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1 | INTRODUCTION

Abstract

In this paper, an innovative approach to high-temperature testing of subsize
Charpy V notched specimens is introduced. The design concept is to heat the
specimen on the specimen piece supports up to the moment of impact by
flowing AC electric current through it. This approach allows a very accurate
centring of the specimen with respect to the anvils and the control of their
temperature up to the moment of impact. The temperature profile measured
by using the in-situ heating device on ferritic steel specimen over the notch
temperature range of 400°C < T < 750°C is presented. The impact energy was
measured at different temperatures going through the eutectoid phase transfor-
mation of the ferritic steel specimens, with different carbon composition, to
investigate the validity of the instrumented in-situ heating method. The method
is particularly appropriate to estimate the ductile brittle transition that occurs at
high temperature in some metallic alloy systems. Also, its wide range of speci-
men heating rate provides new research tools for studying, for example, the
intermediate temperature embrittlement of metals and alloys.
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specimen

The toughness of ferritic steels undergoes a transition
as the temperature is decreased below the room tempera-

The toughness of a material is its ability to absorb energy
in the form of plastic deformation without fracturing. In
simple terms, it may be defined as the area under the
stress-strain curve so it is a parameter that combines both
strength and ductility. It should be noted that the stress-
strain relationship is dependent on temperature and
strain rate so that the toughness will be too.'

ture. At low temperatures, fracture occurs by completely
brittle cleavage mechanisms with low levels of absorbed
energy. At high temperatures, fracture occurs by ductile
dimple mechanisms with absorption of considerable
energy. In the transition region, fracture is of a mixed
mode. A variety of tests have been used to characterize
the ductile-to-brittle transition behaviour in steels. In

Nomenclature: a, = specimen height (y direction); A, = area in the cross section of the specimen (yz plane); Ac;, = eutectoid temperature; Acs,
= austenitizing temperature; b, = specimen width (z direction); C, = specific heat; D, = density; h, = surface conductance; I, = electric current; P,
= perlite phase; s, = perimeter of the cross section of the specimen (yz plane); t, = time; T, = cross-section temperature; 7., = temperature at the
control thermocouple; T,, = environmental temperature; Thoch, = temperature at the notch cross section; o, = ferrite phase; d, = skin depth; ¢,,,
= strain at maximum force in a tension test at low strain rates; y, = austenite phase; 1, = thermal conductivity; u,, = free space permeability; u,,
= relative permeability; p, = electrical resistivity; w, = angular frequency of the electric current
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addition to differences in specimen size and geometry of
the notch (flaw size, shape, and acuity), these techniques
strongly differ in the strain rate, and correspondingly, a
variety of definitions of transition temperature have
emerged. The wide range of testing techniques includes
tensile tests,” Charpy V-notch impact testing,>* Pellini
drop-weight tests,”® impact tensile test,’ and fracture
toughness testing using compact tension and single-edge
notched bend specimens.®’ In recent years, small punch
testing'®'! was also included in the list. However, the
Charpy impact test is undoubtedly the test most com-
monly used to characterize the ductile-to-brittle transition
in steel, and so, the pendulum impact tester is among the
first instruments considered to outfit a materials science
lab. The characterization of the transition temperature
in ferritic steels with Charpy test requires that the temper-
ature of the sample goes from cryogenic to intermediate
(~200°C) temperatures.”> Commonly used temperature
conditioning media within the testing community include
hot air, hot nitrogen gas, oil bath or water bath to heat,
and an alcohol/dry ice bath or cold nitrogen gas to cool
the test specimens. American Society for Testing and
Materials (ASTM) Standard E23-07"* specifies a minimum
soak time of 5 minutes if the thermal conditioning
medium is a liquid and 30 minutes if the medium is a
gas. Chosen whatever method for heating or cooling the
specimen, the impact of the specimen must occur within
5 seconds after removal from the medium to satisfy the
request from E23. The standard does not, however, pro-
vide guidance regarding choice of conditioning media
and transfer methods, only mentions that the 3 methods
used in the past are liquid bath thermal conditioning
and transfer to the specimen supports with centring
tongs, furnace thermal conditioning and robotic transfer
to the specimen supports, and placement of the specimen
on the supports followed by in situ heating and cooling.
The latter method deserves some level of detail because
it heats the specimen on the supports of the Charpy
test machine as our development but differs in the
thermal conditioning principle and operating range of
temperatures. The method, covered by US Patent
Number 5,770,791,'*% claim that standard or subsized
Charpy V-notch specimens can be heating or cooling on
the test machine itself over the temperature range of
—180°C < T < 315°C by flowing a thermally conditioned
gas over the surfaces of the specimen, which contain the
volume of material near the notch.

Beyond the ferritic steels, the ductile brittle transition
occurs at high temperature in other metallic alloy systems
such as gamma titanium aluminide alloys,'® tungsten
alloys,'”'® WC-Co alloys,"”” Mo-Si-B alloys,® Fe-Al
alloys,”»** and NiAl-based alloys.”® Little use has
been made of impact toughness testing at elevated

temperatures of these alloy systems owing to the great
scatter of the results linked to the difficulties involved in
creating identical temperature conditions for tests on a
large number of specimens. The time required for trans-
ferring the specimen from the furnace to the supports of
the impact testing machine is different in each individual
case. Consequently, the temperature of the specimen at
the moment of impact is also different in each individual
case,”* even if a thermocouple attached to the sample
surface is used because the internal temperature of the
sample differs considerably with respect to the surface
temperature.”> When subsize Charpy V-notch specimens
are tested, the heat losses over the time interval to transfer
the specimen to the pendulum impact are even greater.
To overcome this, we propose to heat the specimen on
the specimen support up to the moment of impact by
using the Joule effect and this approach is the subject of
this paper.

2 | DEVICE FOR HIGH-
TEMPERATURE IMPACT TESTSIN A
CHARPY MACHINE

The design concept is to heat the specimen on the speci-
men piece supports up to the moment of impact by
flowing AC electric current through it. The designed
device for Charpy tests at high temperatures with in-situ
heating is presented schematically in Figure 1A. The
device has 2 pneumatically operated arms that clamp
the specimen against the specimen piece supports of the
testing machine. At the end of the arms, electrically
isolated, copper terminals are connected to the electrical
circuit. The terminals press the ends of the specimen
and are refrigerated by a water cooling circuit. The anvils
and specimen piece supports of the testing machine are
painted with epoxy paint to achieve electrical isolation
from the specimen. The electrical circuit for heating
consists of a high current-low voltage transformer whose
input AC voltage is handled by a temperature controller
led by a thermocouple welded to the specimen.

The operational system diagram (heating electrical
circuit and clamping device) is shown in Figure 1B. The
specimen with the attached control thermocouple (T,) is
placed on the piece supports and clamped when the
pneumatic solenoid valve is manually actuated. The test
temperature is selected in the temperature controller.
The controller supplies the electrical power to the trans-
former and an AC current (i) is applied on the specimen.
Once the test temperature is reached and stabilized, the
pendulum fall is manually actuated. An optical sensor
located in the path of the pendulum interrupts the electric
current and acts on the pneumatic solenoid valve
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FIGURE 1 Scheme of equipment for high temperature Charpy test. A, Machine and device. B, Operational system diagram [Colour figure

can be viewed at wileyonlinelibrary.com|

releasing the clamp and separating the copper terminals
from the sample. Finally, the impact of the pendulum
against simply supported specimen occurs. The position
of the optical sensor sets the time elapsed because the
electrical power is stopped till the striker hits the
specimen.

Because of the chosen heating method, a symmetric
temperature gradient around the position of the notch
in the specimen is expected. So, a key element of the
approach is to ensure that the fracture process volume
is thermally conditioned. Plane strain 3-dimensional
finite element analyses of the plastic zone in a Charpy
specimen as a function of applied load by Manahan
et al26 show that the plastic zone extent tends to peak
at about 1 specimen height. Therefore, the fracture
process zone extends along the axis of the specimen
by 1 specimen height on both sides of the crack plane.
This volume of material must be kept at the desired test
temperature up to the time when the striker contacts
the specimen.

3 | EXPERIMENTAL PROCEDURES
This section presents the instrumentation of a commercial
Charpy impact test machine with the innovative
device designed for high-temperature impact tests and
the materials used to completely validate the in-situ
high-temperature heating technology.

Figure 2 shows the new device instrumented on a
pendulum Charpy impact machine Otto Wolpert-Werke
PW 5 S5 having a capacity of 50 J (minimum division of
0.5 J) and an impact velocity of 3.8 m s™'. The picture
also shows the AC transformer (output: 4 V - 1000 A
maximum).

The materials tested were AISI 1010, 1045, and 1080
carbon steels in the annealed condition. The content of
C and S of steel was measured on a Leco CS200 analyser

(see Table 1). Microstructural observations were made in
a Philips Quanta 200 Scanning Electron Microscope
(SEM). Rockwell hardness was measured in a NRZ testing
machine by using a 100 kgf load and 1/16” spherical
diameter indenter.

V-notch Charpy impact specimens were machined
from 4.76-mm-thick sheets. Specimen dimensions
(2.5 X 10 x 55 mm) and notch geometry were in accor-
dance with the subsize specimen ASTM E23-07 recom-
mendations.”® The orientation of the specimens tested is
longitudinal-transverse (LT). The thickness of paint on
the anvils and the sample is about 50 um, which is less
than the tolerance in the geometric dimensions of ASTM
E23-07 test specimens.'® However, several AISI 1045 steel
specimens were used to evaluate deviations in the Charpy
impact energy coming from the paint as well as from the
specimen clamping system. Two types of experiments
were performed at room temperature, 1 with painting
and clamping while the other was free of them. The differ-
ence in the average absorbed energy of 5 determinations
for each type of experiment is less than their respective
standard deviations; therefore, there is no detectable
deviation in the absorbed energy because of the proposed
in-situ heating device.

An AISI 1045 steel specimen was used for the
measurement of the temperature gradient at different
values of the control thermocouple in the range of
400°C to 700°C. Thermocouple type K (chromel/alumel)
of 0.1-mm wire diameter were arc-welded along the
x direction, see dashed line in Figure 3. The control
thermocouple was located at x = 3 mm from the notch.
A NOVUS Field Data Logger with an acquisition
frequency of 0.5 seconds was used for simultaneous
recording of the thermocouple output values. Mean-
while, thermographic measurements were taken with a
FLIR T640 infrared thermal imaging camera and the
electrical current through the Charpy specimen was
measured with a clamp metre.
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FIGURE 2 A, Photograph of Charpy machine with the
high temperature device. B, Details of the electrical terminals and
the clamping system [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Carbon and sulfur contents and hardness of steels

Carbon Steel C (Wt%) S (Wt%) HRg
AISI 1010 0.11 + 0.01 0.0093 + 0.0009 70
AISI 1045 0.47 + 0.03 0.037 + 0.004 89
AISI 1080 0.78 + 0.06 0.0061 + 0.0006 98

The Charpy tests were carried out from room
temperature up to 800°C. Only 1 sample was tested at
each temperature and alloy composition.

The information obtained from the impact tests was
the absorbed energy and the lateral contraction in
function of the temperature. The lateral contraction was

chosen instead of the lateral expansion (as recommended
by ASTM E23-07) because of the geometry of our subsize
specimen. This specimen has the ligament behind the
notch larger than the thickness so that the slip for plastic
deformation develops through the thickness on planes at
approximately 45°. This through-thickness mode of slip
should suppress the bend mode characteristic of the full-
size Charpy specimen losing sensitivity when measuring
lateral expansion.”’?® The methodology to measure the
lateral contraction capture a digital image (at 5X magnifi-
cation) of the fracture surface and measure the length
between fracture sides, in thickness direction ahead of
notch, using an image analysis software. The digital image
was taken with an Olympus BX60M microscope equipped
with an Olympus U-TV0.5XC-3 camera. The error
involved in this measurement is 0.01 ym. The minimum
length between fracture sides of the fracture surface of
both halves of the specimen was measured. The lateral
contraction was calculated as the average of both
measurements, and its error was estimated as half of the
difference.

4 | RESULTS AND DISCUSSION

4.1 | Thermal studies on the specimen
heating in-situ

Measurements using the specimen instrumented with
thermocouples are shown in Figure 4. Each data set
was measured at a specified control temperature. The
indicated temperatures were calculated by averaging
the values in stable control periods of 120 seconds; their
standard deviations were lower than 4°C. The specimen
is clamped with the refrigerated electrical contacts
(x = 19.25 mm); therefore, the temperature in its ends
is constant and independent of test temperature. The
temperature profiles in Figure 4 indicate a longitudinal
thermal gradient to notch of around (0.01 * Thoten) C/mm.

In addition to the thermocouple measurements in the
x direction of the sample, the 3 thermal images of Figure 5
allow us to estimate the temperature profiles along the y
direction of the specimen. Figure 5E shows these temper-
ature profiles for 2 x positions (in the notch (x = 0) and in
the control thermocouple (x = 3 mm)) and three different
control temperatures. At the x position of the notch and
for T, = 700°C, it can be measured a mild thermal gradi-
ent of 2.5°C/mm along the y direction.

Figure 6 shows the evolution of temperature versus
time as registered by the thermocouple placed at the crack
plane just below the notch (x = 0) during several heating-
cooling cycles for T, in the range of 400°C to 700°C. The
heating ramps are approximately linear with a rate of
32°C/s and independent of the maximum temperature at


http://wileyonlinelibrary.com

FERREIROS ET AL.

WILEY——*

FIGURE 3 Sample drawing with r
dimensions in mm and the reference \
system adopted. The gridding indicates . N

the electrical contact zones, and the — g5 |

dotted line indicates the thermocouples

welding sites

1 - * Refrigerated zone [
00 _ O ™ m 700°C; I'=379 A
¥ - v 6S0°C; I'=377 A
soo |- ¥ ¥ 0o ® 600°C; =374 A
iy & S30CC; =371 A
A 50T 1'=367 A

&0 B OAeC; 1

=354 A

400

300

Temperature (°C)

200

100 -

X (mm)

FIGURE 4 Temperature profiles of an AISI 1045
(2.5 X 10 x 55 mm) V-notch Charpy impact specimen heated by
AC current. The symbols are measured values, and the solid lines
are results from numerical solution of the thermal model
implemented in Equation Al. The open symbols represent the
control thermocouple value (T,) [Colour figure can be viewed at
wileyonlinelibrary.com]

the notch. They are followed by an isothermal stability
step and ends with the cooling step at 0 electrical current.
As expected, the magnitude of the cooling rate is depen-
dent on the maximum temperature reached in the notch.
The larger the maximum temperature reached in the
notch, the larger the cooling rate. As an example, we mea-
sured an initial drop of 100°C in times of 4 and 11 seconds
for Thoten = 734°C (T, = 700°C) and Tphoen = 412°C
(T. = 400°C), respectively. Because the elapsed time
from the interruption of electrical power to the impact is
0.1 second, the temperature drop at the impact time is
less than 2.5°C for the tested temperature range. These
temperature drops are less than the thermal oscillation
produced by the temperature control system; thus, the
current in-situ heating device meets the requirement
that the temperature of the specimen at the time of impact
is known.

Our measurements show that there is significant
variation of the temperature within the fracture process
volume but the extent of this could be related with the
control temperature. If so, the mean value and the

confidence interval of the temperature in the fracture pro-
cess volume could be reported with accuracy from the
value of the control temperature. To test this hypothesis
in a quantitative manner, we have implemented a ther-
mal model based on heat flow theory to know the temper-
ature distribution function of the specimen that fits the
experimental data obtained along the specimen through
the thermocouples (see Appendix A). The calculated tem-
perature profiles are included as solid curves in Figure 4.
Having the calculated temperature profile of the speci-
men, we obtained a graph of the temperature at the notch
and at the boundary of the fracture process volume
(2.5 mm from the crack plane) versus the control temper-
ature as shown in Figure 7. The linear dependence
between these variables is an unexpected but technologi-
cally important result because it enables a simple formula
for evaluating the mean value and the confidence interval
for the temperature in the fracture volume from the value
of the control temperature. Mainly, this thermal study
demonstrates that in-situ heating of Charpy specimen by
AC current produces a temperature gradient in the frac-
ture process volume whose limits can be known by calcu-
lation or by direct measurement. Prior knowledge of these
limits qualifies this procedure in the Charpy test for eval-
uating the ductile-brittle transition at high temperatures
of a particular material.

4.2 | Charpy tests at high temperature

The plastic-flow behaviour of ferrite + pearlite mixtures
in carbon steels has received most attention in the
past.**>° Flow stress and strain at maximum force (e,,)
as function of temperature were obtained with tension
test at low strain rates. For all carbon content up to the
eutectoid composition (0.77 wt% C), the overall behaviour
of the flow stress and ¢, is to decrease with temperature
displaying a discontinuity located around the eutectoid
phase transformation temperature. In the case of ¢,,, the
discontinuity is a sharp increment whose intensity
enhances with the perlite volume. On the other hand,
the behaviour of the discontinuity in the flow stress is
more complicated. Because the strength of the austenite
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phase is higher than that of ferrite phase and less than the
pearlite phase, the sharp transition of the flow stress
occurring at the eutectoid temperature of a mixture of
ferrite + pearlite may increase or decrease the flow stress
depending on the pearlite volume. From these results, 1
can guess that the toughness of these steels might show
a discontinuity in the same temperature range. So, we
propose to study this material property by using our in-
situ heating technology for the pendulum Charpy impact
machine.

FIGURE 7 Confidence interval for the temperature at the
fracture process volume as function of the control temperature

Scanning electron microscope photographs of the
tested steel microstructure can be seen in Figure 8. These
microstructures are typical of ferrite/pearlite carbon steels
in the furnace annealed condition. In this imaging,
smooth areas tend to be dark, and carbides standing in
relief above etched ferrite are brighter; this is generally
opposite to the contrast seen using optical microscopy.
So, the softer constituent (ferrite) appears dark gray in
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FIGURE 8 Microstructures of tested steels in the furnace annealed condition: A, AISI 1010; B, AISI 1045; and C, AISI 1080

colour while the harder constituent (lamellar pearlite)
looks light gray. The thickness of the ferrite network
across the pearlite colonies decreases as the carbon con-
tent increases.

To preserve the initial lamellar perlite microstructure
for test temperatures below the eutectoid transforma-
tion, the heating cycle for all Charpy test comprises an
initial stage with a heating rate of about 32°C/s, as
shown in Figure 6, followed by a hold time of 6 seconds
before the hammer contact the specimen. This short

heating cycle is only possible because of the chosen
heating method.

The variation in Charpy impact energy and lateral
contraction with temperature of tested ferrite/pearlite
carbon steels from room temperature up to about 800°C
is presented in Figures 9 and 10, respectively (note that
only 1 specimen was tested per alloy at a given tempera-
ture). The error bars show the confidence interval for
the temperature in the fracture volume as estimated by
the method of Figure 7. In contrast, the error bars for
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FIGURE 9 Variation of Charpy impact toughness with test temperature for several ferrite/pearlite carbon steels. The eutectoid temperature
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impact energy and lateral contraction were not added in
the figures because these were very small (for example,
the largest measurement error found in lateral contrac-
tion was +0.84% of the sample thickness).

For all carbon content, the impact toughness
decreases slowly from room temperature up to around
500°C and, at the same temperature, increased volume
fraction of pearlite lower the toughness. A steep tough-
ness jump appears at around 500°C and ends at the eutec-
toid temperature; the amount of perlite increases starting
temperature of this jump but the height of the jump is
independent. The lateral contraction, the parameter
correlating with plastic deformation in the Charpy-V test,
resembles that behaviour. These last findings are new in
the literature but they are in agreement with the softening

behaviour observed in tensile’®3? and hot-microhard-

ness>? test of ferrite/pearlite carbon steels. The observed
thermal softening of pearlitic steels can be related to the
increase in deformability of cementite with temperature
as revealed by Inoue et al.** In that study, they evaluated
the effect of temperature on the deformation and fracture
of cementite in steels. Their findings indicate that cement-
ite becomes highly deformable for temperatures above
400°C. As a consequence, for temperatures above 400°C,
the deformation of pearlite is no longer exclusively con-
trolled by the movement of dislocations within the ferrite,
but also in the cementite layers leading to an overall softer
response.

Figure 11 shows a SEM view of the fracture surface of
all steels cracked by impact at room temperature. In all
cases, the fracture surface is characterized by a honey-
comb structure with 2 regions of different cell size. The
larger cell size region shows a dimple fracture mecha-
nism, which is typical for high-ductility metals, and which
is formed by microvoid initiation, microvoid coalescence,
and microvoid-induced crack propagation under tensile
loading. Dimples are formed when the walls of the voids
break upon contraction. Most of the time, nonmetallic
inclusions (ie, sulphides/oxides) are found at the bottom
of these dimples as those signposted by small (yellow)
arrows in Figures 11A and 11B. Instead of this, the walls
of the honeycomb with the smaller cell size show cleavage
facets (see details in Figures 12A and 12C) because of a
brittle fracture as also occurs with the nonmetallic inclu-
sions inside them (see the inclusion signposted by the
large [red] arrow in Figure 11B). The size of the regions
with cleavage facets corresponds, as a rule, to the size of
pearlite colonies, and therefore, the honeycomb walls in
those regions are identified as cementite plates. Whereas
the region with the dimple fracture surface is identified
as the ferrite matrix. According to the model suggested

FIGURE 11 Scanning electron microscope (SEM) fractographs showing details of the fracture surface of the steels cracked by impact at
room temperature. A, AISI 1010; B, AISI 1045; and C, AISI 1080. The small (yellow) arrows indicate the inclusions in the bottom of the
microvoids in the ferritic matrix of the steel. The large (red) arrow indicates the cleavage fracture of an inclusion inside a pearlite colony

[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 Scanning electron microscope (SEM) fractographs showing details of the fracture in the pearlite colonies of the AISI 1045 steel

cracked by impact at room temperature (A and C) and at 640°C (B and D) [Colour figure can be viewed at wileyonlinelibrary.com]

by Miller and Smith,** the microvoid in lamellar pearlite
can also nucleate as a result of cracking of cementite
plates under the action of external loading. All of these
features together with the mechanical properties reported
above suggest that at temperatures lower than 500°C, the
crack nucleates within pearlite colonies and develop
slowly inside the ductile ferrite up to the collapse.

The effect of a test temperature greater than 500°C on
the impact rupture mechanism can be seen in the SEM
fractography of Figures 12B and 12D; the cementite plates
show now the same break upon contraction as the walls
of the voids in the ferrite. This observation agrees with
the proposed softening mechanism to explain the increase
in toughness at temperatures above 500°C and up to the
eutectoid transformation temperature.

The effect of the eutectoid transformation (A¢c;) on the
impact toughness is well defined in the results of the
almost fully pearlitic sample with 0.78%C (Figure 9).
There is an abrupt rise of toughness because of the higher
ductility of the austenitic phase, which replaces, through
the eutectoid transformation, the same volume occupied
by the pearlite. The subsequent increase of temperature
above the eutectoid reduces austenite toughness in the
same way as occurs in the ferrite phase. Because of the
high ductility of the samples around the eutectoid trans-
formation temperature, the lateral contraction data are

unable to account for such a fine detail. The results of
samples with 0.47%C and 0.11%C show that the disconti-
nuity in toughness is reduced as the volume fraction of
pearlite is lower in the pearlite + ferrite system. In these
cases, the rate of decrease in toughness above the eutec-
toid temperature is higher than the 0.78%C sample
because of the ferrite + austenite mixture instead of
almost fully austenite. Once again, these results are new
in the literature, but agree with increasing ductility
observed in tensile failure of ferrite/pearlite carbon steels
at the eutectoid temperature.* Because there is indirect
experimental information indicating a transition in
toughness of the pearlite + ferrite system following
the eutectoid transformation of austenite to pearlite
and that the temperature of said transformation is a
thermophysical property of the system, our results vali-
date the in-situ heating technology to estimate the ductile
brittle transition temperature with subsize impact test
specimens at elevated temperatures.

5 | CONCLUSIONS

The device developed for the heating of the specimen on
the supports of the Charpy testing machine, by flowing
AC electric current through it, reduces the uncertainty
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associated with thermal losses during transfer of a test
specimen from the furnace to the test machine and also
improves the alignment of the specimen in the test
machine. The results obtained from impact energy tests
of subsize specimens using the in-situ method have
proved to be sensitive with respect to a well-known phase
transformation temperature in ferritic/perlitic steels.

Although the initial impetus for the development of
this new technology was to estimate the ductile brittle
transition that occurs at high temperature in some metal-
lic alloy systems, we find that its wide range of specimen
heating rate provides new research tools for studying,
for example, the intermediate temperature embrittlement
of metals and alloys that has been an area of intense
research since 1912.%°
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APPENDIX A.

AXTAL TEMPERATURE DISTRIBUTION OF A V-
NOTCH CHARPY IMPACT SPECIMEN HEATED
USING THE JOULE EFFECT

The thermal model assumed that the cross sections of the
specimen have a constant temperature, but its area (A)
and perimeter (s) vary in the axial direction because of
the notch.” The heat flux is taken unidirectional along
the x axis of the specimen. The heat source comes from
the Joule effect produced by the electric current (I), and
the heat loss occurs by conduction to the ends of the
specimen and by radiation from the surface of the speci-
men to the environment. So, the total rate of heat gain
in a volume element of the specimen is

oT @ ( oT o

ADCZ = AA—)—hs(T—TeH—T (A1)

ot ox ox

where T is the specimen temperature at x position, T, is
the environmental temperature, C is the specific heat, D
is the density, p is the electrical resistivity, & is the surface
conductance, and A is the thermal conductivity. Our inter-
est is the case of steady temperature in which T does
not vary with the time and Equation Al becomes equal
to 0. Then, the differential equation was numerically
solved for T, through a finite differences method
with the boundary conditions 0T/0x, — ¢y = 0 and
Tix = 1925 mm) = 30 C.*® The electrical resistivity and the
thermal conductivity were expressed as linear functions
of the temperature fitted to literature data for AISI 1042
steel.>* A surface conductance of 7.5 W/'C m? was used
for all temperatures. For each control temperature, the
difference between modelled and experimental tempera-
ture profiles T(,, was minimized through a least squares
method where the fitting output value was the electrical
current (I*). The calculated temperature profiles are
included as solid curves in the Figure 4 of the main text.
We found different values for measured (I) and modelled
(I*) electric currents as can be seen in Figure Al.
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FIGURE Al Steady measured and modelled electrical currents
according to the control temperature

The origin of this discrepancy in the values of the
electrical current is discussed in the value of the surface
conductance parameter and the skin effect during the
flow of alternating current in conductive materials. The
value of h parameter has little influence in the modelled
electrical current result; for example, if h is reduced 2
orders of magnitude, I* drops 5 A at T. = 700°C. Even
more, the heat loss by radiation from the surface of the
specimen can be neglected in the modelling of the heating
by electric current in this kind of specimen. Skin effect is
the tendency for AC current to flow mostly near the outer

surface of an electrical conductor;*® this implies a
decrease of the section area of the specimen where the
Joule effect occurs (the term I°0/A of Equation Al). If
so, the heat source will have the same strength with less
electrical current as seen by comparing our experimental
data with the theoretical results. The decrease of the sec-
tion area of the specimen can be taken in account through
the concept of the skin depth (&) defined as the distance at
which the electrical current decreases to 1/e of its value at
the conductor surface. The skin depth formula is given by

§ = \/2p/wuol, (A2)

where w is the angular frequency of the current, y, is the
permeability of free space, and u, is the relative magnetic
permeability of the conductor. Given these assumptions,
the term describing the heat source in Equation Al is
corrected as follows,

I? I’
P _ P (A3)
Aeffective  (2(a + b)6—46

where a and b are the height and the width of the
specimen, respectively. The temperature dependence of
the relative magnetic permeability considered for a reas-
sessment of the electrical current by numerical calcula-
tion was obtained from Morishita et al41 for cold rolled
carbon steel. After this correction, the agreement between
measured and calculated currents was recovered.



