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Abstract
A ‘‘direct measurement’’ of the impact toughness of both Tempcore and microalloyed with vanadium
reinforcing steel bars, of the same strength class (500 MPa nominal yield stress), is undertaken. The term
‘‘direct measurement’’ means that V-notched specimens with the original round section of the bars (and not
with the standard rectangular one) are used, mentioned here as direct V-notched (DVN) specimens. The
major complications encountered with them are the use of non-standard geometry (Charpy V-notched,
CVN), the variable size of the bars and the composite microstructure of the Tempcore reinforcing steel. It
has been shown that the toughness characteristics of reinforcing steels may be estimated by the CVN impact
test using direct (DVN) specimens. It is found that if the notch exceeds a critical depth, meaningful
measurements may be obtained, regardless of the diameter of the reinforcing steel bar and that the
transition temperature may be estimated from the residual fracture angle of direct (DVN) specimens. The
microalloyed with vanadium reinforcing steel has a lower temperature-transition range from ductile-tobrittle fracture ( 10 1C), compared to the AISI 1020 steel, attributed to the vanadium micro-additions, but
it is higher compared to the Tempcore steel ( 30 1C).
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1. Introduction
The dynamic properties of steel reinforcing bars have been the subject of several studies [1–4].
In this respect, properties such as fatigue behaviour have been extensively investigated, in order to
affront the danger of premature failures [2–4]. It is a well-established fact that due to the brittle
behaviour of concrete under tension, the tensile stresses must be undertaken by the steel
reinforcement, which has intrinsically a ductile behaviour. Nevertheless, temperature and strain
rate are two very important factors which may affect the fracture characteristics of steel. Most
brittle fracture incidents, which occur in steel structures under moderate or low stresses, are due to
low temperature and dynamic loading conditions. In this respect, fracture toughness of the
reinforcing steels must be considered and the transition temperature range from ductile-to-brittle
fracture has to be known. The toughness of a metal can be deﬁned as the intrinsic ability to absorb
mechanical energy and to deform plastically before fracture. The brittle behaviour of concrete
under tensile stresses requires an enhanced toughness of the reinforcing steel as to ensure safety of
structures.
The Charpy-V test procedure was developed in 1909 for evaluating the toughness of steel and
for determining the transition temperature from ductile-to-brittle behaviour. Stress concentration
and high loading velocity have been recognized as the factors predisposing steel to brittle
behaviour [5]. Standard Charpy V-notch (CVN) impact tests are widely used in toughness
speciﬁcations, due to the ease of preparation and low cost of the CVN impact tests, although the
energy absorption values cannot be related directly to structural design.
A direct evaluation of the fracture toughness of Tempcore reinforcing steels was undertaken by
Rehm and Russwurm, based upon speciﬁcations concerning prestressed steels [6]. However,
experimental research and data on toughness of reinforcing steels is very scarce, so that their
transition temperature range is being approximately estimated from experimental data available
for other constructional steels of similar chemical composition [7,8].
The use of high-yield reinforcing steels in concrete construction has greatly increased in recent
years. Naturally ‘‘hardened’’ reinforcing steels or microalloyed steels present a uniform
microstructure throughout their cross-section, so that their impact toughness properties can be
measured from standard geometry CVN specimens. Microalloyed reinforcing steels are not
widespread due to their high cost. On the contrary, high-yield reinforcing steels produced by the
Tempcore process are widely used. This type of steels presents a two-layer microstructure on their
cross section, so that standard specimens are not representative of the material as a whole. This
excludes the possibility of preparing standard geometry Charpy specimens by machining of the
reinforcing steel bar.
In this study, a ‘‘direct measurement’’ of the impact toughness on the bars of both a Tempcore
and a microalloyed with vanadium reinforcing steel, of the same strength class, is undertaken. The
term ‘‘direct measurement’’ means that V-notched specimens with the original round section of
the bars (and not with the standard rectangular one) are used. These specimens are mentioned
here as direct V-notched (DVN) specimens. The major complications encountered with them are
the use of non-standard geometry, the variable size of the bars and the composite microstructure
of the Tempcore reinforcing steel. Preparing non-standard geometry specimens, for example
miniaturized specimens [9] is very effective for the characterization of material properties because
the collection of material may be done without critical damage to structures or components. In
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our case, miniaturized specimens in the case of smaller diameter bars and greater size specimens in
the case of larger diameter bars were necessary for direct measurement. For comparison, apart
from DVN specimens (with the round form of the bars) standard CVN specimens (machined from
the reinforced steel bars) were also tested and the results were compared to that of construction
steels of similar composition (AISI 1020 steel) known from the literature. The effect of using
round (DVN) specimens instead of standard (CVN) rectangular ones, as well as the effect of the
composite Tempcore microstructure on the impact fracture toughness of the reinforcing steels was
investigated. The transition temperature range from ductile-to-brittle fracture was determined and
the fracture mechanisms for both types of reinforcing steels, Tempcore and microalloyed with
vanadium, were examined.

2. Experimental procedure
Reinforcing steel bars produced by the Tempcore process and microalloyed with vanadium
steel bars are investigated. Their chemical composition and tensile properties are given in Tables 1
and 2. For the measurement of the energy of fracture DVN specimens were prepared from 8, 10,
12 and 14 mm nominal diameter bars in the case of the Tempcore steels and from 12 mm nominal
diameter bars in the case of the microalloyed with vanadium steels. Depending on the diameter of
the DVN specimens, the notch should have a minimum depth in order to induce a triaxial state of
stress in front of the notch. Insufﬁcient depth prevents breaking, leading to general yielding on the
cross-section of the specimen. Sufﬁcient energy must be available to completely fracture the test
specimen, but the fracture energy should not exceed 80% of the available potential energy of the
machine [5]. Direct impact testing on reinforcing bars implies that a different notch depth may be
necessary as to fulﬁll test requirements cited above, due to different diameter of specimens. The
fracture energy provided from the Charpy-V pendulum is limited to 300 J, so deeper notches are
necessary in the case of bigger diameter bars. Notch-root radius used for all experiments was
0.25 mm and anvil span 40 mm. As mentioned before, the Tempcore reinforcing steels present a
composite microstructure ranging from a tempered martensite layer on the surface to a relatively
soft ferrite–pearlite core. The hardened outer layer contributes to the high strength of the rebar,
while the interior section to the ductility, so that notch depth may be a critical factor in fracture
behaviour. Notch sensitivity was examined by testing DVN specimens with different notch depths
and for different diameter rebars. The knowledge of the effect of notch depth on the fracture
Table 1
Chemical composition of the investigated reinforcing steels (wt%)

Tempcore-A
Tempcore-B
Tempcore-C
Tempcore-D
Microalloyed

C

Mn

S

P

Cu

Ni

Cr

N

V

Ceq

0.236
0.247
0.276
0.243
0.250

0.910
0.850
0.801
0.807
1.220

0.032
0.035
0.033
0.042
0.047

0.036
0.019
0.008
0.016
0.030

0.359
0.251
0.223
0.260
0.519

0.128
0.112
0.103
0.149
0.107

0.142
0.091
0.063
0.087
0.096

0.014
0.005
0.016
0.006
0.028

0.002
0.001
0.001
0.001
0.075

0.454
0.441
0.448
0.430
0.536
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Table 2
Tensile properties of the investigated reinforcing steels

Tempcore-A
Tempcore-B
Tempcore-C
Tempcore-D
Microalloyed

Bar diameter
(mm)

Yield strength
(MPa)

Ultimate
strength (MPa)

Ultimate/yield
strength

Residual strain
after rupture (%)

8
10
12
14
12

570
585
597
594
531

655
660
692
670
740

1.15
1.13
1.16
1.12
1.34

24
22
20
21
19

Fig. 1. Notch geometry of direct CVN (DVN) specimens.

energy is needed, if any comparison on fracture toughness of different nominal diameter bars has
to be attempted.
Based on the above considerations, direct (DVN) tests were conducted over a range of
temperatures from 95 to 50 1C in order to determine the transition temperature range from
ductile-to-brittle fracture. The typical direct (DVN) specimens used originated from 12 mm
nominal diameter bars for both the Tempcore and the microalloyed reinforcing steels and their
geometry is shown in Fig. 1. Five DVN impact tests were performed and the average value was
taken. For comparison, three rectangular standard geometry CVN specimens were also machined
from the reinforcing steel bars for each testing temperature. This allowed estimating differences
between cylindrical (DVN) specimens and the standard ASTM-A CVN specimens [5]. In the case
of the microalloyed with vanadium reinforcing steel bars possessing a uniform microstructure
throughout their whole cross-section, the comparison of standard (CVN) and direct (DVN)
specimens were used as a reference to assess differences in using round instead of rectangular
specimens. In the case of the standard (CVN) specimens originating from the Tempcore bars, the
removal of the outer tempered martensite layer was unavoidable. The comparison of standard
CVN specimens with direct bar DVN specimens allowed estimating the effect of the hardened
outer layer to the overall performance of the Tempcore reinforcing steel bars.
Optical and electron scanning microscopy (SEM) were carried out on CVN and DVN
specimens as to investigate the fracture characteristics of both reinforcing steels.
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3. Results
3.1. Metallography
The microstructure in the cross-section (Fig. 2a) of the bars produced by the Tempcore process
consists of three main zones: a ﬁne ferrite–pearlite core (Fig. 2b), an intermediate hardened layer
with a mixture of bainite and ferrite (Fig. 2c) and a tempered martensite-hardened layer on the
surface (Fig. 2d).
In the case of the microalloyed with vanadium reinforcing steel, the microstructure consists of
ﬁne ferrite and pearlite, as shown in Fig. 3a and b. Fig. 3c is a TEM micrograph, showing a ﬁne
precipitation of V(C,N) [10] within the grains and on the grain boundaries as well as a relatively
high density of dislocations and their pinning on precipitates. Typical hardness proﬁles along a
diameter of a bar for both steels are shown in Fig. 4.
3.2. Effect of notch depth on the fracture toughness
Varying the notch depth of DVN specimens introduces different states of stress in front of the
notch. The depth of the notch in relation to the specimen thickness may be expressed by means of
a ‘‘notch depth ratio’’=(2R)/(2R d), deﬁned as the ratio of the diameter of the cross-section of
the bar (2R) to the depth of the unnotched area (2R d). This parameter increases with the notch
depth (d) and is a measure of the deformation constraint under the notch tip.
The effect of the notch depth upon the absorbed fracture energy is shown in Fig. 5. When the
notch depth ratio is increased the fracture energy decreases continuously and a value is attained
where the fracture energy remains relatively constant. This occurs beyond a critical notch depth
ratio of 2, i.e. for d4R. At this value, a local triaxial state of stress approaching plane strain
conditions is attained and yield is then localized in the notched cross-section. The concentration of
plastic strain below the root of the notch raises the effective strain rate and causes the yield
strength to increase by strain hardening.
In the opposite of the above situation, a small notch depth favours plane stress conditions, so
that the specimen yield spreads from the surface opposite to the notch and the corresponding
plastic deformation causes important increase of the DVN values.
In the case of rectangular CVN specimens it has been demonstrated that increasing the notch
depth beyond a critical ratio of 1.4 will produce no larger yield increase [11]. Direct bar DVN

Fig. 2. (a) Typical microstructural variation in a cross-section of a Tempcore reinforcing steel bar, (b) ferrite–pearlite
core, (c) mixture of bainite and ferrite and (d) tempered martensite hardened-layer.
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Fig. 3. (a) and (b) SEM and (c) TEM showing the microstructure of vanadium microalloyed reinforcing steel.

Fig. 4. Hardness distribution for tested reinforcing bars versus normalized radius of bar.

specimens introduce, however, a relatively slighter constraint in the notch front due to their
cylindrical geometry and need a notch depth ratio greater than 2 in order to approach plane strain
conditions. As a matter of fact, it can be observed from Fig. 5 that at a depth ratio of 1.4, DVN
values continue to decrease. The diameter of the bars is also of importance. Increasing the bar
diameter for a given notch depth causes the constraint to decrease and therefore the DVN energy
values to increase, deviating from plane strain conditions. A depth ratio equal to 2 corresponds to
a notch depth equal to the radius of the bar and greater depth ratios cause the scatter between the
DVN values for the different diameter bars to decrease. From the above observations, it may be
concluded that a notch depth equal to the radius of the bar will produce no further increase on the
principal stresses for cleavage and furthermore it will be appropriate for obtaining impact fracture
measurements.
In a given diameter DVN specimen, due to its cylindrical geometry, the length of the notch
front (L) increases with increasing notch depth (d) until the latter becomes equal to the radius of
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Fig. 5. DVN values as a function of notch depth ratios (2R/(2R d)).

Fig. 6. DVN values as a function of the notch front length ratios (L/(2R d)).

the bar, then it decreases again (see Fig. 1). If DVN values are represented as a function of the
front length ratio, expressed as the ratio between the notch front length and the depth of the
unnotched area (L/(2R d)), the graph of Fig. 6, similar to that of Fig. 5 is obtained. It is also clear
that for a notch length ratio greater than 2, DVN values show no signiﬁcant change. The results
seem to provide strong evidence that the triaxial state of stress in the material reaches the same
critical level, despite the differences in geometry and specimen size. The front length ratio may
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Fig. 7. Direct (DVN) energy values as a function of the size of fracture area for both 12 mm Tempcore and
microalloyed steel bars.

therefore be considered as an equivalent alternative for expressing the constraint under the notch
tip.
Varying the notch depth on Charpy-V specimens results in different size fracture areas. Fig. 7
shows the Charpy energy as a function of the size of fracture area. Comparison between the
12 mm diameter rebars of Tempcore and microalloyed reinforcing steel bars shows that the
microalloyed bars have less impact toughness than the Tempcore bars, especially in the case of
shallow notches corresponding to greater fracture areas. Welding defects, such as undercut or lack
of penetration and shallow notches caused by surface defects are more likely to appear in practice
than deep notches, thus making the difference between Tempcore and microalloyed steels
signiﬁcant in common building applications.

3.3. Transition temperature from ductile-to-brittle fracture
The temperature range from ductile-to-brittle fracture was determined in both Tempcore and
microalloyed reinforcing steels. The transition temperature is usually deﬁned as the temperature
needed to attain either an arbitrary level of fracture energy or a given fracture appearance or a
speciﬁed level of ductility. Because the transition is in general not sharp, it is difﬁcult to accurately
deﬁne a ductile-to-brittle transition temperature. In our investigation, the fracture appearance of
the DVN specimens was not reliable to determine the transition temperature range. Thus, the
transition temperature was determined as the temperature at which reduction of the absorbed
energy by 50% occurs between the upper and the lower shelf (Fig. 8).
From Fig. 8 it comes out that, according to DVN tests, the Tempcore reinforcing steel should
have a transition temperature of approximately 50 1C while the microalloyed with vanadium
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Fig. 8. Transition curves from ductile-to-brittle fracture for (i) direct (DVN) specimens of reinforcing steels produced
by the Tempcore process and microalloyed with vanadium, (ii) standard CVN specimens and (iii) typical range of AISI
1020 steel [9].

Fig. 9. (a) Fracture angles of DVN specimens after fracture versus testing temperature and (b) relationship between
fracture angles of DVN specimens and DVN energy values.

reinforcing steel should have a transition temperature of 35 1C. It is clear that the Tempcore
reinforcing steel shows superior toughness in comparison to the microalloyed steel.
As a tentative alternative, the transition was determined by measuring the bending angle of
fractured DVN specimens after matching their broken pieces. If the fracture angle of DVN
specimens is plotted against testing temperature (Fig. 9a), it is clear that the fracture angle
presents a local maximum at 30 1C for the Tempcore reinforcing steel and at 10 1C for the
microalloyed with vanadium steel. These results coincide with that obtained from Fig. 8 by using
energy values from CVN specimens, namely 30 and 10 1C for Tempcore and microalloyed,
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Fig. 10. Macroscopic aspects of the fracture areas of the standard CVN specimens of both the Tempcore (a) and the
microalloyed (b) with vanadium steel after testing to various temperatures.

steels, respectively. From these observations it is assumed that in the case of direct (DVN)
specimens, the transition temperature may be better estimated from the residual fracture angles.
This conclusion is corroborated by the fact that there is a linear relationship between fracture
angles and absorbed energy for both steels when using DVN specimens, Fig. 9b.
As mentioned above, fracture toughness of metals involves their ability to plastically deform
before fracture. Especially for reinforcing steels their ability to deform under dynamic loading is
well needed as to insure increased safety to structures. From Fig. 9b it is shown that, when loaded
dynamically, Tempcore steels show higher fracture energy and ductility (expressed as bending
angle) than microalloyed with vanadium steels in all temperatures tested between 95 and 50 1C.
The same is seen from Fig. 10, which shows the fracture surfaces of both the Tempcore and the
microalloyed with vanadium steel for various testing temperatures. It is observed that Tempcore
specimens present general yielding for temperatures as low as 80 1C, while microalloyed steel
specimens present some yielding only in the higher temperature range.
It should, however be noted that, according to tensile tests, the microalloyed reinforcing steel
has similar yield but higher ultimate strength than the Tempcore steel. It comes out, that the
ultimate to yield strength ratio, which is considered in some standards as a measure of ductility of
the reinforcing steels, does not mean necessarily better response to dynamic loading.

3.4. Fractography
3.4.1. Tempcore steel
A typical aspect of the fracture area of the Tempcore reinforcing steels tested at room
temperature is presented in Fig. 11a. Just under the notch the growth of the primary crack was
accompanied by intense secondary cracking. As shown on a cross-section perpendicular to the
fracture area (Fig. 11b) secondary cracks originated mainly from elongated manganese sulphide
(MnS) inclusions, which are aligned parallel to the rolling direction at grain boundaries. The
formation of secondary cracks delayed the propagation of the principal crack, resulting in
signiﬁcant plastic deformation of the ferrite grains. As a matter of fact, the characteristic ductile
fracture with large voids (dimples) is the dominant mode of fracture (Fig. 11c), although some
areas with shallow dimples are present in the tempered martensitic zone (Fig. 11d). The secondary
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Fig. 11. (a) Macroscopic aspect of the fracture area of the Tempcore reinforcing steel tested at room temperature, (b)
optical micrograph of a cross-section perpendicular to the fracture area. SEM of (c) characteristic ductile fracture mode
in the core of the bar and (d) in tempered martensite.

cracks vanished progressively as the primary crack advanced. Opposite to the notch, at the
periphery of the DVN specimen, a shear-lip is observed.
A macroview of the fractured Tempcore (DVN) specimen tested at the transition temperature
( 50 1C) is given in Fig. 12a. Secondary cracks are present only at a small distance from the notch
of the specimen and originated again from elongated MnS inclusions. The dominant mode of
fracture is brittle transgranular. Ferritic tongues in the brittle fracture areas prove that twining of
ferrite was the only possible deformation mechanism (Fig. 12b and c). From Fig. 11d, however,
deformation of ferrite grains is still observed, which justiﬁes the increased DVN values measured
at low-temperature testing. From the above it is recognized that despite the brittle transgranular
character of fracture, ferritic grains showed signiﬁcant plastic deformation mainly by twinning
mechanisms.
3.4.2. Microalloyed with vanadium steel
A microalloyed with vanadium (DVN) specimen, fractured at room temperature is shown in
Fig. 13a. The ductile mode of fracture characterized by ﬁne dimples just under the notch (Fig.
13b), is soon replaced by the brittle mode as the crack accelerates. Secondary intergranular cracks
are also formed (Fig. 13c). The brittle integranular mode of fracture, as compared to the
transgranular one observed in the case of the Tempcore DVN specimens, indicates smaller
integranular fracture strength than the cleavage strength along lattice planes. Just under the
cleavage surface no signiﬁcant plastic deformation is observed (Fig. 13d). The relatively lower
impact toughness of the microalloyed steel is attributed mainly to its high hardness and to
precipitation hardening (Fig. 3c).
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Fig. 12. (a) Macroscopic aspect of the fracture area of the Tempcore reinforcing steel tested at 50 1C, (b) SEM of
brittle fracture mode, (c) ferrite tongues are observed in the brittle fracture area and (d) optical micrograph of a crosssection perpendicular to the fracture area, showing grain deformation.

Fig. 13. (a) Macroscopic aspect of the fracture area of vanadium microalloyed reinforcing steel tested at room
temperature. SEM of (b) ductile fracture mode, (c) brittle intergranular mode. (d) Optical micrograph of a cross-section
perpendicular to the fracture area.
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Fig. 14. (a) Macroscopic aspect of the fracture area of vanadium microalloyed reinforcing steel tested at 50 1C, (b)
SEM of brittle fracture mode and (c) and (d) optical micrographs of cross-sections perpendicular to the fracture area
showing mixed intergranular–trangranular brittle fracture.

The brittle intergranular fracture observed at room temperature is replaced by a mixed
intergranular–transgranular mode, when DVN specimens are tested below 50 1C, Fig. 14. It is
observed that propagation of cracks follows ferrite grain boundaries especially along
carbide–ferrite interfaces. Curry and Knott have shown that cleavage failure initiates when
brittle grain boundary particles of cementite fracture to provide incipient microcracks that can
subsequently propagate catastrophically through the steel [12]. Secondary microcracks are also
observed, which appear to have initiated at grain boundary carbides and arrested inside grains or
at grain boundaries of ferrite (Fig. 14d).

4. Discussion
This investigation has shown that the toughness characteristics of reinforcing steels can be
estimated by the CVN impact test, using direct (DVN) specimens. It is found that if the notch
depth exceeds a critical value [11], meaningful measurements may be obtained, regardless of the
diameter of the reinforcing steel bar. This result is valid for both reinforcing steels, either
Tempcore or hot-rolled microalloyed with vanadium. The Tempcore reinforcing steels show
greater DVN energy values compared to the microalloyed steels, in particular for specimens with
a shallow notch. In the case of specimens with a deep notch this difference is minimized (Fig. 7).
This should be attributed to the fact that deep notches remove more hardened material from the
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periphery of the bar and implies that the comparatively greater toughness of the Tempcore
reinforcing steels is mainly due to the presence of their outer hardened layer.
The signiﬁcantly greater CVN energy values as well as the lower transition temperature range of
the Tempcore steels compared to the AISI 1020 steels [13], should be attributed to the
characteristic texture of the reinforcing bars with grains elongated parallel to the rolling direction
as well as to their accelerated cooling conditions compared to the as rolled AISI 1020 steel [14,15].
As a matter of fact, the fracture resistance of a hot-rolled component can be enhanced
considerably when the rolling ﬂow lines are oriented parallel to major stress trajectories and
normal to the path of a potential crack. The mechanical ﬁbreing involves not only elongation of
the grains but also alignment of inclusions [15], which has been clearly observed in the steels
examined here and caused intense secondary cracking on the fracture surfaces, associated with
increased (DVN) energy values.
The direct (DVN) tests show that the Tempcore steel presents higher impact toughness
compared to the microalloyed with vanadium steel. This is valid not only for the direct (DVN) but
also for the standard CVN geometry specimens, Fig. 8. In the lower energy shelf, i.e. at low
temperatures, the Tempcore steels present a CVN value of 50 versus 5 J approximately for the
microalloyed steel. There is an energy ratio of 10 between the Tempcore and the microalloyed
steel. In the case of the direct (DVN) testing, the Tempcore steels present a value of 70 versus 7 J
approximately for the microalloyed steel. It is evident that the above energy ratio agrees with the
corresponding ratio when testing with standard geometry CVN specimens.
When testing with direct (DVN) specimens, the transition range from ductile-to-brittle fracture
for the Tempcore steels is lower ( 50 1C) than that of the microalloyed reinforcing steels ( 30 1C).
Standard geometry CVN specimens show for both reinforcing steels a transition temperature of
approximately 20 1C higher than in the case of direct (DVN) specimens. This difference
should be attributed to the different geometry of specimens, namely to the lighter
constraint imposed in the case of the round specimens, which causes deviation from plane strain
conditions.
The carbon content and the alloying elements are signiﬁcant metallurgical factors affecting
fracture toughness. Even small carbon amounts increase the transition temperature and decrease
the upper-shelf energy of iron, especially in the absence of other alloying elements such as
manganese. Manganese up to about 1.5% lowers the transition temperature by about 6 1C per
0.10% but it has no signiﬁcant effect on the maximum energy or on the shape of the
transition curve [5]. In this investigation, the difference in chemical composition does not
present variations on the carbon content that could explain the increased DVN or CVN values
obtained for the Tempcore steel compared to the microalloyed with vanadium steel.
On the other hand, the microalloyed steel presents a higher ductile-to-brittle transition
temperature, despite its higher manganese content, which should normally lower the transition
temperature. This means that the fabrication process of the steel prevails on composition
differences.
Other alloying elements such as vanadium, niobium and titanium are known to improve
toughness primarily by reﬁning the ferrite grain size [10,16,17]. It is established that in V and/or
V–Ti steels carbonitride precipitation plays an important role in controlling the microstructure
and mechanical properties [18]. In fact, it has been reported that the ferrite grain size is inﬂuenced
by the formation of ﬁne precipitates during and after transformation, leading to very ﬁne ferrite
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grains under particular processing conditions [17,19]. In this respect the decreased temperature
transition range from ductile-to-brittle fracture observed for the microalloyed with vanadium
reinforcing steel, as compared to the AISI 1020 steel, should be explained from the grain reﬁning
effect.
In the case of steel, it has been recognized that the controlling step in fracture is crack
propagation rather than crack initiation. It has also been appreciated that either propagation
across the grains or through the grain boundaries could be critical. The carbide ﬁlms, located at
the grain boundaries, are readily cracked by slip bands in the ferrite since the carbides are brittle.
The critical step in cleavage may then become the passage of the carbide crack into the more
plastic ferritic grain [21].
From the above, it is derived that although the additions of vanadium results in an increase in
yield levels due to grain reﬁnement, it may also be associated with a reduction in ductility and
impact toughness [22]. The decrease of ductility, as measured from tensile tests, is in general low,
while the impact characteristics of reinforcing steels are not required by present standards and
therefore not speciﬁed. Nevertheless, the interphase precipitation of vanadium carbonitrides in the
ferrite and also within the ferrite lamellae of the pearlite [20] was proven to be responsible for the
lower impact toughness of microalloyed reinforcing steels.
5. Conclusions
– It has been shown that the toughness characteristics of reinforcing steels may be estimated by
the CVN impact test using direct (DVN) specimens. It is found that if the notch exceeds a
critical depth, accurate measurements may be obtained, regardless of the diameter of the
reinforcing steel bar. This result is valid for both reinforcing steels, either Tempcore or hotrolled microalloyed with vanadium.
– The microalloyed reinforcing steels have less impact toughness than the Tempcore steels despite
the fact that both reinforcing steels present similar tensile characteristics, especially in the case
of shallow notches corresponding to greater fracture areas.
– According to DVN tests, the Tempcore reinforcing steel has a transition temperature of
approximately
50 1C while the microalloyed with vanadium reinforcing, a transition
temperature of 35 1C.
– According to standard CVN specimens, the microalloyed with vanadium reinforcing steel has a
lower-temperature transition range from ductile-to-brittle fracture ( 10 1C), compared to the
AISI 1020 steel, attributed to the vanadium micro-additions, but it is higher compared to the
Tempcore steel ( 30 1C).
– The transition temperature may be estimated by measuring the bending angle of fractured DVN
specimens after matching their broken pieces. The transition temperature range from ductile-tobrittle fracture coincides to the temperature at which the fracture angle presents a local
maximum at 30 1C for the Tempcore reinforcing steel and at 10 1C for the microalloyed with
vanadium steel.
– Microalloyed reinforcing steels have inferior ductility when loaded dynamically than Tempcore
steels, although they have similar yield but higher ultimate. It comes out, that the ultimate to
yield strength ratio, which is considered as a measure of ductility of the reinforcing steels, does
not mean necessarily increased dynamic response of the steels.
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