has been shown
that the bimodal field dependence i, (H ) is lost against for-
mation of numerous microcracks and micropores in the sur-
face layer and in the transition zone of the specimens tested
for the action of tensile stresses 6 = 1.050,, (Fig. 5b); then
the contribution of the hardened layer into the processes of
reversal magnetization is lowered. Weakening of the contri-
bution of the hardened surface layer into the measured mag-
netic characteristics upon growth in the total level of defor-
mation of the test piece has been detected [12] under cyclic
loading for steel St3 after a hardening friction treatment.

CONCLUSIONS

Principles and examples of the use of coercive force me-
tering and of the eddy current method for certifying the
thickness, hardness and wear resistance of hardened layers
including their subsequent temperature loading are consi-
dered. It is shown that analysis of the field dependence of
differential magnetic permeability p, () for monitoring the
states of the hardened surface layer and of the core of an arti-
cle under force loading is more advantageous than measure-
ment of the coercivity H,. The loss of bimodal dependence
n, (H) is an indicator of accumulation of damage under the
action of stresses exceeding the yield point.

Fig. 5. Evolution of the field dependence of
differential magnetic permeability p;(H) (a)
and a microcrack in the surface layer (b,
x 3000) formed due to tensile deformation of
steel 45 after laser heat hardening: /) prior to
loading; 2, 3,4) after loading at 0.95c,,
1.056 ,, and 1.3 ,, respectively.
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