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Abstract

A series of 9 butt-welded coupons were tested dynamically follow-
ing a sinusoidal load that reached 0.50Fy, 0.60Fy and 0.70Fy for an
A36 low-carbon steel. Load was applied at 5Hz with an initial 0.20Fy
offset to maintain a full-tension test at all times to avoid compres-
sion. Two main variables were of interest for the present research:
applied strain and surface magnetic field. Said variables were tracked
by means of strain gages and magnetometers respectively located at
two points: base metal and in the proximity of the heat affected zone
(HAZ). Test aimed for fatigue at high load levels, but it was stopped
once it reached the 100,000 cycles. For lower levels it was going to
remain a non-destructive test. Results present a semi-elliptical corre-
lation between strain and surface magnetic field similar to the classic
mechanical correlation between stress and strain, presenting some type
of magnetic hysteresis. Said semi-elliptical correlation is not steady
in time, and shows a presumable progression of damage accumulation
as behavior of a second-order parameter extracted from said corre-
lation shows a clear agreement (by means of a complete reversal in
magnitude) with classical S-N failure behavior. Also, when analyzing
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the behavior in time, complete reversals in phase or out-of-phase be-
havior between the semi-sinusoidal magnetic signals at early stages of
the test, differ from those at late stages of the test. This particular
change in time also indicates that damage that accumulates as test
continues can be traced in a timely fashion by tracking the magnetic
response in both base metal and HAZ areas. This non-destructive
analysis of surface magnetic fields suggests that magnetic fields al-
though small in magnitude (measured in µT ), they can be used as a
non-destructive means for determining damage accumulation and to
separate safe stages from non-safe stages of service for a butt welded
tension member.

1 INTRODUCTION

The present investigation explores the properties of steel as a ferromagnetic
material, to establish a pattern or behavior that is of usage in determin-
ing the behavior of a steel welded element working under tension stresses,
by correlating its magnetic response and strain histories. Normal monitor-
ing endeavors require classic monitoring sensors with precisions improved as
technology improves as well. Specifically, in the case of surface magnetic
fields that are weak signals due to low strain levels on steel members (with
the new available technology) they might become a non-destructive tool for
steel members that has weldments working in full tension stages.

The weak mechanical links are weldments, due to a crystallographic ther-
mal change that, if not adequately controlled, it can become the problem-
atic area of a tension connection member on dynamic service conditions.
However, not only thermal changes are sources of weakness for fatigue life
purposes. Some other variables such as welder expertise, weldment speeds,
impurities, voids and micro-cracks during weldment process are also sources
of bad mechanical behavior (Araque et al., 2013; Arzola et al., 2013; Ar-
zola de la Peña et al., 2014; Deshmukh et al., 2014; Holmstrand et al., 2014;
Krasovskyy et al., 2014; Lachmann et al., 2000; Leitner et al., 2011; Wal-
bridge, 2008; Zong et al., 2015).In the present investigation, the tension
member detail corresponds to the 5.1, 5.2 and 5.3 of table A-3.1 reported
in the AISC-360-16. Said table states that possible fatigue/fracture incep-
tion spots have their origins at inner discontinuities along the weldment cord.
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As variations in the continuity at a small scale (crystallographic continuity
along the weldment cord) are a source of mechanical change, in the present
research the magnetic response (surface magnetic response) becomes the most
important monitoring parameter in the material.

Lately, fatigue has been correlated to magnetic variations registered on
the surface of steel elements. Research performed by various authors prove
that impurities, alloying elements, thermal treatments such as annealing pro-
cess and other external variables such as load speed can be tracked success-
fully by monitoring of the magnetic variable on surface (Bao et al., 2010;
Erber et al., 1997; Gil, 2017; Guralnick et al., 1997; Kumar et al., 2005;
Nuñez Moreno, 2014; Serna, 2007).

Some other research work reveals that steel has a differentiator sur-
face magnetic behavior in time, showing presumable accumulative micro-
structural damage due to cyclic loads. This behavior matches reported
stages of steel fatigue until fracture. (Gil, 2017; Guralnick et al., 2015; Nuñez
Moreno, 2014; Nuñez et al., 2015)

In a similar way, some other studies reveal that, Barkhausen noise de-
tected in the proximity of steel surface when subjected to a magnetic field,
can give information about the current stage of micro-structural continuity on
steel, as well as tension force, grain size and orientation, hardening capacity
and material deformation (Franco Grijalba and Padovese, 2018; Moreno Vega
et al., 2018).
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2 Materials and Methodology

2.1 Magnetic Sensors (MS) and Data Acquisition (DAQ)

The sensor used to monitor surface magnetic fields was built at the facilities
of Javeriana University (figure 1). It used bi-directional magnetic sensors
that helped in the monitoring of surface magnetic flux in two different areas
of the testing coupon: i) In the proximity of the weldment cord, ii) Far
from the weldment into the base material. This sensor reports variations in
magnetic field compared to earth’s magnetic field in the close proximity (less
than 2.54cm – 1in). A button on top of the black box zeroed the signal every
time a new test took place, to avoid saturation of the magnetic head.

Figure 1: Sensores magneticos

A National Instruments NI USB-6211 acquisition set recorded data from
the magnetic sensors and strain gages, that were placed at the same location
as the magnetic sensors. All data records from magnetic sensors and strain
gages had a rate of 1kHz.

Knowing that customized magnetic bi-directional sensors could have lim-
ited precision (but in an attempt to make magnetic sensors affordable for
future on-field testing), a reference Foerster R© 1.070 Field-Difference Mea-
surement Magnetoscop Magnetometer helped as calibration baseline. This
Magnetoscop Magnetometer has a measuring rate from 0.1nT to 50mT mak-
ing it a versatile tool to measure in the lower range of magnetic surface
flux. It used a single-directional sensing head that was correlated to the
parallel signal obtained from the customized magnetic sensors. Said calibra-
tion work was a linear correlation of signals following a 45-degree directional
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change with respect to the magnetic north at the city where the laboratory
is (Bogotá D.C - Colombia). This procedure helped to convert the basic
measurements reported in Volts into Tesla.

Figure 2: Calibration pattern described by the customized sensor and the
Magnetoscop.

Strain monitoring used one-directional Omega strain gages to build the
strain history as a MTS 100 kN servo-hydraulic actuator applied a sinusoidal
load. The location of said strain gages were in the nearby proximity of the
welding cord (axially perpendicular to the loading direction) and into the
base material. A Wheatstone bridge connection helped in minimizing any
thermal effects during the test (dos Reis et al., 2018).
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Figure 3: Foerster R© 1.070 Field-Difference Measurement Magnetoscop Mag-
netometer

2.2 Steel Coupons

According to ASTM E466 – Standard Practice for Conducting Force Con-
trolled Constant Amplitude Axial Fatigue Tests of Metallic Materials, steel
coupon’s geometry should comply to a series of constraints as a function of
plate thickness. For the present research, a low-carbon, 12mm (0.472 in) A36
steel thickness plate was the main material used. According to the ASTM
E466, a 36mm weldment deposit –total necking width- was the minimum
requirement; the rest of the geometric parameters were a function of said
thickness. The theoretical yielding stress and ultimate tensile strength for
this material were Fy = 248MPa (36ksi) and Fu = 400MPa (58ksi) respec-
tively.

The weldment cord complies with AWS D.1.1, by means of a complete
joint penetration weldment, which is done at the border of the coupon by a
60◦ chamfer. The electrode used corresponds to a E-7018 which is of common
practice for low-carbon steels.

All details for the typical coupon tested are in Figure 4. In it is possible
to observe the curvature radii performed to avoid stress concentration and
to, theoretically induce failure (if present) at the neck of the coupon. Addi-
tionally, coupon length helps to locate sensors a distance apart, enough to
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avoid magnetic signal overlapping and to guarantee a real change in crys-
tallographic size (heat affected zone –HAZ vs base material). This crys-
tallographic change is of importance for the present research, and it was
caused due to thermal change with respect to weldment deposit during cool-
ing (ASM-Metals Handbook, Vol. 1).

Figure 4: Low-carbon A36 coupon geometry for the present research

The testing plan included 3 steel coupons for each one of the three load
stages for a total of 9 steel coupons. The fabricator was a steel detailer
company in Colombia, which performed ultrasound tests to each coupon for
compliance with material quality according to AWS D.1.1.

7



2.3 Testing Setup

All steel coupons under tension were tested on the structures laboratory at
Javeriana University. To connect the steel coupons to the MTS crosshead and
to the fixed support on the base, four 12mm (1/2 in) A325 bolts transferred
axial load as shear to the stiff area of each coupon. Therefore, the acting
shear induced tension along the coupon’s length, simulating a full tension
stage. A capacity check on shear block, tension yielding, fracture and stan-
dard hole plastic deformation limits states (of the coupon), indicated that
theoretically any failure on the coupon should happen at the necking area.

A total of two glued strain gages (one near the HAZ and one at base mate-
rial away from the weldment area) in each steel coupon, helped in recording
strain histories at the two different zones; one of the strain gages worked
to complete the Wheatstone bridge, the other one recorded strains at the
surface point. At the same points but without touching the surface of the
steel member, the two customized magnetic sensors and the Magnetoscope
recorded magnetic surface flux. The testing setup scheme is available in
Figure 5.
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Figure 5: Experimental Setup
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Figure 6: Test setup parts. 1) Steel coupon – MTS connecting head, 2)
Weldment area and sensors area, 3) Lower support attached to a rigid frame,
4) Semi-rigid support to transfer load to the rigid frame.

2.4 Loading Protocol

A 100 kN servo-hydraulic MTS testing machine applied constant amplitude
sinusoidal tensile loading at 5 Hz at stress levels of 0.50Fy, 0.60Fy and 0.70Fy.
A total of three samples for each one of these loading levels were the data for
further analysis. These stress levels corresponded to load forces of 53.7kN
(7.67 kips), 64.4 kN (9.20 kips) and 75.1 kN (10.73 kips) respectively. This
load protocol aimed for fatigue failure with a maximum of 100,000 cycles
as the maximum number of cycles applied. After reaching 100,000 cycles if
separation was not met, then the test stopped.

To assure a full tension simulation loading stage, the sample could not be
subjected to any compressive force during the test. Thus, inversion of stresses
was not allowed. To control this, a pre-loading tensile stage of 0.10Fy was
the minimum tensile loading on the coupon at the beginning of the test (See
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Figure 7). In other words, the pre-loading stage controlled any unwanted
compressive forces that could take the sample into compression inducing a
possible out-of-the-plane buckling stage (R = 0.2 > 0).

A 100 kN servo-hydraulic MTS testing machine applied constant ampli-
tude sinusoidal tensile loading at 5 Hz at stress levels of 0.50Fy, 0.60Fy and
0.70Fy. A total of three samples for each one of these loading levels were the
data for further analysis. These stress levels corresponded to load forces of
53.7kN (7.67 kips), 64.4 kN (9.20 kips) and 75.1 kN (10.73 kips) respectively.
This load protocol aimed for fatigue failure with a maximum of 100,000 cycles
as the maximum number of cycles applied. After reaching 100,000 cycles if
separation was not met, then the test stopped. However, all samples reached
100,000 cycles and neither reached failure, making the whole testing a non-
destructive dynamic test.

Figure 7: Loading protocol for the 0.70Fy loading stage. X axis corresponds
to time, and Y axis corresponds to stress ratio with respect to yielding stress.
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3 Results

3.1 Magnetic response as a function of load level

The following diagram presents the correlation between surface magnetic field
(measured in µT ) and strain (mm/mm or in/in) for a selected cycle in time
for the two zones monitored: HAZ and base metal away from the weldment
cord. Data describes a hysteretic behavior as a function of load level, and
also as a function of location on the sample.

Figure 8: Strain vs surface magnetic field. X axis corresponds to strain level
and Y axis corresponds to surface magnetic field parallel to loading direction.

3.2 Magnetic results as a function of test evolution.

The following graphs show the correlation and behavior in time between
strain and surface magnetic field. Each hysteresis loop corresponds to the
superposition of data of 10 consecutive cycles for 7 different stages of constant
load, jumping every 16,665 cycles until the end of the record. Data are
presented in this form for both the HAZ and the base metal.
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Figure 9: Strain vs Surface Magnetic Field at a stress level near 0.50Fy. The
x-axis corresponds to strain (mm/mm or in/in) and the y-axis corresponds
to surface magnetic field (µT )

Figure 10: Strain vs Surface Magnetic Field at a stress level near 0.60Fy. The
x-axis corresponds to strain (mm/mm or in/in) and the y-axis corresponds
to surface magnetic field (µT )
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Figure 11: Strain vs Surface Magnetic Field at a stress level near 0.70Fy. The
x-axis corresponds to strain (mm/mm or in/in) and the y-axis corresponds
to surface magnetic field (µT )

Figure 12 shows the behavior of a second order variable defined as the
“Slope of the Major Axis of a Magnetic Hysteresis Loop - SHL”, which is
defined as the line that joins the biggest positive point reached by the loop
and the lowest positive point reached by the same loop. Mathematically it
would be defined as:

SHL = (Φh − Φl)/(εh − εl) (1)

Where Φh corresponds to the highest surface magnetic field recorded dur-
ing the applied load cycle, Φl corresponds to the lowest surface magnetic field
recorded during the applied load cycle, and εh and εl are the highest and low-
est strains applied respectively.
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Figure 12: Hysteresis and Slope of the hysteresis cycle main pole

In Figure 13 and Figure 14 it is possible to see the behavior of the SHL
as a function of time. It is pretty clear that the higher the applied load, the
faster the inversion on the slope of said hysteresis loops takes place, regardless
of the zone under monitoring. Thus, it suggests that although the monitored
place could be close to the recrystallized area, the behavior resembles that
of the base metal. This is an important feature that suggest stability of the
magnetic variable under study.
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Figure 13: Slope of the hysteresis cycle main pole for Base Material

Figure 14: Slope of the hysteresis cycle main pole for HAZ
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3.3 Variables as a function of time.

The following graphs represent the continuous behavior of strain and surface
magnetic field during a short-time window of analysis (one second). At early
stages and as load increased, the geometry of strain response and surface
magnetic field presented a change in magnitude and in phase. At a lowest
load (0.50Fy)), strain response and the surface magnetic field seem to react in
a similar way as a function of time, that is, the sinusoidal behavior matches
for both variables having the same slope. At mid load level (0.60Fy), that
behavior is not clear, and there are two sinusoidal responses merged in the
same signal for the case of surface magnetic field response. However, for
a higher level of load (0.70Fy),a complete inversion of slope takes place. In
other words, the two resulting signals (strain and surface magnetic fields have
a delay in response of almost a half cycle) are again sinusoidal in shape, but
with a phase displacement.

Table No 1 presents the approximated surface magnetic ranges for all load
cases and for both metal base and HAZ. It is interesting how for base metal
the higher the load applied, the higher the magnetic response.

Figure 15: Strain and Surface Magnetic Field (early and last stages) at the
base metal zones for a load level of 0.5Fy.
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Figure 16: Strain and Surface Magnetic Field (early and last stages) at the
HAZ zones for a load level of 0.5Fy.

Figure 17: Strain and Surface Magnetic Field (early and last stages) at the
base metal zones for a load level of 0.6Fy.
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Figure 18: Strain and Surface Magnetic Field (early and last stages) at the
HAZ zones for a load level of 0.6Fy.

Figure 19: Strain and Surface Magnetic Field (early and last stages) at the
base metal zones for a load level of 0.7Fy.
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Figure 20: Strain and Surface Magnetic Field (early and last stages) at the
HAZ zones for a load level of 0.7Fy.

Zone 0.50Fy 0.60Fy 0.70fy
Base Metal 4 6 10

Heat
Affected Zone -

HAZ
13 6 16

Table 1: Approximated range of surface magnetic excursions recorded and
presented from Figure 15 to Figure 20.

Base metal shows that the higher the load applied, the higher the surface
magnetic field recorded.
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4 Discussion and conclusions

Results of the monitoring of the two variables in time (strain and surface
magnetic field), present characteristic behavior of the mechanic and magnetic
response of a low-carbon steel sample that has a theoretical zero-load history
under cyclic loads. The two zones of analysis correspond to the metal near
the weldment cord, and some other point that is far from the weldment area
aiming to represent the behavior in the base metal.

Figure 8 presents the results of the correlation between strain and surface
magnetic field for two points on the coupon. It is clear that the magnetic
response (range of magnetic change) has different magnitudes when analyzed
at the HAZ compared to those monitored at the base metal. It is also clear
that this difference is neat as load increases. This suggests that surface mag-
netic response is also a function of crystal size, which matches that reported
by Serna et al. (2015),Serna (2007),Ranjan et al. (1987) and Anglada-Rivera
et al. (2001). For the present research, crystal size change is induced by the
welding process (Araque et al., 2013; Arzola de la Peña et al., 2014) and
suggests that surface magnetic field can be used as a tool to observe which
part of the steel coupon will have a lower resistance for cyclic-loading in a
fatigue loading scenario: The higher the magnetic response described as a
hysteresis cycle in the Strain-Surface Magnetic Field diagram, the higher the
probability that the monitored area represents a weak spot for fatigue life
purposes.

Figures 9, 10 and 11 present an interesting behavior that is recurrent for
all tests performed. The hysteresis loops describe semi-elliptical shapes with
a major axis that changes the sign of its slope from positive to negative,
passing by a state in which that slope should be zero. However, this change
is not immediate, and it takes time to build up. For example, Figure 9 shows
a set of cycles every 16,667 cycles (roughly every 0.925 hours), in which it is
clear to see that almost every hour the slope changed, and it did continuously
until changing the signed reversed. This has a very similar behavior to the
slope of a tangent line to the Paris Law curve (M et al., 2017). For the 0.50Fy

case the transition is smooth, however for 0.60Fy and 0.70Fy load levels, this
transition is present is more erratically.

According to Figure 9, Figure 10 and Figure 11, the hysteresis loops
change dramatically and it shows an unsteady behavior of the monitored
variable (surface magnetic field) as test advances. Also, if it is used a second-
order variable, the “slope of the line that describes the major axis” of each
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semi-elliptical hysteresis loop, an interesting behavior. This is shown in Fig-
ure 12 and Figure 13 where the SHL crosses the x axis in the following order:
0.70Fy, 0.60Fy and 0.50Fy. This behavior is detected for the HAZ and base
metal zones at the same time. It is interesting to observe that for applied
load of 0.70Fy the slope behavior (which is also a measurement of magnetic
inversion) changes before 20,000 cycles and for the applied load of 0.50Fy

the slope behavior changes between cycles 70,000 and 80,000. This behavior
resembles the intuitive fatigue life behavior presented by any S-N fatigue life
curve (following the Wöhler fatigue life approximation).

In Figure 15 and 16 it is clear to see that for a load level of 0.50Fy the
early magnetic response is somehow erratic and presents noise along with the
sinusoidal response near the base metal. However, for the case of HAZ area,
the magnetic response resembles the sinusoidal acting load with higher levels
of magnetic response and the phenomenon of complete magnetic inversion
measured with the SHL.

At a mid-level load of 0.60Fy, the magnetic noise is less prominent and
thus, the sinusoidal behavior is present from the early stages (Figure 17) at
the base metal and HAZ areas, however at the HAZ it is easy to observe a
second-order sinusoidal behavior mixed with the magnetic signal (Figure 18).
In both cases a phase offset is the difference between early cycles and final cy-
cles. Then, a phase offset could be also an indicator of damage accumulation.

At the higher load level of 0.70Fy at early cycles and both at the base
metal and HAZ areas, there is a phase offset between the sinusoidal signals
of strain and surface magnetic field. However, at the base metal area said
offset takes place at positive values of the SHL while at the HAZ area the
offset takes place at negative values of the SHL. The interesting evolution
observed in both Figure 19 and Figure 20 turns the offset of the base metal
area response into a complete magnetic inversion and the offset of the HAZ
area response into a complete magnetic correspondence. Which in other
words creates a complete magnetic inversion when comparing the magnetic
response at early cycles vs the magnetic response at the final cycles of the test.

These magnetic features open the possibility for future work centered in
understanding the complete behavior of this type of test, taking the sample
until complete separation. What it is clear with the work presented here in
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is that, magnetic change is a good indicator of an unsteady process building
up damage at the interior of a structural member (higher number of load
cycles, less fatigue life), and that although the re-crystallization process is
present due to weldment of the tensile elements, the magnetic variable is
stable enough to be used as a monitoring non-destructive parameter on real
structures.
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