$ TAMPERE UNIVERSITY OF TECHNOLOGY

Detailed Barkhausen noise and microscopy characterization of Jominy end-quench
test sample of CF53 steel

Citation

Santa-aho, S., Sorsa, A., Honkanen, M., & Vippola, M. (2019). Detailed Barkhausen noise and microscopy
characterization of Jominy end-quench test sample of CF53 steel. Journal of Materials Science, 55(11), 4896-
4909. https://doi.org/10.1007/s10853-019-04284-z

Year

2019

Version
Publisher's PDF (version of record)

Link to publication
TUTCRIS Portal (http://www.tut.fi/tutcris)

Published in
Journal of Materials Science

DOI
10.1007/s10853-019-04284-z

License
CCBY

Take down policy
If you believe that this document breaches copyright, please contact cris.tau@tuni.fi, and we will remove access
to the work immediately and investigate your claim.

Download date:02.10.2020


https://tutcris.tut.fi/portal/en/persons/suvi-santaaho(8204e78d-3e7f-422e-ba02-4bfc4ee45acd).html
https://tutcris.tut.fi/portal/en/persons/mari-honkanen(f52e1d01-71ec-4254-9581-c4c756df3c17).html
https://tutcris.tut.fi/portal/en/persons/minnamari-vippola(8c2f15b1-fa4d-45fd-a2cf-6b8492736336).html
https://tutcris.tut.fi/portal/en/publications/detailed-barkhausen-noise-and-microscopy-characterization-of-jominy-endquench-test-sample-of-cf53-steel(cc1121db-c87e-46c9-adb0-e103e7a7fd62).html
https://tutcris.tut.fi/portal/en/publications/detailed-barkhausen-noise-and-microscopy-characterization-of-jominy-endquench-test-sample-of-cf53-steel(cc1121db-c87e-46c9-adb0-e103e7a7fd62).html
https://doi.org/10.1007/s10853-019-04284-z
https://tutcris.tut.fi/portal/en/publications/detailed-barkhausen-noise-and-microscopy-characterization-of-jominy-endquench-test-sample-of-cf53-steel(cc1121db-c87e-46c9-adb0-e103e7a7fd62).html
https://doi.org/10.1007/s10853-019-04284-z

J Mater Sci (2020) 55:4896-4909

Metals & corrosion

t‘)

Check for
updates

Detailed Barkhausen noise and microscopy
characterization of Jominy end-quench test sample

of CF53 steel

Suvi Santa-aho®*

, Aki Sorsa?

, Mari Honkanen® @, and Minnamari Vippola®

YFaculty of Engineering and Natural Sciences, Tampere University, P.O. Box 589, 33014 Tampere, Finland
2Faculty of Technology, Control Engineering, University of Oulu, P.O. Box 4300, 90014 Oulu, Finland
3Tampere Microscopy Center, Tampere University, P.O. Box 692, 33014 Tampere, Finland

Received: 4 September 2019
Accepted: 6 December 2019
Published online:
12 December 2019

The Author(s) 2019

Introduction

ABSTRACT

Jominy end-quench test samples from CF53 were used for studying the rela-
tionship of microstructural changes with the magnetic Barkhausen noise (BN)
response. As the Barkhausen noise method is sensitive to both stress and
microstructural state, it can be applied for material characterization. This study
presents observations from BN measurements with different sensors and from
different locations (as-quenched and ground) on the sample surface. Detailed
microstructural characterization with a scanning electron microscope and a
transmission electron microscope was carried out to correlate the BN responses
with the microstructural features. In addition, residual stresses were measured
by X-ray diffraction. The results indicate that the ground surface displayed
mainly the effect of the grinding compressive stress state, while the as-quenched
surface had variations due to higher microstructure sensitivity. An important
finding of the results was that the sensitivity of BN to different surface condi-
tions varied: The BN response in the ground area was mainly generated by both
the residual stress and the microstructural effect, whereas for the as-quenched
surface the microstructural effect was more evident.

bars and to carry out heat treatment. Commonly,
Jominy tests are used to predict the depth of hard-

Jominy end-quench test in general

The Jominy end-quench test is a standardized hard-
enability test for steels. The SFS-EN I1SO 642 standard
[1] describes the methodology to machine Jominy
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ening and the so-called Jominy curves are utilized for
characterizing the steel grade. Using Jominy tests, a
comparison can be made of the hardenability, i.e., the
ability to form martensite on the quenching of dif-
ferent steel grades.
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Hardenability is greatly affected by the chemical
composition of the steel grade and the austenite grain
size [2, 3]. The maximum hardness (100% martensite)
depends mainly on the carbon content up to the level
of 0.5 wt%, after which any increase has a minor
effect [2]. Adding nickel, manganese, chromium or
molybdenum, for example, enhances the stability of
austenite and produces deep hardening by changing
the time-temperature-transformation curves [3]. A
similar effect can be observed when the austenite
grain size is increased [2, 3].

According to standard SFS-EN 1SO 642 [1], the
Jominy sample is first austenitized in a furnace and
then quenched using a water nozzle. During the
subsequent quenching, the microstructure and
hardness are affected by the rate of the temperature
change. In the Jominy end-quench test, the rate of
cooling is greatest at zero distance from the quenched
end and the cooling rate decreases as the distance
from the quenched end increases. The outcome of the
Jominy test is verified by means of destructive
hardness testing. A shallow layer (approximately
0.5 mm) is ground off the longitudinal as-quenched
surface, and hardness measurements are taken on
this ground area. The hardness values as a function of
distance reflect the differences in the cooling rate. The
highest hardness values are at the quenched end, and
progressively, lower hardness values are located
along the sample.

BN as a characterization tool

Magnetic Barkhausen noise (BN) is a versatile tool
used in the nondestructive testing field. The Bar-
khausen noise response has been proved to be sen-
sitive to both the stress and the microstructural state
of ferromagnetic material [4]. Therefore, besides the
common online quality control where the method is
widely applied, the BN method has also been utilized
as a tool for material characterization. As Nakah [5]
concluded in his review, the three major areas of BN
research are residual stresses, microhardness and
microstructure and how they correspond to BN
features.

Several studies have been carried out to determine
the BN response of hardened material when it is
treated in such a way that both the hardness and the
residual stresses are changed (tempering-induced
microhardness variation studies by, e.g., [6, 7]). The
BN method has also been used to determine different
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phases (including decarburization) or microstruc-
tures and their effect on BN, e.g., in [8].

BN is affected by many different variables, but
often in practical studies hardness and the
microstructural state are combined to represent the
same phenomenon. The microstructural state, how-
ever, determines the magnetic domain configuration
of the phase and the pinning site distribution from
the magnetic point of view. In addition, microstruc-
tural features such as grain boundaries are interfaces
to the magnetic domain wall motion.

Hardness, on the other hand, is a physical property
that has been generally used to explain the BN
responses when the exact microstructure is not
described. Although it is a material property, it can
be said that hardness is created by the dislocation
network and dislocations can be referred to as one-
dimensional linear defects. Therefore, it is worth
bearing in mind the difference between microstruc-
ture and hardness and the fact that hardness is one
mechanical property that is used to characterize the
material. For example, two different samples may
have the same hardness, but different microstruc-
tures, due to different heat treatments. In addition, as
Franco et al. [9] pointed out, domain walls are three-
dimensional. Therefore, certain defects may pin a
dislocation, but not a domain wall and certain other
defects may pin both [9].

Martensite is known to be hard due to many
crystalline defects that stop both dislocations and
domain walls [9]. A pearlite structure consisting of
ferrite and cementite is much softer in terms of
hardness compared to martensite, but several authors
[8, 10, 11] have shown that pearlite colonies have a
strong effect on domain wall pinning. Domain wall
pinning is known to slow down the velocity of a
moving domain wall. Therefore, an increased mag-
netic field is required to overcome these obstacles.
When the domain walls are released abruptly from
pinning sites, a voltage pulse is created. The pinning
sites may have different pinning power, and the
density of the pinning sites will affect the response.

For example, Lo et al. [10] studied pearlite spacing
and its effect on BN. They [10] noticed that decreased
spacing of the pearlite structure (increased cementite
volume) caused stronger pinning, and thus, the BN
signal decreased. However, Clapham et al. [11] stated
earlier that interlamellar spacing had no significant
effect on signal pulse height distribution.

@ Springer
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Jominy and BN studies

Some studies have been carried out to determine the
BN response from different steel grades using the
Jominy end-quench test. Franco et al. [9, 12] studied
AISI (SAE) 4140, 6150 and 5160 structural steels for
Jominy tests in their two articles quantifying the
hardness of the Jominy bar using BN instead of
destructive hardness measurements. The studies of
Trillon et al. [13] had the same objective.

In the studies by Franco et al. [9, 12], the mea-
surement surface for the BN measurements was the
inner longitudinal surface, and therefore, the Jominy
samples were cut into pieces and polished for taking
measurements with a laboratory-made Barktech
device. Franco et al. [9, 12] justified using the center
as the measurement area owing to the less hetero-
geneous cooling rate there compared to the surface.
The measurements were taken with constant mea-
surement parameters, i.e., 0.8 A amplitude and 5, 10
and 20 Hz frequencies along the sample length.

Several BN parameters were studied in correlation
with the distance from the quenched end. In Franco’s
study [12], the root-mean-square (RMS) value of BN
showed an increasing trend as the distance from the
quenched end increased to 16 (1/16") in AISI 4140
and to 18 (1/16Y) in AISI 5160. Beyond these dis-
tances, the RMS decreased even though the hardness
value was saturated to a level of approximately 350
HV. A similar drop in the RMS value was noticed in
the studies of Padovese et al. [14] with AISI 4140.

In [9], the decrease in RMS at the other end was
smaller with AISI 4140, but still visible. In contrast,
the reduction was more profound with AISI 6150 and
it was more visible at the lowest frequency, 5 Hz, as
well. In [9], the BN profile peak height displayed a
similar trend to RMS, while the BN profile peak
position value fell as the distance from the quenched
end increased. However, these studies [9, 12] did not
contain any residual stress measurements from the
polished surface to confirm the stress state.

Trillon et al. [13] studied API carbon steel grade
AISI 8650 pipe material using the Jominy harden-
ability test. They found that the BN peak position
captured with a Microscan 600 device had linear
correlation (in a certain hardness region: 33-47 HRC)
with the Rockwell hardness that was measured from
the Jominy test pieces. With low hardness below 33
HRC, the hardness peak position was saturated, and
at the high-hardness end, i.e., greater than 47 HRC,
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the hardness peak position correlation was expo-
nential. The carbon steel grade had a hardness of over
30 HRC throughout the sample. The authors [13]
concluded that they could utilize the peak position
value as an alternative method for evaluating the
hardness of the steel pipe nondestructively. The peak
position was negative when the hardness decreased
below 41 HRC [13]; however, no detailed information
about the measurements was given in the article.

Prabhu Gaunkar et al. [15] used high-hardenability
18CrNiMo7-6 low-alloy steel to study the relationship
of different microstructures to BN signals. They [15]
illustrated the changes in magnetic susceptibility
with different microstructures in the Jominy bar. In
addition, they demonstrated the simulation of BN
profiles from locations with different microstruc-
tures. The measurements were taken with 10 V volt-
age and a magnetization frequency of 30 Hz. The
measurements confirmed the BN profile simulation
results: The amplitude and position were dependent
on the microstructure. In the 50% martensite region,
two different peaks appeared, indicating that two
magnetically different phases were present. The sig-
nal amplitude was higher for the martensite structure
and lower for the location corresponding to the fer-
rite—pearlite combination.

Problem statement and the aim of the paper

Usually the Barkhausen noise method is used in
qualitative quality control to determine changes in
the regularly utilized RMS value of the voltage signal.
Large variations in microstructure as in the Jominy
end-guench samples are not normally present in the
industrial use of BN, because the structures are
assumed to be homogeneous and the variations in the
BN signal are determined in the quality control tasks.
Therefore, the measurement is straightforward: The
main aim is to compare the RMS value to a certain
predetermined threshold value and evaluate the
success of the grinding operation on that basis. The
utilization of Barkhausen noise for characterization is
different because the outcome of the measurement
depends on many different issues as shown in “Re-
sults” section. (The signal varies due to surface
characteristics, ground and as-quenched, and due to
different microstructures and sensors.)

This study analyzes Jominy end-quench samples
made of CF53 with BN and material characterization
tools. The aim of this paper is to link the threshold
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RMS values to material properties to better under-
stand the BN measurement result. Also, we aim to
explain the opposite trend of the RMS value in the
low hardness end of the bar, which was not clearly
explained in earlier papers [9, 12, 14].

Experimental section and methods
Materials and methods

Low-alloy CF53 steel material was used to prepare
three Jominy samples (A, B and C) according to
standard ISO 642 [1]. Samples A and B were used for
measurements, and sample C was cut and used for
microstructural evaluation. The chemical composi-
tion of the sample material is presented in Table 1.

The geometry of the Jominy sample is presented in
Fig. 1. The diameter was 25 mm and the length
100 mm. The samples were austenitized with a hold
time of 30 min prior to the water quench with a water
nozzle. A Nabertherm N 41/H heat treatment
chamber furnace was used in normal atmosphere
(air) with a carbon bed where the sample was cov-
ered with carbon powder to avoid decarburization.
The quenched end was cooled by water quenching,
and the other end was air-cooled.

An Emcotest M4C-250 hardness tester was used for
surface hardness measurements with Rockwell C from
the ground areas (A, B and C) on opposite sides of the
samples shown in Fig. 1. The grinding was done
according to standard [1] with surface grinding
equipment using a coolant. Microhardness measure-
ments were taken with a Matsuzawa hardness tester
with a load of 5 g. The Barkhausen noise and surface
X-ray diffraction residual stress measurements were
taken from the ground area shown by the white line
(Fig. 1) and from the as-quenched area shown by the
red line. Nondestructive Barkhausen noise measure-
ments were taken using a Rollscan 300 BN analyzer
manufactured by Stresstech Oy (Finland). The com-
mercial sensor used for the as-quenched area was

Table 1 Chemical composition of CF53 material

C Si Mn P S Cr Al

Min% 052 015 04 -
Max % 056 035 0.7 0.025

0.015 0.10 0.015
0.035 0.23 0.040
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S5857 for the tangential direction of the Jominy sam-
ple. The sensor surface was curved to fit the round
shape of the sample bar. A smaller commercial sensor,
S8276N, was used for the tangential measurement
direction of the ground areas. The measurements with
sensor S5857 were taken with a magnetizing frequency
of 125 Hz and magnetizing voltage of 5 Vpp (voltage
from peak to peak). An analyzing frequency range of
70-200 kHz was utilized. The measurements with
sensor S8276N were taken with a magnetizing fre-
guency of 250 Hz and magnetizing voltage of 1.5 Vpp
(voltage from peak to peak). An analyzing frequency
range of 70-200 kHz was utilized. Microscan software
was used to record raw BN data, and certain features
(the RMS value of the BN amplitude and peak posi-
tion) were chosen for the analysis. Because two sen-
sors of different sizes were used, the measurement
frequency and voltage used for each sensor were
optimized by means of magnetizing sweeps in order
to gain suitable signal level. The measurements were
repeated three times, and the mean was used in the
analysis. The standard deviation of the mean was 1%.
And thus, the expanded uncertainty of the measure-
ment is 2% (k = 2).

The surface residual stress (RS) and full width at
half maximum (FWHM) of the diffraction peak val-
ues were examined from the same locations as in the
BN measurements using an XStress 3000 X-ray
diffractometer (XRD), manufactured by Stresstech Oy
(Finland). RS measurements were taken using CrKa
radiation and the modified Chi-squared method [16].
The current used was 6.7 mA and voltage 30 kV. The
XRD residual stress measures type | (macro-) and Il
(micro-) stresses where the length scale is from grains
to a large quantity of grains. Type Il stress affects the
full width at half maximum (FWHM) of the diffrac-
tion peak as they are influenced by dislocations, for
example [17].

The microstructures of the C sample were charac-
terized using a Philips XL30 scanning electron
microscope (SEM). The cross-sectional longitudinal
image plane for the SEM images is shown by the blue
area in Fig. 1. The microstructures were analyzed
from etched metallographic cross-sectional samples.
Samples were prepared by grinding with 320-4000
SiC papers and then by polishing with a 3 Im dia-
mond suspension. The etching procedure was per-
formed with 4% Nital. The SEM images were
processed with Imagel software to calculate the fer-
rite fraction from the pearlite—ferrite structures. First,

@ Springer
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Figure 1 Schematic

figure showing the
measurement locations (red
and white lines) for
Barkhausen noise and X-ray
diffraction methods from
different sides of the sample.
Numbers 1 and 2 indicate the
surface hardness measurement
areas that were ground.

the SEM images were converted into grayscale. Next,
image thresholding was utilized to calculate the area
of the ferrite region. Optical microscopy was carried
out in a different direction than the SEM shown in
Fig. 1, using a Nikon Eclipse MA 100 optical
microscope.

The magnetic domains in the Jominy samples were
imaged by a Jeol F200 transmission electron microscope
(TEM). The domain walls were observed in Lorentz
mode, i.e., low-magnification mode with an objective
mini-lens, to avoid an external magnetic field on the
sample position. Lorentz microscopy has two different
modes: Foucault and Fresnel, and here, the latter was
used. Adjoining magnetic domains cause different
deflections for incident electrons producing a contrast
to the TEM image between the domains. In the Fresnel
mode, a defocused image reveals the position of
domain walls and domain boundaries are observed as
light or dark lines, which is useful for identifying the
geometry of magnetic domains. TEM samples were
taken from areas 1.5 mm from the quenched end
(martensite) and from 70 mm from the quenched end
(mixed ferrite—pearlite). Samples for the TEM studies
were prepared with a Struers TenuPol-5 twin-jet elec-
trolytical polishing system using a solution of nitric acid
in methanol (1:2) at — 50 C. Pre-thinning before elec-
tropolishing was carried out mechanically with 4000
SiC papers to a thickness of 0.1 mm, and then, 3-mm-
diameter disks were cut with a punch.

Results
Hardness

The surface hardness along the different measure-
ment lines 1 and 2 from Jominy bars A, B and C is
presented in Fig. 2a, b. The ground measurement
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Ground
As-quenched

e

Optical images

location 1 of Jominy bars A and C had some devia-
tions in the quenched end hardness as shown in
Fig. 2a, and the decreased hardness was observed
only in the quenched end of one side of the samples
in A and C. This may be the result of non-uniform
cooling, i.e., if one side of the bar enters the water first
and cools more rapidly producing a higher cooling
rate and consequently higher hardness. In addition,
the homogeneity in the distribution of the alloying
elements may cause deviation [3].

Microstructural evaluation
SEM results

The SEM micrographs (Fig. 3a—h) were taken from
sample C with 1.5, 3, 5, 11, 20, 30, 50 and 65 mm from
the quenched end, respectively. Microstructural
observation and surface hardness measurements
along the ground sample surface showed a gradual
change in the microstructure from martensite
(Fig. 3a) to mixture of martensite and bainite
(Fig. 3b), with the dark areas ascribed to martensite
in a mixture of pearlite and ferrite (Fig. 3c—f). It can
be seen that the pearlite lamella spacing varies ran-
domly, as shown in Fig. 3h). This steel grade, CF53,
had very low hardenability as seen from the hardness
curves (Fig. 2) and micrographs (Fig. 3). As the
hardness decreased, the amount of ferrite in the
structure increased in the mixed microstructure as
the evolution of the microstructure proceeded. The
appearance of ferrite and pearlite is known to corre-
spond to a large reduction in hardness [3].

The pearlite structure containing the white
cementite lamellas and black ferrite regions was also
seen to change, as shown in Fig. 3. The maximum
cementite lamella distance (interlamellar spacing) in
the pearlite structure was counted from random
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Figure 2 Surface hardness
from two different
measurement linesa 1 and b 2
along Jominy samples A, B
and C.

Figure 3 SEM images of
Jominy sample C at different
distances from the quenched
end: a 1.5 mm, b 3 mm,
¢5mm, d 11 mm, e 20 mm,
f 30 mm, g 50 mm and

h 65 mm.

(@) B

60 =

Hardness (HRC)

10 T T T T T T
0 10 20 30 40 50

Distance from the quenched end (mm)

(b)

60

Hardness (HRC)

T T T T T T

0 10 20 30 40 50
Distance from the quenched end (mm)
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pearlite colonies in the micrographs with a higher
magnification and is presented in Fig. 4. The number
of cementite lamellas for the same length in the
pearlite structure decreased in the structure as the
distance from the quenched end increased. With a
constant cooling rate, the interlamellar spacing in
pearlite is said to be constant [18]. The effect of a
slower cooling rate at the non-quenched end can be
seen in changes in the interlamellar spacing [18].

ImageJ results from SEM

The ferrite fraction results obtained from the SEM
images (Fig. 3) with ImageJ software are presented in
Fig. 5. The ferrite fraction increases as the distance
from the quenched end increases. This result corre-
sponds well with the hardness measurements of the
Jominy sample (Fig. 2).

TEM results

Figure 6a—d shows the detailed microstructure cap-
tured by TEM from sample C martensite (quenched
end) and mixed ferrite—pearlite 70 mm from the
quenched end. The microstructure is captured using
normal TEM mode, while the Fresnel mode was
utilized to capture the magnetic domain walls in the
samples. In the Fresnel mode, a defocused image
reveals the position of domain walls and domain
boundaries are observed as light or dark lines in
overfocus (Fig. 6b, d) or underfocus (Fig. 6a, c). Some

.- [—=— Cementite lamellas|

Cementite lamellas (1/pm)

10 20 30 40 50 60 70
Distance from the quenched end (mm)

Figure 4 Interlamellar spacing of the cementite in the pearlite

structure.
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0] "

T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Distance from the quenched end (mm)

Figure 5 Ferrite ratio calculated with ImageJ software (sample
C).

of the magnetic domain walls are depicted in Fig. 6
with blue arrows. Figure 6 shows, from this small
region of the TEM sample, that the domain structure
is smaller in the martensite phase than in the ferrite—
pearlite. However, the domain structure has both
small and large areas in the ferrite—pearlite.

Optical microscopy

Heat treatment without inert gas may cause forma-
tion of a decarburized layer consisting of ferrite.
Decarburization is generated due to the reaction of
carbon and oxygen at high temperatures. In this
study, excess decarburization was prevented by
using a carbon bed on which the sample was placed
in the furnace. However, to determine the decarbur-
ization phenomena, samples were prepared from
another section to determine whether the samples
contained a decarburized layer. Optical micrographs
were taken from another cross section, shown in
Fig. 1. Based on a visual inspection along the bar, the
decarburization layer was visible in the region where
the mixed microstructure (pearlite—ferrite) was
observed from 40 mm from the quenched end to the
end of the bar. A decarburization layer, approxi-
mately 50-90 Im thick, was visible 40 mm from the
gquenched end, as shown in Fig. 7.

Barkhausen noise results

The Barkhausen noise measurements were taken
with two sensors due to the geometrical issues. The
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Figure 6 Magnetic domain
walls captured in TEM Fresnel
mode a martensite
(underfocus), b martensite
(overfocus), ¢ ferrite—pearlite
(underfocus), d ferrite—pearlite
(overfocus). Blue arrows
indicate the magnetic domain
walls.

ground surface was measured with sensor S8276N in
the tangential direction from the ground region
where the hardness measurements were taken, and
the as-quenched surface was measured from the
position depicted in Fig. 1 with sensor S5857 in the
tangential direction. The RMS increased as a function

4903

of distance from the quenched end to 55 mm from
the quenched end and had a slight decrease in the
location 70 mm from the quenched end, as presented
in Fig. 8a for the ground surface, whereas in the as-
guenched surface, the RMS decreased as a function of
the distance from the quenched end (Fig. 8b). The

Figure 7 Decarburization layer on as-quenched surface at 40 mm from the quenched end (sample C).

@ Springer
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results from the ground surface showed more varia-
tion between samples A and B and measurement
locations 1 and 2.

Residual stresses were measured in the same
direction as the BN measurement direction (tangen-
tial). It should be noted that XRD RS measurements
utilize information on the diffraction peak shift
caused by type | (macro-) and Il (micro-) stresses, and
that BN measurements are influenced by the internal
stresses via magnetostriction phenomena [17]. The
ground surface had compressive residual stresses
along the measured line as illustrated in Fig. 9a. Near
the quenched end, the compressive stresses were
larger and showed a lot of deviation between the
different samples and measurement locations. In
contrast, in the as-quenched surface, 10 to 55 mm
from the quenched end residual stresses were equal
to zero. Near the quenched end, tensile residual
stresses were present and, at the other end (72 mm),
the residual stresses were compressive and showed a
lot of variation (Fig. 9b).

Figure 10 presents the peak position value calcu-
lated using Microscan software. The peak position
determines the location of the maximum BN events.
The trend is decreasing as the hardness diminishes in
the ground surface (Fig. 10a) and in the as-quenched
surface (Fig. 10b) with the exception of the last
measurement point, 70 mm from the quenched end.
The difference is the scale: In the as-quenched con-
dition, all the peak position values are negative
which may be due to software issues.

() Ground
160 4 A
A
. [
—~ 140
2
5 1201 v | ]
2 ° "
© ]
2 1001 v A M
g .
£ 2
g 80+ N = Al
v e A2
4 A B1
60 v B_2
[ ]
40

T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Distance from the quenched end (mm)
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Discussion

Generally, the hardness and microstructure change
along the Jominy bar according to composition,
transformation temperature and cooling rates. As
verified, the cooling rate is higher at the quenched
end of the Jominy bar decreasing toward the other
end. The BN features change along the bar as well.
Depending on the sensitivity of a certain BN feature
to material characteristics, different behavior may be
observed for the BN features.

As stated in the introduction, some inconsistency
had been observed in the BN versus hardness trend
in some previous studies concerning Barkhausen
noise measurements from Jominy samples. The gen-
eral trend for the BN RMS value should increase with
decreasing hardness, but in the studies of Padovese
et al. [14], the opposite trend between RMS and
hardness was observed for 4140 steel. As presented
even earlier, Franco et al. [9] noted the same trend for
two different materials: AlISI 4140 and AISI 5160. The
tendency was highly dependent on the steel material;
AISI 4140 showed a dramatically opposite trend to
AISI 5160. In addition, Padovese et al. [14] encoun-
tered this same tendency with SAE 4140 steel. How-
ever, the reason for the drop in RMS was not
described in detail in the articles.

Reproducibility of Jominy samples

The separate Jominy end-quench samples were noted
to have some variations in the hardness measure-
ments (Fig. 2). The precision and reproducibility of
the Jominy test were discussed in [2] where the
results of nine different laboratories carrying out
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Figure 8 RMS results along the a ground line with sensor S8276N and b as-quenched surface with S5857.

@ Springer



J Mater Sci (2020) 55:4896-4909

@
Ground
OA
—~ -100
©
o
\2_, [ ]
@ -2004 A : “
| ] | ]
£ 8 a
o - v ’ v v
g -300 1
@ a = AL
@ 400 ° A2
A B1
v v B2
-500

—— T
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Distance from the quenched end (mm)

(b)
As-quenched
300 -
v
.
200 4
,(—u\ [ ]
o v
1004 A
é 0 A4 [ ]
2 ‘s 3
S o e H '
@ v s
S oo
% v[ = A1
e A2
@ 2004 A B1
NEAY

-300

——— T
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Distance from the quenched end (mm)

Figure 9 Residual stress results along the a ground line and b as-quenched surface to the tangential direction of the sample.

(@)
Ground
50 -
454 7
404 o
35 - : v
° ]
S 30 R . Y
Q 25 R
A
& 20
Q154 " AL
e A2
104 A B1
54 v B2

T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Distance from the quenched end (mm)

(b)
As-quenched
014
54 e
-10 1
H
S -154 .
= v A
w0 L}
g 201 I :
X
S -254 °
o " x " Al
-30 4 ] A:2
A B1
35 . ° v B2
-40

T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Distance from the quenched end (mm)

Figure 10 Peak position results along the a ground line with sensor S8276N and b as-quenched surface with S5857.

similar Jominy samples were compared. Kirkaldy [2]
described the general difficulties in providing
reproducible Jominy end-quench samples. The
experimental reproducibility of hardness was * 6
HRC (in the steepest region of the hardness curve).
Kirkaldy [2] also mentioned another study where it
was observed that the precision of the Jominy test
also reflected variations in melt shop practices that
determine the inclusion content and ultimately
affected the grain size. Both random and systematic
errors were noticed in different process steps: sam-
pling, heat treating, grinding and hardness testing
(mainly in the case of device calibration). The cooling
water temperature may vary as well as the height at
which the water collides with the bar. The same was
noticed in the Jominy end-quench samples in this
study. All the Jominy bars were machined from a
larger bar, and the same decreased hardness values

on one side of the bar may be related to the initial
microstructure and its variations along the machined
bar.

The quenching of the Jominy sample is crucial. If
the cooling water does not come directly in contact
with the quenched end, this may cause uneven
cooling rates and affect the microstructures pro-
duced. The microstructures may not be homoge-
neous. The cooling water temperature may vary as
well as the height to which the water rises in the bar.

The BN measurement locations also varied in the
earlier studies [9, 13]. In most cases, the measure-
ments were taken from the longitudinal centerline or
multiple positions near the centerline [9]. In those
cases, the effect of the decarburization layer can be
eliminated. However, it was not clear whether the
measured surface was only machined or polished
afterward [9]. Due to the different known responses,
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two measurement locations were used in this study:
the ground surface and the as-quenched surface. It
was observed that these two locations exhibited dif-
ferent RMS trends (Fig. 8).

Measurements from as-quenched surfaces

As-quenched surfaces are rarely measured with BN.
Instead, the surfaces are machined, i.e., ground or
shot-peened. During austenitization heat treatment,
decarburization may occur, leading to the phe-
nomenon where the carbon at the surface reacts with
the oxygen in the surrounding atmosphere. The loss
of carbon at the surface may lead to changes in the
surface structure as several properties of the steel (for
example, hardness and fatigue strength) are depen-
dent on the carbon content. In addition, Hao et al. [19]
pointed out that a fully decarburized layer has a
higher relative permeability compared to pearlite,
while a partially decarburized layer has a lower
permeability than the full decarburized layer.

In the as-quenched measurement line (Fig. 1), the
decarburized layer was formed in the region from 40
to 70 mm from the quenched end. The layer was not
uniform, and there were variations in the thickness.
The effect of the decarburized layer must be consid-
ered when interpreting the results from the as-
quenched surface for measurement locations
40-70 mm from the quenched end. However, for the
as-quenched surface, the RMS was seen to decrease
toward the end (Fig. 8b). Therefore, the effect of the
soft partially decarburized layer on the BN signal was
not visible in this case. In a decarburized layer, there
is normally a decrease in hardness, and therefore, the
RMS signal should be greater in the decarburized
area. Thus, the effect of the magnetically and
mechanically hard pearlite may be the primary effect
influencing the RMS results.

The quenched end from the as-quenched samples
had the tensile residual stresses associated with
martensite transformation. It was seen in the surface
images that the martensite end had undergone a
volume expansion. The residual stresses were almost
zero along the Jominy bar beside the quenched end.
The RMS had a decreasing trend from the quenched
end toward the other end with a lower cooling rate.
The assumption is that the BN response in this case
arises mainly from the microstructural effect rather
than hardness because the residual stresses were
equal to zero. In some studies [9, 12], a similar

@ Springer

J Mater Sci (2020) 55:4896-4909

decreasing trend was observed with decreasing
hardness, contrary to the general assumption of the
RMS hardness trend. It was found that a drop in the
RMS in the decreased hardness end depended on the
steel grade and was also dependent on the mea-
surement frequency [9, 12].

Prabhu Gaunkar et al. [15] made the same obser-
vation when they noted that the BN signal amplitude
was higher with a martensite structure and lower for
a location corresponding to a ferrite—pearlite combi-
nation. The trend in Prabhu Gaunkar et al. [15] for the
BN signal amplitude was similar to that in Fig. 8b for
the as-quenched measurement line. However, no
details were given in [15] as to whether the mea-
surements were taken on an as-quenched surface. For
the other BN parameters, Trillon et al. [13] noticed
similar negative peak position values with lower
hardness samples (hardness below 41 HRC). The
current authors assume that Trillon et al. [13] took
their measurements from the as-quenched surface.
Even though similar observations were made, the
interpretation of BN results is not a straightforward
task.

It has been shown that the cooling rate has an
influence on the interlamellar spacing of the pearlite
structure [17]. The fine pearlite structure formed at
lower temperature has been demonstrated to be
much harder than the coarse pearlite formed at
higher temperatures [17]. Our microhardness mea-
surements of the pearlite—ferrite structure revealed a
difference of 80-100 HVg o in the pearlite phase
hardness compared to the ferrite phase hardness (175
HVo005). The pearlite hardness variations 40-70 mm
from the quenched end were 271-283 HVq gos.

Besides the mechanical properties, Byeon and
Kwun [20] concluded that the interlamellar spacing
of pearlite structure influences the magnetic charac-
teristics: coercivity and remanence as well. When the
interlamellar spacing is narrower, there are more
interfaces between the phases, and therefore, there is
a higher probability of hindering the domain wall
motion combined with higher coercivity. Neverthe-
less, Clapham et al. [11] stated that the interlamellar
spacing has no significant effect on the signal pulse
height distribution. However, it was shown in their
studies that different pearlite structures produced a
lot of variation in BN pulse heights: The higher the
pearlite content, the wider the pulse height
distribution.
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Clapham et al. [11] stated that FesC is ferromag-
netic in nature, but is nevertheless considered to
behave as a non-magnetic inclusion in the steel
matrix. Therefore, the pearlite structure (although
harder) acts as a pinning site, depending greatly on
the morphology and pearlite colony direction even
though the overall amount of ferromagnetic material
is decreased. It is known that non-magnetic areas
decrease the BN signal. Therefore, the decreasing
RMS trend for the as-quenched measurement line
may be caused by two factors: the magnetic and
mechanical pinning properties of the pearlite struc-
ture caused by the lower cooling temperature and the
fact that the general ferromagnetic volume is
decreased. It was stated in [20] that the pearlite
formed at lower temperatures achieves better
mechanical properties than pearlite formed at higher
temperatures. The mechanical strength is also higher
when the interlamellar spacing is narrower [20].

Measurements from ground surfaces

Decreased RMS in the quenched end associated with
high compressive residual stresses and increasing
RMS toward the other end was observed by Franco
et al. [9], who measured the BN from an internal
ground surface. The ground surface had compressive
residual stresses all along the Jominy bar caused by
grinding as shown in Fig. 9a. Larger compressive
residual stresses were detected in the quenched end.
Our assumption is that the BN response mainly arises
from a mechanically treated (ground) surface layer
and is the combined result of compression generated
due to grinding and microstructural change.

However, the grinding depth of the Jominy sample
needs to be determined carefully. The different
ground-off depth may influence the results from
other sides of the Jominy bar. In this study, due to the
low hardenability of the steel quality used, the
martensite layer on the quenched end was shallow.
Thus, the BN sensor location may be on top of two
different microstructures. Persson [21] demonstrated
the effect of magnetization behavior when the BN
sensor yoke legs cover two different microstructural
areas.

Future considerations

Jominy end-quench tests are relevant when devel-
oping BN measurement. The knowledge of what
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exactly what is being measured is crucial when
interpreting the results. In this study, the use of two
different sensors, one with pole pieces perpendicular
to the ground surface and the other fitting the curved
as-quenched surface, may have produced slightly
different results. In the future, a certain sensor should
be used that could fit both surfaces to avoid the
possible effect of different sensors.

Conclusions

Jominy end-quench test samples were used for
studying the relationship of microstructural changes
with the magnetic Barkhausen noise response. The
challenge of using these samples was that they con-
tained all the phenomena that affect the BN signal
and the cumulative effect of these different issues
was evident. The main conclusions are:

e The ground surface showed mainly the effect of
the grinding compressive stress state, while the
as-quenched surface had variations due to its
higher microstructure sensitivity (changes in
microstructural phase, grain size, etc.). An impor-
tant indication of the results was that there was
variation in the sensitivity of BN to different
surface conditions.

e The peak position value followed the hardness
trend in both studied surface conditions, but the
trend was more pronounced in ground surface.

e Operators that use the BN method should know
which microstructural state they are measuring
because the pearlite structure results may be
misleading and difficult to interpret.
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