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Abstract The effect of high-cycle fatigue loading (elastic deformation) of high-
carbon steel (1.03 wt% C) on the behaviour of the tangential component of the
magnetic induction vector of a specimen in the residual magnetization state has been
studied. It has been found that the magnetic measurement technique allows both
structural changes and cracks resulting from the fatigue degradation of high-carbon
pearlitic steel to be recorded. The effect of cyclic loading in the low-cycle fatigue
region (plastic deformation) on the variations in the coercive force and residual
magnetic induction of annealed medium-carbon steel (0.45 wt% C) for the major
and minor magnetic hysteresis loops has also been studied. The sensitivity of the
magnetic characteristics to both large and small plastic strains accumulated during
cyclic loading has been established.

1 Introduction

In most machines and structures components operate under conditions of cyclically
varying loads with regularly or irregularly alternating cycles and different levels
of stresses in the cycles. The level of stresses under different conditions may
correspondingly vary over a wide range and cause both elastic and plastic strains
in the components. This significantly complicates the study of fatigue resistance,
the prediction of durability and the determination of residual life, and it requires a
vast amount of experimental data and full-scale tests. It is therefore necessary to
apply methods that, along with collecting experimental data, would enable one to
understand the physical background of fatigue as a phenomenon. In this connection,
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the application of nondestructive test methods, particularly magnetic ones, is very
promising.

In the course of fatigue loading, repeated elastic deformation induces structural
changes and accumulated damage thus affecting the magnetic properties of a
specimen. To detect fatigue damage of the kind, it is promising to apply magnetic
inspection of articles in the residual magnetization state with the use of highly
sensitive transducers enabling one to make local measurements of stray magnetic
fields, including those arising at defects [1, 2].

Among the magnetic characteristics used for evaluating the physical-mechanical
properties of a material under plastic deformation, one can select coercive force
and residual magnetic induction, which are affected by changes in dislocation
density and the appearance of discontinuities (plastic loosening, microcracks and
pores) [3, 4]. In this connection, it seems reasonable to divide changes in the
magnetic characteristics and microstructure of a material under plastic deformation
into three stages, namely, (1) at small strains; (2) at medium strains; (3) after large
strains [4].

Thus, the aim of this work is to study the effect of cyclic loading of (1) high-
carbon pearlitic steel (1.03 wt% C) under high-cycle fatigue (elastic deformation)
on the behaviour of the tangential component of the magnetic induction vector for
a specimen in the residual magnetization state; (2) annealed medium-carbon steel
(0.45 wt% C) under low-cycle fatigue (plastic deformation) on the behaviour of
coercive force and residual magnetic induction for the major and minor magnetic
hysteresis loops.

2 Experimental Procedure and Material

Commercially cast high-carbon (1.03 wt% C) and medium-carbon (0.45 wt% C)
steels were studied. The structure of fine-lamellar pearlite in high-carbon steel
was obtained by 5min isothermal holding of specimens (preheated for 15min
to 1,050°C) in a salt bath at 500 °C followed by cooling in water. The specimens
were then annealed in a salt bath at 650 °C for 10 min. Medium-carbon steel was
annealed at 800 °C for 8 h and then cooled slowly with an oven to room temperature.

The specimens made from high-carbon pearlitic steel were cyclically loaded
with controlled stress values Ao = 20, = 0.650)p, (Where 0y, is offset yield
strength under static tension), the cycle asymmetry coefficient R, = 0 (intermittent
zero-to-tension stress cycle) and a loading frequency of 10Hz, the cycle stress
variations obeying the sine law. The specimen was loaded step by step, with the
numbers of loading cycles N = 20,000, 60,000, 100,000, 160,000. The specimens
made from annealed medium-carbon steel were cyclically loaded with a controlled
value of total strain €y = 2¢, = € + €5 = 0.0076 (where ¢, is total strain
amplitude, € is the elastic part of the strain, €y is the plastic part of the strain),
a pulsating deformation cycle, the triangular change of the strain amplitude and a
loading frequency of 0.5 Hz. The testing was conducted so that the cycle asymmetry
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coefficients (R = €min/€max> Ro = Smin/ Smax) met the condition R, = R, = 0.
The specimens were cyclically loaded with N =5, 10, 50, 200 and 400 cycles.

Magnetic measurements of the tangential component of the magnetic induction
vector B; for high-carbon pearlitic steel were made with a flux-gate transducer
by scanning the surface of a residually magnetized specimen along its axis at
a velocity of 2mms~!. The coercive force and residual magnetic induction of
annealed medium-carbon steel were measured for the major magnetic hysteresis
loop (Hmax = 60kA/m) and minor ones corresponding to the maximum magnetic
induction of a hysteresis cycle byx =1, 0.4, 0.1 and 0.05 T respectively.

3 Results and Discussion

Let us consider the effect of high-cycle fatigue loading (elastic deformation) of
high-carbon pearlitic steel on the variation of the tangential component of the
magnetic induction vector B;. It follows from Fig.1 that the fatigue tests are
accompanied by the appearance of nonuniformity in the distribution of the tangential
component of the magnetic induction vector along the specimen length in the
residual magnetization state; this is noted even at N = 60,000. After fatigue
loading with N = 100,000, a noticeable increase in B; was observed. This may
be due to structural changes occurring in the pearlitic steel during fatigue loading,
in particular, to the spheroidization of cementite lamellae. The spheroidization of
fine cementite lamellae during cyclic tension under high-cycle fatigue conditions is
due to the cooperative effect of elastic tensile stresses, microplastic strain and local
heating accelerating the diffusion of iron and carbon atoms [5].

With the number of cycles N = 160,000, a clearly pronounced peak is observed
in the distribution of the tangential component of the magnetic induction vector By
(see Fig.1). It is due to the appearance of a main fatigue crack initiated at the
stress concentrator on the specimen surface (Fig.2). Note that the width of the
fatigue crack opening is less than 1 um, and this testifies to the feasibility of the
nondestructive inspection of the fatigue degradation of steels under high-cycle
fatigue loading (elastic deformation).

Consider now the effect of low-cycle fatigue loading (plastic deformation) of
annealed medium-carbon steel on its magnetic behaviour.

The initial annealed state is characterized by minimum values of the coercive
force, see Table 1.

Under cyclic loading, the increasing structural imperfection density is accompa-
nied by increasing values of the critical fields of interaction between domain walls
and defects [6]. This results in the growth of coercive force values for both major and
minor magnetic hysteresis loops (Fig. 3a, b). Note a considerable difference between
the behaviour of the coercive force in strong fields and that in weak ones. For weak
fields (0.1 T and lower, when the maximum hysteresis loop field hy.x < H.), the
coercive force for minor magnetic hysteresis loops continuously rises during the
whole deformation process, with a sharp increase observed at the early stage of
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Fig. 1 Distribution of the tangential component of the magnetic induction vector B, along the
gage length of a specimen in the residual magnetization state before loading (N =0) and after
loading with a given numbers of cycles. The test results are given for the specimen side where a
main fatigue crack was found

Fig. 2 An electron micrograph (SEM) of the specimen surface (after loading with the number
of cycles N = 160,000). The arrows show a fatigue crack. The dashed line corresponds to the
specimen edge parallel to the loading axis

Table 1 The values of coercive force (h., H.) and residual magnetic induction (b, B;) for
medium-carbon steel in the initial annealed state (the number of cycles N = 0, accumulated
plastic strain ey = 0)

H = 60kA/m

bmax = 0.05T bmax =0.1T bmax =04 T bpax = 1T (main loop)
he, Alm b, T  he,Alm b, T h.,Alm b, T he, AAm b, T H,Am B,T

15.55 0.017 318 0.043  99.7 0.3 146.2 0.766  194.5 1.159
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deformation and a subsequent smoother growth at larger strains. The reason is that,
in weak magnetic fields, domain walls interact mainly with single dislocations or
structural imperfections having small critical fields He; & Hppax.

Under magnetization reversal in stronger fields, one can see the stabilization of
coercive force values as the accumulated plastic strain varies between 0.07-0.1 and
0.15-0.17. The stabilization may be caused by the formation of a cellular dislocation
structure. In this case, domain walls interact with both individual dislocations and
cell walls [6]. The further deformation is again accompanied by increasing coercive
force values, and this is attributable to the appearance of microscopic pores, which
grow in size and number up to fracture. Being a source of stray fields, the micro-
scopic pores hinder magnetization reversal according to the inclusion theory [7].
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In the early stage of deformation, at a total plastic strain of 0.07-0.1 and lower,
the values of residual magnetic induction decrease for the major loop and the minor
loops corresponding to the maximum magnetic induction byax = 1 and 0.4T,
and (at a total plastic strain of 0.02-0.03 and lower) they increase for the minor
loops corresponding to the maximum magnetic induction by = 0.1 and 0.05T
(Fig.4a, b).

Thus, as is the case with the coercive force, there is a difference between the
variation of residual magnetic induction in week fields and that in strong ones. On
the one hand, segments with large local microstresses (in particular, dislocations)
are the sites where magnetization reversal centers are easily generated [7]. This
contributes to a decrease in residual magnetic induction for strong fields. On the
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other hand, dislocation redistribution induces regions with a less imperfect structure.
Magnetization in weak fields is accompanied by small domain wall displacements,
which do not seem to be larger than these regions. Therefore the values of residual
magnetic induction for weak fields grow up to the complete formation of a cellular
dislocation structure in the whole bulk of the material. The values of residual
magnetic induction stabilize thereafter up to a strain of 0.15-0.17. The further defor-
mation is accompanied by decreasing residual magnetic induction regardless of the
field magnitude, this being attributable to the appearance of microscopic pores. On
macrodefects, (cracks and pores) there appear stray fields [7] directed oppositely to
the magnetizing field, and this finally results in lower values of residual induction.

4 Conclusion

It has been found that the high-cycle fatigue loading (elastic deformation) of
high-carbon steel specimens (1.03 wt% C) up to fatigue cracking causes an increase
in the tangential component of the magnetic induction vector of a specimen in the
residual magnetization state and the nonuniform distribution of the component along
the specimen length. This is due to structural changes (spheroidization of cementite
lamellae) occurring in high-carbon pearlitic steel under high-cycle fatigue loading.
The formation of a main fatigue crack is accompanied by the appearance of a clearly
pronounced peak in the distribution of the tangential component of the magnetic
induction vector. The possibility of inspecting the fatigue degradation of steels under
cyclic loading in the region of high-cycle fatigue has been shown.

The dependences describing the behaviour of the coercive force and residual
magnetic induction for the major and minor magnetic hysteresis loops as a function
of the number of loading cycles (the value of accumulated plastic strain) have
been obtained for cyclically loaded specimens made from annealed medium-carbon
steel (0.45 wt% C) in the low-cycle fatigue region. The dependences testify to the
sensitivity of the magnetic characteristics studied to both large and small plastic
strains. The possibility of using the values of magnetic parameters to inspect plastic
strain accumulated during cyclic loading has been demonstrated.
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