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Summary. The results of experimental investigation of the coercive force response to mechanical loading
of laboratory samples made of paramagnetic (in the initial state) unstable austenitic steel AISI 304 (08X18N9)
associated with structural transformations of the original austenite into deformation martensite with finite ferritic-
perlite decay, which causes the change in the magnetic properties of metal from paramagnetic into ferromagnetic
state are given in this paper. The experimental result of coercive forces response to different damaging effect load
type such as: tension and low cycle loading at voltage amplitude control («soft» load), which causes quasistatic
destruction, by implementing the initial plasticity of the metal (0 ), and the low cycle load under control the
amplitude of deformation («hard» load), which causes the destruction of fatigue, due to the origin and development
to the critical values of fatigue cracks are presented. The results of experimental studies of the response of the
coercive force to mechanical stresses under stresses characteristic to multi-cyclic fatigue and at the presence of
stress concentrators are also presented. According to the tests results, the staging of the damage accumulation
processes during the «soft» and «hard» loads: the growth of the values of the coercive force corresponds to the
elastic-plastic deformation (the stage of origin of the cracks), and the decrease of their values associated with the
loss of solidity of the metal in the event of the appearance of pores or cracks (stages of cracks development) is
determined. Establishing the damage accumulation stage by changing the direction of the kinetic curve of the
coercive force after a certain number of run cycles makes it possible to construct the curve of irreversible damage
(according to French) and to evaluate the cyclic durability not according to the fatigue curve (destruction) of the
metal, as adopted in engineering practice, and at the stage of cracks origin, which significantly reduces the risk
of destruction. Physically substantiated method of establishing the endurance limit for austenitic unstable steel,
which is based on determining the growth rate of coercive force on short bases of cyclic loading is proposed. By
the magnitude of the growth rate of the coercive force, one can establish the values of the endurance limit at
different durability bases. The possibility of using the structroscope to detect the most deformed zones, with the
determination of the main stresses direction, and the immutability of the metal in the form of pores and cracks of
fatigue, surface and sub-surface defects and cracks is shown. The limitations in the possibility of assessing the
degree of metal damage in multi-cyclic fatigue, including stress concentration zones, by measurements of the
coercive force values of due to the sensitivity of the device to the ratio of volumes of elastic and plastic-deformed
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metal in the zone of destruction (measurement)are defined. The use of the coercimetric control allows by means
of the results of measuring the changes in the coercive force in the most loaded structures sections during their
operation to assess the level of damage received.

Key words: structurescopel, coercive force, load, damage, stresses, deformation, fracture.
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Coercive force response to low-cycle «hard» load. In this section, experimental data
of the coercive force response (Hc) to the low-cycle «hard» load of austenitic steel (under the
deformation amplitude control) without affecting the damage from the cyclic creep at the stages
of cracks origin and development in the symmetrical load cycle R, =-1 are given.

It was noted in paper [1] that under the conditions of small-cycle «hard» load there is
the characteristic fracture of the kinetics curve of coercivity force starting from a certain number
of load cycles indicating the change in the prevailing type of accumulated damages. The
Kinetics of change in the values of the coercive force (H.), depending on the number of load
cycles (n) with the amplitude of the alternating deformation &, =+0,5% is shown in Fig. 1.
Here the values of H. were determined by sensors with different measuring base D65 (65 mm),
D27 (27 mm) and D12 (12 mm), while orienting the sensor magnet poles along (relatively to
the sample axis) the sample surface made of the tube.
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Figure 2. Macro images of the sample (a) after cyclic
operating time before the occurence of the main crack with
Figure 1. The Kinetics of the coercive force the area 19% of the nominal cross-section; where b, ¢ are
values depending on the number of load cycles the fragments of the section with cracks on the outer

surface of the sample; orientation directions of the magnet
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The occurence of fatigue cracks (loss of the metal solidity) in the destruction zone after
1600 cycles of cyclic fluctuating deformation resulted in the breaking point of the coercive
force curve. The fracture presence on the coercive force kinetics curve, depending on the cycles
of low-cycle «hard» load, indicates the presence of staged accumulation processes of metal
damage. Macroscopic images of the sample after cyclic operating time up to the occurrence of
the main crack with the area 19% of the nominal cross-section (@) are shown in Fig. 2. In such
a case, in addition to the main crack (b), small (~ 1 mm) nonthrough cracks (c), typical only for
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the outer sample surface (and, accordingly, for the pipe) and absent on the inner surface, were
found in the fracture zone on the outer sample surface. This kind of fracture is due to the
difference in technological residual stresses of tension and compression in the outer and inner
layers of the pipe with longitudinal weld joint made of sheet metal.

The use of a stroboscope with small-sized shallow magnetization sensor (D12) with
measuring base 12x12 mm makes it possible to scan with step 6 mm the sample working
element surface from the pipe and to construct the distribution of the values on the outer and
inner surfaces during the tests. The distribution of the coercive force Hc values on the
external (a) and the internal (b) surface of the sample working length from the pipe at the low-
cycle «hard» load with the elastic-plastic deformation amplitude ¢, =+0,5% in the sensor
magnet poles orientation along the sample is shown in Fig. 3. Reducing the coercive force
values in the fracture zone on the inner sample surface when visible cracks are absent indicates
the possibility coercimetric control application for subsurface cracks detection.
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Figure 3. The distribution of the coercive force values Nc on the external (a) and internal (b) surface of the
sample working length from the pipe at the low cycle «hard» load when orienting the sensor magnet poles
along the sample

In order to study the reasons of the of coercive force values decrease in the fracture zone
under low-cycle «hard» load, the measurements of the fraction (%) distribution of the
ferromagnetic phase (a-Fe) along the sample working length after fracture were carried out.
Data concerning the fraction (%) distribution of the ferromagnetic phase (a-Fe) and the coercive
force Hc along the sample working length after the low-cycle «hard» load to the fracture with
the elastic-plastic deformation amplitude ¢, =+ 0,5% are presented in Fig. 4.
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It follows from the obtained data that the decrease in the coercive force values in the
area adjacent to the fracture zone is associated with the loss of material solidity (the appearance
and development of fatigue cracks). In this case, the loss of metal solidity does not affect the
ferromagnetic phase (a-Fe) fraction growth due to the continuous metal elastic-plastic
deformation including that between the cracks. Loss of metal solidity causes more intense
decrease in magnetic properties, including coercive force, than elastic-plastic deformation
contributing to the increase of ferromagnetic phase (a-Fe) volume even with defects (cracks).

The microstructure of the sample metal, respectively, in the fracture zone (the central
part of the sample working part) (a) and on its working part periphery (near the fillet) (b) is
presented in Fig. 5 a, b. The decrease of the coercive force values working part from (Hc) 3 55
A/sm on the sample working part periphery to 20 A/sm in the fracture zone (see Figures 3 a, b)
is due to the metal solidity loss with the occurence of fatigue cracks and accumulation of other
damage (for example, the formation of pores) of metal in the fracture zone.

Figure 5. Microstructure of the sample metal in the fracture zone (@), where He = 20A/cm and at the
periphery of its working part (b), where Hc = 55A/cm

10 e ISSN 2522-4433. Scientific Journal of the TNTU, No 2 (94), 2019 https://doi.org/10.33108/visnyk_tntu2019.02


https://doi.org/10.33108/visnyk_tntu2019.0

Oleksii Gopkalo, Volodymyr Nekhotiashchiy, Gennadii Bezlyudko, Olena Gopkalo, Yurij Kurash

More distinctly, the kinetics of the change in the coercive force of low-cycle «hard»
load becomes obvious in the fracture zone while using structuroscope with reduced base of D12
sensor for measuring the coercive force values. The kinetics of the coercive force on the outer
and inner surfaces of the sample from the pipe in the fracture zone at the position of the sensor
magnet poles along the sample working length at low-cycle «hard» load with the deformation
amplitude ¢, =+0,5%is shown in Fig. 6.
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The occurence of fatigue cracks (loss of metal solidity) on the outer surface of the
sample from the pipe results in the reduction in the coercive force values, while the internal
surface, where plastic deformation continues and fatigue cracks are absent, Hc growth continues
with the following gradual decrease of these quantities. The increase in the coercive force
values corresponds to the elastic-plastic deformation (the stage of cracks origin), and the
decrease of Hc values — the stage of cracks development associated with the loss of metal
solidity. This circumstance indicates the possibility of monitoring the damage accumulation
processes both on the product surface and in the subsurface layers of the metal (over the defect)
during the operation, for example, from the internal surface, which is not accessible.

Thus, under cyclic loading, the use of coercimetric control enables by the Kkinetics of
coercive force change after a certain operating time to determine the moment of metal solidity
loss and to construct the curve of irreversible damage (such as French line) and to evaluate the
cyclic life not according to the fatigue curve (fracture) of the metal, as adopted in engineering
practice, but at the stage of cracks, which significantly reduces the fracture risk.

For conditions of low cycle «hard» loading the dependence of thecoercive force values
of coercive on the orientation of the sensor magnet poles relatively to the direction of loading
was determined experimentally, It makes it possible for real constructions to determine the
direction of the main stresses and to detect the occurence of surface and subsurface fatigue
cracks. Data of the coercive force values in the crack zone and in the adjacent areas after the
cyclic operating time (with the deformation amplitude &, =+0,4%) to the number of

cycles n = 7204 and n = 7328 (with the area of the crack being 16.7% and 33.4% respectively
nominal) are shown in Fig. 7.
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Figure 7. The coercive force value on the external (a) and internal (b) surface of the sample when orienting
the the sensor magnet poles along and across the sample working part
(at n =7204 and n = 7328 the number of cycles)

Measurement of the coercive force values was carried out at the location of the fatigue
crack in the middle between the sensor magnet poles and on the distance of the sensor center 6
mm in both directions from the crack (in adjacent to the crack sections) from the outer (a) and
inner (b) sample surfaces while orientating the sensor magnet poles along and across its working
part. When orienting the sensor magnet poles along the outer surface of the sample working
part (along the applied load direction, that is, perpendicular to the crack direction), in the crack
area there are lower coercive force values relatively to the peripheral zones, contributing to their
detection. It should be noted that when orienting the sensor magnet poles along the sample
working part on the inner surface of the sample from the pipe, where there are no fatigue cracks,
there is also coercive force values decrease (Fig. 7 b). This confirms the possibility of detecting
the subsurface cracks by means short-base sensor D12.

Coercive force response to the samples low-cycle «soft» load without stress
concentrators. This section deals with the experimental data on the coercive force response to
the low-cycle «soft» load (without the effect of fatigue damage) under static and cyclic tension,
when the processes of damage accumulation under these conditions are identical.

The diagrams of static and cyclic tension and the change in the coercive force values,
measured by the D65 sensor, at tension (a) and the coercive force dependence Hc on
deformations & (b) under stepped stretching with unloading, at loaded and unloaded state are
shown in Fig. 8. It should be noted that at the initial stretch stage, including the elastic-plastic
area, changes in the coercive force values the occur in accordance with the tensile diagram.
With further plastic deformation, there is some lagging in the growth rate of the coercive force
values relatively to the applied stresses. When the values of accumulated deformations ~ 30 ...
35% are reached there is a sharp decrease in the coercive force values. The regularities of sharp
decrease in the coercive force values after reaching the extremum at tension are similar to the
«hard» load, probably connected with the loss of metal solidity through the formation and
growth of pores number and size. According to the literature sources [2] one of the reasons for
such coercive force behavior is the reduction of residual compressive stresses due to the metal
density decrease caused by the accumulation of crystals damages, the formation of pores and
inconstancies in plastic deformation by tension.
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Figure 8. Diagrams of static and cyclic tension (a) and the dependence of the coercive force He, measured by
the D65 sensor on strain (b) during tension with unloading in loaded and unloaded state

It should be noted that the coercive force value during the stepped tension with
unloading in the loaded and unloaded state, practically, coincide. Thus, according to the size of
the coercive force on the ascending or descending curves areas, the residual metal strength can
be estimated at different damage stages irrespectively to the load availability.

The tensile diagram and the dependence of the coercive force values Hec measured by
D27 sensor and the fraction of the ferromagnetic phase (a-Fe) on the deformations (&) under
laboratory samples tension is presented in Fig. 9. It should be noted that under stepped increase
of tensile deformation on 5% the growth of the coercive force values is observed only when the
deformation reaches ~ 25% (at stresses below the metal strength limit), and with further
deformation there is a sharp decrease of Hc values. At the initial loading stages, the growth rate
of the coercive force Hc is much more sensible to the deformation change than to the occurrence
of the ferromagnetic phases (ferrite and martensite deformation) in the austenitic matrix, and
when it reaches the limiting deformations (e > 40%) it takes the avalanche-like character.

The use of structurescope with the reduced base of D12 sensor made it possible to
investigate the distribution of the coercive force values along the length of the sample working
part under tension and to construct the Hc kinetics in the sample local surface areas. The
distribution of accumulated deformations ¢, and the coercive force Hc along the working

length of the sample from the pipe with stepped increase in tensile deformation by 5% is shown
in Fig. 10. At tension up to the level of nominal deformation ~ 25% in the most deformed
sample zone the increase in the coercive force up to 67,0 A/cm occurs, and with further loading,
there is the decrease in Hc values to 15,3 A/lcm with gradual loss of the metal solidity in the
fracture zone.
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The dependence of the coercive force values measured by means of D12 and D27
sensors on the accumulated deformations (&) in the most deformed local zone (fracture) of the
sample under tension during orientation of the sensor magnet poles along and across the outer
surface of the working part of the sample from the pipe is shown in Fig. 11. While orienting the
sensor magnet poles in the longitudinal direction of the sample working part of the, the
maximum values of the coercive force are 13% greater than the similar values when orienting
the sensor magnet poles in its transverse direction. The presence of ascending and descending
areas on the graphs can indicate the stages and changes in the prevailing mechanisms of damage
accumulation in the metal during tension. The ascending curve area corresponds to elastic-
plastic deformation (the stage of cracks origin), and the descending — the formation and
development of pores and cracks (the stage of cracks development).
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Thus by the coercive force value He in the ascending or descending curve sections, one
can estimate the residual metal strength under tension. When monitoring the technical condition
of structural elements taking into account the orientation of the sensor magnet poles relatively
to the investigated surface, the most deformed zones and the main stresses direction can be
determined.

Data concerning the distribution of the fraction (%) of the ferromagnetic phase (a-Fe),
the coercive force He and the accumulated deformations (&) along the length of the sample
working part after the fracture under tension are shown in Fig. 12. The above given data confirm
that with deformation accumulation of more than 25% (in this case after the fracture the
accumulated deformation in all investigated areas of the sample working part exceeds 40%)
there is decrease in the coercive force values, which is probably due to the loss of metal solidity.
At the same time, the growth of deformations in the examined zones of the sample working part
causes the increase of the fraction (%) of the ferromagnetic phase (a-Fe) irrespectively of the
loss of material solidity. The increase in the fraction (%) of the ferromagnetic phase (a-Fe)
should result in the increase of the coersive force values, but this does not occur due to the
dominant influence of the loss of metal non-solidity in the form of pores and cracks, which
significantly reduces the magnetic properties of the metal and including Hc value.
Unfortunately, in the sample central part, it was not possible to measure the fraction (%) of the
ferromagnetic phase (a-Fe) because of the restriction (50%) of the measuring range used in this
work for the ferritometer «Ferritghaltmesser 1.053 Forster». Values excess (a-Fe) over 50% is
indicated by arrows in Fig. 12.

Investigation of microstructure in the fracture zone and in the peripheral areas showed
significant differences (Fig. 13). Significant decrease in the values of coercive force (Hc) from
75A/cm at the periphery to 15A/cm in the most deformed sample working area under
deformation ¢,=85%, preceding the fracture, can probably be explained by the pores and cracks
develpopment in the longitudinal direction (in the axial direction , which coincides with the
rolling texture). Since the rolling texture of the tubular steels is characterized by elongated and
grouped on separate inclusion planes, the exlfoliation cracks are formed along the distribution
surfaces between the elongated (during the rolling) inclusions (mainly sulfides) and the matrix
(the main metal).
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Figure 13. Microstructures of metal samples made
of AISI 304 steel in the fracture zone and in the
peripheral areas after tension up to fracture

Thus, the loss of metal solidity causes the significant decrease in the values of the
coercive force (magnetic properties of the metal), despite the increase in the ferromagnetic
phase (a-Fe) fraction, the effect of which is leveled in comparison with the first factor.

Coefficient response to low-cycle «soft» load of samples with stress concentrators.
The use of the structroscope with asmall dimensional D12 sensor allowed to change the
orientation of the sensor relative to the direction of loading and to construct a diagram of the
distribution of the values of coercive force on the surface of laboratory samples with stress
concentrators under static and cyclic tension.

The tests for determination of stresses concenrators influence on the coercive force
response on mechanical loadings on cycling tension of laboratory samples with through «dead»
openings 1,54 mm (zone 2) and &3,05 mm (zone 4) with depth 2,2 mm (half of the sample
thickness) were carried out. Measurements of the coercive force values were carried out both
on the sample surface directly on the openings (side 1) and on the opposite side of the sample
(opposite the openings, side I1). For comparison, the measurements of the coercive force values
on the sample surface between the stress concentrators (zone 3) were also carried out.

The diagrams of the coercive force values distribution on the surface of the laboratory
samples in the non-through («deaf») openings (side I) zone and on the opposite side (side II,
opposite the openings) in cyclic stroke tests are shown in Fig. 14. As it follows from the results
obtained, the coercive force value in the stress concentrators zone («deaf» openings) and the
opposite side (opposite the openings), practically, coincide, despite the absence of metal in the
opening cavity.
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Figure 14. Diagrams of the coercive force values distribution on the surface of the laboratory sample with
stress concentrators from non-through holes: 1,54 mm (zone 2, side 1) (a) and 3,05 mm (zone 4, side 1) (b)
and corresponding diagrams along the sample surface on the opposite side in front of non-through through

openings: 1,54 mm (zone 2, side I1) (¢) and &3,05 mm (zone 4, side 1) (d)

For comparison, in Fig. 15 similar (see Figure 14) diagram of the coercive force values
distribution on both surfaces of the laboratory sample between stress concentrators (zone 3) are
given. As it follows from the results obtained, the coercive force value in zones between the
stress concertors on both sample sides, practically, also coincide.
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Figure 15. The diagrams of the coercive force values distribution on the surface of the laboratory sample
between the concentrators from the holes &1,54 mm and &3,05 mm (zone 3, side I) — a) and on the opposite
side (zone 3, side 1) — b)
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Certain differences in the diagramnature and higher (10 ... 15%) absolute coercive force
values in the stress concentration zones and on the opposite side of the sample opposite the
openings relatively to the zones between the concentrators are probably due to the distribution
of stresses in the concentrator zone (Fig. 16). These differences are related to the sensitivity of
the device to changes of the coercive force values in zones of stress concentration and are
determined by the ratio of elastic-plastic deformed metal volumes in the measuring zone.

A

Ox

Figure 16. Distribution of relative axial stresses

under sample tension with non-through openings

Ox nom

It should be noted that the diagram nature of in the stress concentrators zones and on the
opposite side of the sample in front of the openings differs by a greater anisotropy of the
coercive force values in two mutually perpendicular directions (relatively to the loading
direction) than in zones between stress concentrators.

Thus the obtained results of the comparison of the character of the coercive force values
distribution in stress concentrator zones s and on the opposite side of the sample in front of the
openings and beyond their limits, did not reveal more significant differences.

Coercive force response to multi-cycle load of samples without stress concentrators.
To determine the response of the coercive force to the multi-cycle load, tests of laboratory
samples without stress concentrators with of the working part dimensions 28x14x5 mm on the
axial alternating tension-compression with the frequency 80 Hz under stresses lower than
fluctuation limits with stresses cycle asymmetry R, =—1 were carried out.

The dependence of the coercive force on the stress amplitude in different zones
(zones 1 ... 6) along the length of the sample working part is shown Fig. 17. Under cyclic loading
with stress amplitude o, =0,60,,in the range 0 ... 1,5x10° of the cycles number, the coercive

force value Hc does not practically change confirming the assumption that there is no significant
change in the metal structure, and the value of cyclic stress amplitude can correspond to the
endurance limit. The increase in the stress amplitude with 3% step causes the growth in the
coercive force values due to the metal structure change. Under cyclic loading at the rate of the
coercive force growth, we can determine the values of the limited endurance limits at different
durability bases. Zero value of the coercive force growth rate corresponds to the value of the
endurance limit for multi-cyclic fatigue.
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The obtained results of laboratory samples tests on multi-cycle fatigue made it possible
to change the direction of the coercive force curve, to develop simpler method for constructing
the irreversible damage curve (according to French) where the limit of inverse and irreversible
damage is considered to be extremum (maximum values) on the coercive force curve at a certain
number of mechanical loading cycles (Fig. 18). Similar results were obtained for the same
austenitic steel for the low-cycle fatigue range (see Figures 1 and 6), where it was determined
that the change in the coercive force tendency to the increase
or decrease of Hc values is associated with the change of the accumulated damage
character [1, 3, 4].

The results of testing the scheme of construction of the irreversible damage curve based
on the data of the coercive force kinetics (Fig. 18) under mechanical load in the range of multi-
cycle fatigueare shown in Fig. 19. In order to verify the scheme of the irreversible damage curve
construction, the preliminary cyclic operating time of 5 samples with stresses amplitude
0,755, , to the number of cycles n=1x10%, 3x10*, 4x10%, 5x10* and 5,5x10* cycles with the

following loading with lower stresses amplitude 0,6 o,,, up to n=1x108 cycles (samples #1 ...

#4), or to fracture (sample # 5). On the basis of the obtained data the line of irreversible damage
was constructed.

c/c
He, A/cm a 02
25 0,80 T T T
[ e ¢ samples fatigue curve
c= 0,750‘0’2 ° ° 1 (by fracture)
20+ zone 5 (crack) ® 0,75 | non-reversible ™ 1
° damage area ]
15} 0,70 . !
° I period: 1I period: reversible __|
crack crack 3amage non-reversible
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5t 0,60 - l SN 3P
[ ] 4
1 1 1 1 1 J 0’55 1 1 1
0 10 20 30 40 540 60 10 100 1000
n x 10%, cycles n x 10°, cycles
Figure 18. The kinetics of the coercive force Figure 19. Scheme of the irreversible damage curve
change Hc from the number of load cycles n at construction (by French): sample 1 — operating time n =1
frequency 80 Hz in the fracture zone of the x 10 cycles, He = 10.3 Alcm;
laboratory sample working part at the stresses 2 —n=3x10%cycles, Hc = 17.8 Alcm;
amplitude o, =0,750,, 3 —n=4x10*cycles, Hc = 22.4 Alcm;

4 —n=5x10* cycles, Hc = 23.5 Alcm;
5 —n=5.5x10% cycles, Hc = 22.4 Alcm
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In fig. 20 shows The kinetics of the coercive force change in different in lengths zones
of the laboratory sample working part under the stress amplitude o, =0,750,,. It should be

noted that in the range of cyclic operating time n=(50 ... 55) x10* cycles after reaching the
maximum value there is the change in the coercive force changecy trend from the increase to
the decrease in the fracture zone and adjacent to it areas. When scanning the sample surface
with the step 6 mm (half of the base 12x12 mm of the coercive force measurment sensor), the
fracture crack was in zones 4 and 5. Zones 1 (near passive capture) and zone 6 (near active
capture) are located partly on the fillets and edges of the laboratory sample working part (the
working part of the coercive force sensor for measuring overlaps the fillet part and the edge of
the sample working length).

The distribution of the coercive force values along the length of the sample working part
is shown in Fig. 21. It should be noted that despite the fact that during the laboratory samples
production the cross-sectional area of the middle of the sample working part was deliberately
lowered by ~ 1% relatively to the peripheral zones, during fatigue tests (with the loading
frequency 80 Hz), the fracture of the most laboratory samples was closer to the active capture
of the test machine (in the figure on the right), where the coercive force value is 3 times greater
than that of the passive capture (in the figure on the left). This circumstance confirms the
assumption about the unevenness of the metal load distribution under the frequency 80Hz on
the sample working length (load and, accordingly, the metal damage, estimated by the coercive
force values near the active capture larger than near the passive capture).
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Figure 20. The kinetics of the coercive force change Figure 21. Distribution of the coercive force values
Hc in different lengths of the laboratory sample along the length of the sample working part
working part zones under stresses amplitude

c,=0,750,

Thus the obtained results of the tests on multi-cyclical fatigue made it possible to
develop physically substantiated method for determination the endurance limit for unstable
austenitic steels based on determining the growth rate of the coersive force values on short test
bases (n=1x10°...2x10° cycles number, corresponding to 20 ... 40 minutes of cyclic load at
80 Hz frequency). In addition, on the basis of the obtained data, rather simple method of the
irreversible damage curve construction (according to French) for unstable austenitic steels
based on the determination of the extremum (maximum) on the kinetic coercive force curve
during the cyclic operating time, after which the decrease of H. values as the result of the
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irreversible damage accumulation. The use of the developed method for irreversible damage
curve construction (according to French) enables steels to reduce significantly the fracture risk
for unstable austenitic while evaluating the structure residual metal life.

Coersive force response to multi-cycle load of samples with stress concentrators.
The diagrams of the coercive force values distribution along the surface of the sample with the
stress concentrator in the form of a non-through (deaf) opening ©1,35 (1.8 mm deep,
corresponding to half thickness of the sample) in the opening area (a) and on the opposite to
the «deaf» opening side of the sample (b) are shown in Fig. 22 a, b.

For comparison, the diagrams of the coercive force values distribution along the surfaces
of two opposite sides (respectively, (a) and (b) of the continuous sample section (without
concentrator) between the opening and the sample working part boundary are presented in
Fig. 23.

It follows from the given data that the coercive force values in the stress concentrator
zone (and symmetrically on the opposite side of the sample) is approximately 2 times greater
than the similar values in the zones outside the concentrator. In this case, the coercive force
values of the in the opening area is approximately 25% higher than the similar ones on the
opposite side of the sample. These differences in the coercive force values within the stress
concentrator zones and beyond them, are related, probably, to higher values of stresses (strains)
in stress concentration zones and their distribution across the sample (see, for example, Fig. 16)
and their lower values outside the concentrator and their influence on Hc value.

Hc, A/cm 90 load direction ~—— He, A/em %0 load direction =~ ——
opposite side
on the stress of concentrat.
concentrator —o—-n=0
—e—-n=0 3
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" A
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—4—-80 —<4—-80
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—o—-250 ——-250
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—a—-500 —4—-500
—o—-617 —0—-617
270 270
a) b)

Figure 22. The diagrams of the coercive force values distribution along the sample surface with the stress
concentrator in the opening area (a) and above it (b) (opposite to the sample opening)
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Figure 23. The diagrams of the coercive force values distribution along two sides of the continuous parts
(without opening) between the working part edge and the opening (a), and on the opposite sample side (b)
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The diagrams of the coercive force values distribution along the external (a) and internal
(b) sample surfaces with the stress concentrator in the form of the weld joint (Fig. 25) are shown
in Fig. 24 a, b.

Hc, A/em 9 load direction ~—— He, A/cm 00 load direction ~———
34 external surface
of the sample
2] —o—-n=0
—m—-6,3x10°
1. —A—-20
——-36,5
—<4—-403 :
01 =0
14 internal surface
of the sample
. —o—-n=0
—m—-6,3x10°
—A—-20
3 —o—-36,5
270 270 —4—-403
a) b)

Figure 24. The diagrams of the coercive force values distribution along the external (a) and internal (b)
sample surface with the stress concentrator in the form of the weld joint

Differences in coercive force diagrams character and their maximum values on the
external and internal surfaces of the sample with the weld joint are probably due to the
differences in the geometric parameters of the weld joint on the sample thickness (which in its

turn affects the stress concentration degree and the stresses distribution on the sample cross
section.

| 242,6um |

Figure 25. Macro images of the laboratory sample from AISI 304 steel with stress concentrator in the form
of the weld joint
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For comparison the diagrams of the coercive force values distribution from two opposite
sides (relatively, (a) and (b)) of the continuous sample parts (without the weld joint) between
the edge of the sample working part and the weld joint.
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20! 135 45
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0,0180 0 a)
0.5- external surface
™ of the sample
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2,01 ——-365
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270 —o—-40,7
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1,0]
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0,01 b)
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1 of the sample
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207 ——-36,5
2,5- —4—-403
270 —o—-40,7

Figure 26. The diagrams of the coercive force values distribution from two opposite sides (respectively, (a)
and (b)) of the continuous sample parts (without weld joint) between the edge of the sample working part and
the weld joint

The differences in the character of the coercive force values distribution on the opposite
sample surfaces outside the weld joint are due to technological damage during the pipe
formation from the sheet metal with the longitudinal weld joint the laboratory samples were
made of. The discrepancy of the coercive force maximum values direction with the load
direction is probably caused by the effect of the residual deformations from the calibrations
with the «scroll» of the pipe, since the cyclic loading was carried out under stresses equal to the
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metal endurance limits when there were no significant changes in the structure that were not
fixed by a structroscope.

The carried out tests on multi-cycle fatigue of laboratory samples with stress
concentrators showed that when loading at stresses equal to the limits of endurance in very
small metal volumes in the concentrators zone, the metal elastic-plastic deformation occurs
resulting in the significant changes in the metal structure and, relatively, of the coercive force
values, on the background of elastic deformation, of sufficiently large volume of the rest of the
metal determined by the sensor dimensions. In this rather large volume of the remaining metal
no essential structure changes and relatively coercive force place. The device sensitivity to the
coercive force values change in the values in the stress concentration zones under the load is
determined by the ratio of elastic and plastic deformed metal volumes in the measuring zone.

Thus, despite the small absolute values of the coercive force and the differences in their
values on the opposite sample surfaces with the stress concentrators, the presence of the
concentrators causes the increase in Hc values in these zones from the sample opposite sides
and makes it possible to detect the surface and under surface defects.

Generalization of the experimental investigatin results. It follows from the obtained
experimental data that for static or cyclic austenitic unstable steels including alternating one,
the deformation causes structural transformations of the original austenite into the deformation
martensitic with finite ferritic-perlite decay that causes the change in the metal magnetic
properties during the transition from paramagnetic to ferromagnetic state and, as a consequence,
corresponding coercive force changes.

Under the «soft» load, when the fracture is caused by the deformation accumulation to
the critical values that correspond, approximately, to the relative metal elongation when tensile,
the measured values of the coercive force can serve as a measure of the initial plasticity
implementation (&5 ). At the same time, it is necessary to take into account changes in the
direction of the kinetic coercive force curve under loading. The increase in the coercive force
values under the load to the maximum values corresponds to the deformations accumulation,
including cyclic creep and, respectively, the stage of cracks initiation (without loss of metal
solidity). If under the operating conditions the product plastic deformation is permissible, then
the fracture risks are minimal. Reduction of the coercive force after reaching the maximum
values change in the direction of the kinetic curve H. towards the decrease direction)
characterizes the process of metal solidity in the form of pores and cracks, corresponds to the
cracks initiation stage and significantly increases the fracture risk.

Under the «hard» load, when fracture occurs due to the cracks initiation and
development to critical values, the cyclic load also causes the monotonous increase in the
coercive force values to the maximum values, which are approximately 30% smaller than the
similar values under tension, after which there is a sharp decrease in Hc values. Under cyclic
loading, the growth area of the coercive force values in terms of the load cycles number
corresponds to the stage of the cracks initiation and the product fracture risks are minimal.
Similar to the «soft» load, the decrease in the coercive force values after reaching their
maximum values characterizes the process of metal solidity loss in the form of cracks,
corresponds to the stage of cracks development and significantly increases the fracture risks.
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Under the operation conditions, while monitoring the coercive force values distribution
on the product surface in the most loaded areas, special attention should be paid not to the
maximum Hc values, which can exceed the similar data in the fracture zone, but to the change
of the Kinetic curve Hc direction on such areas. At the same time, in zones adjacent to the
fracture zone due to elastic-plastic deformation, the coercive force values growth continues.
Under the product operation conditions, the change in the direction of the kinetic coercive force
curve indicates the completion of the cracks initiation stage and the beginning of the fracture
stage (cracks development), which increases the fracture. In this case, it is reasonable to use
other non-destructive control methods, for example, metal thickness measurement and
ultrasonic control for determination of the defects (cracks) size and location in the metal volume
of the fracture zone.

Conclusions. The experimental substantiation of the possibility of the damage degree
estimation in the process of metal structures operation, including stress concentration zones,
made of paramagnetic austenitic unstable steels, is a simple non-destructive method based on
the results of coercive force measuring.

The device improvement made it possible according to the results of the coercive force
measurements, in the metal local surface zones to determine the distribution of the damage level
along the product surface and the kinetics of their accumulation in the most loaded sections of
structural elements. This circumstance during the product operation enables us to estimate the
damage degree (of different origin) of metal construction by simple non-destructive
instrumental method by the same device.

The use of the improved structurescope provided the means of determination the
damage ccumulation stages during static or cyclic loading. The coercive force growth
corresponds to the elastic-plastic deformation (the stage of cracks initiation), and decrease — to
the metal solidity loss when pores or cracks occur (the stages of cracks development).

It is determined experimentally that under low cyclic loading, changes in the coercive
force values are caused by structural transformations of the original austenite into deformation
martensitic with finite ferritic-perlite decay and do not depend on the load type and the
accumulated damage type. Quasistatic damages are formed as a result of plastic deformations
accumulation, including cyclic creep resulting in the metal fracture during the initial plasticity
(o) implementation. Fatigue damages are generated without the accumulation of cyclic creep
deformations and when the metal fracture is caused by the action of alternating reverse
deformations resulting in the fatigue cracks initiation and development to the critical values.

Under tension or cyclic alternating deformation the residual metal strength can be
estimated by the coercive force value on the ascending or descending sections of the Kinetic
curves He.

The determination of the damage accumulation stage by changing the direction of the
Kinetic coercive force curves after a certain number of operating time cycles makes it possible
to construct the irreversible damage curve (according to French) and to evaluate the cyclic
durability not on the fatigue curve (fracture) of the metal, as adopted in engineering practice,
but at the cracks initiation stage which significantly reduces the fracture risk.

Physically substantiated method for endurance limit determination for austenitic
unstable steel based on the defining the coercive force growth rate on short bases of cyclic
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loading is proposed. By means of the coercive force growth rate we can determine the value of
limited endurance limit at different service life bases.

It is shown the possibility of using the structuroscope in order to detect the most
deformed zones with the determination of the main stresses direction, and metal unconsistency
in the form of pores and fatigue cracks is shown. Using sensors with reduced base for the
coercive force measurement, it is possible to detect both surface and sub surface defects and
cracks.

The application of coercimetric control enables to estimate the level of received
damages according to the results of measuring the coercive force changes in the most loaded
structure sections during their operation.

Under tension or cyclic alternating deformation the growth of the coercive force is
associated with elastic-plastic deformation, and the decrease in Hc values is caused by the
predominance of the metal solidity loss processes over the processes of ferromagnetic phase
(a-Fe) formation. At the same time, changes in the metal structure, estimated by the percentage
of the ferromagnetic phase (a-Fe) fraction, do not reflect the damage accumulation processes.

The fixed limits in the possibility of the estimation of the metal damage degree in multi-
cyclic fatigue, including stress concentration zones according to coercive force measurements
caused by the device sensitivity (with the given sensor dimensions for Hc measurement) to the
ratio of elastic and plastic-deformed metal volumes in the fracture zone (measurement) are
determined.

The obtained results can be the basis for the development of new approaches concerning
the rapid estimation of the metal constructions residual life by a simple non-destructive method.

PoboTy BMKOHaHO B paMKax HayKOBO-JIOCHITHOI pOoOOTH BiAJIily BTOMH 1 TEPMOBTOMH MaTepiajiB
Iactutyty npo6nem minnocti iMeHi I'. C. I[Tucapenka HAH VYxkpainu 3a temoro 1.3.4.1910 «Po3poOka MeToiB
OLIIHKM BTOMHOT'O MOUIKO/KSHHS METATIYHUX MaTepiaiB Ha CTaIisgX 3apOKEHHS 1 POCTY TPIILIUHY.
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Pesztome. Hageoeno pesynomamu excnepumeHmanbHux 00CI0JCeHb peazysanHs KOepYUmueHoi cunu Ha
MEXAHIYHI HABAHMANCEHHS 1aO0PAMOPHUX 3DPA3KIE i3 NapamacHimuoi (v BUXiOHOMY CMAaHi) HecmabinbHOT
aycmenimnoi cmani AISI 304 (08XI8HY), sxe nos’szano 3i CMPYKMYpHUMU NEPEmEOPEHHAMU BUXIOH020
aycmenimy 6 Oe@opmayiunHuli MapmeHcum 3 KiHyeSuM @eppumo-nepiimuum po3naoom, Wo BUKIUKAE 3MIHY
MASHIMHUX 8lacmueocmeli memany 3 napamasuimmozo y ¢epomacuimnuii cman. Hagedeno pesyromamu
eKCNepUMeHMAIbHUX O0CTIOHNCEeHb Pedzsy8aHHs KOEPYUMUBHOT CUNU HA 8IOMIHHI 3a NOWKOOXHCYBALHOIO JIEI0 8UU
HABAHMADICEHHA. PO3MAS MA MANOYUKIOBE HAGAHMAICEHHS NPU KOHMPOLL aMALIMYOu HANpysiceHv («m'axey
HABAHMAIICEHHS), SIKe 3YMOBIOE KBAICMAMUyHe PYIUHYBAHHA WAAXOM peanizayii 6UXiOHOI nIacmuyHo cmi Memay
(0), ma manoyuxiose HABAHMANCEHHA NPU KOHMPOLL AMALIMYOU OehopMayii («HCOPCMKe» HABAHMANCEHHS),
sAKe 3YMOGIIOE PYUHYBAHHS 80 6MOMU, GHACIIOOK 3aPOOICEHHSA MA PO3GUMKY 00 KPUMUYHUX 3HAYEHb MPIUUH
emomu. IIpedcmasneni maxkooic pe3yibmamu eKCnepUMeHmManibHux 00Ci0NCeHb peazsy8anHs KOepYUmueHoi cuu
HA MEeXAHIYHI HABAHMAICEHHS NPU HANPYICEHHAX, XAPAKMEPHUX 05l DA2AMOYUKI080i 6MOMU MA 34 HASAGHOC
KOHYEHMpAmopié Hanpyjicenvb. 3a pe3yibmamami  unpobdyéanb 6CMAHO6NIeHd CMAaoiliHicms npoyecie
HAKONUYEHHSI NOWKOOJNCEHb NpU  «MSKOMY» MA «IHCOPCMKOMY» HABAHMANCEHHAX. 3DOCMAHHA 3HAYEHb
KOepyumueHoi cuiu Gionosioac NPylCHO-NIACMUYHOMY Oedhopmysannio (cmadii 3apoodiceHHs mpiwun), a
SHUICEHHSL IX 3HAYEeHb NOB'A3AHO 31 BMPAMOIO CYYIIbHOCII Memay npu nosiei nop abo mpiwun (cmaoii PO3GUMKY
mpiwun). Bemanoenenns cmaodiinocmi HAKONUYEHHS NOWKOONCEHb 3a 3MIHOI0 HANPAMKY KIHeMUYHOI Kpueoi
KOEPYUMUGHOI CUNYU NICNA Ne6HO20 YUCIA YUKILIE HANpaylo8anHs 003601A€ Nnoby0yeamu Kpugey He360pOmHOI
nowikooxcysanocmi (3a Dpenuem) i npogoOumuU OYIHIOBAHHS YUKIIYHOI 008208iYHOCMI He NO Kpueitl emomu
(pyuHy8anHio) memany, K RPUUHAMO 8 THHCEHePHIll NpaKxmuyi, a Ha cMaodii 3apoOACeHHs MPIWUH, WO ICIMOMHO
SHUIICYE  pU3UKU PYUHYBAHHA. 3aNponoHOBaHO (Qi3uyHO OOIPYHMOBAHUN MEMOO 6CMAHOBIEHHS 2PAHUYI
sUMPUBANOCII 051 AYCMeEHIMHOI HecmabinbHoi cmani, KUl 6a3yEMbCa HA BUSHAYEHHT WUBUOKOCTIE 3POCAHHS
KOEPYUMUBHOT CUNU HA KOPOMKUX 0A3aX YUKIIUHO20 HABAHMAdICEHHS. 3a 8eIUNUHOIO WEUOKOCMI 3DOCMAHHA
KOEPYUMUBHOI CUNU MOJICHA 6CIMAHOGIIOBAMU SHAYEHHSA SPAHUYT BUMPUBANOCI HA PIZHUX 6a3aX 008208IUHOCHIL.
Tokasana mooiciugicms GUKOPUCIANHA CMPYKMYPOCKONY Ol GUAGLEHHS. HAbinbul 0e)opmMosaHux 30H 3i
6CMANHOBNIEHHAM HANPAMKY 20JI08HUX HANPYIICEHb, MA HECYYINbHOCI Memainy y uenaoi nop i mpiyun 6momu,
nosepxHesux ma nionogepxHesux Oegexmis i mpiwun. Bcmanosneno obmedicennss y MoscIu8ocmi oYiHIOBAHHs
cmyneHs: ROWKOOJICeHH Memay npu 6a2amoyukiosii 6momi, y MoMy YUCLi 30HaX KOHYEHMPamopie Hanpylcety,
3a BUMIpaMU 3HAYEHb KOEPYUMUBHOI CUNU, SKI 3YMOGIEHI YymAugicmio npuiady 00 CnieGIOHOWEHHs 00 emie
NPYJUCHO MA NAACMUYHO 0eopMOBANO20 Memany 6 30Hi pYUHY8aHHsA (GuMiploeanHs). Buxopucmanms
KOEPYUMUMEMPUUHO2O KOHMPOIO 00360JAE 30 Pe3VIbMamamy SUMIPDIOGAHHS 3MIH KOEPYUMUBHOI CUlU Y
HAUuOIIbW HABAHMANCEHUX OLIAHKAX KOHCMPYKYIU npu iX excnayamayii oyiHumu pieeHb OMPUMAHUX
HOUIKOOMNCEHD.

Kniouosi cnoga: cmpykmypockon, KoepyumueHa Cuid, HaGaHmMadiCents, NOWKOONCEHHs, HANPYIHCEHHS,
Odeghopmayis, pyiHy8anHs.
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