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Abstract: The paper addresses the fatigue resistance, fracture behavior, and damage tolerance of a new
type of ultrahigh-strength bar for prestressing concrete made of a low-alloy lath martensitic steel.
The fracture tests show that the bar steel has a medium-high fracture toughness of 75 MPa m1/2 and
a fatigue cracking resistance that fits the Paris-Erdogan Law as most of Eurocode 3 structural steels.
The damage tolerance analysis combines two failure assessment diagrams (FADs), the first focused on
the damage level and the second on toughness and yielding capacity as material properties of the bar
steel, whose influence and interaction are determinant for failure. The location of the experimental
failure data in the FADs indicates that the steel is endowed with a combination of strength, ductility,
and toughness able to prevent unexpected failures. The damage micro-mechanisms revealed from the
examination of broken specimens differ from fatigue to fracture cracking, but in a manner consistent
with the observed mechanical behavior and microstructure of the bar steel.

Keywords: lath martensitic steel; fracture toughness; fatigue resistance; damage tolerance

1. Introduction

The accurate geometrical configuration and reliable loading control provided by the
high-strength steel bars for pre- or post-stressed concrete make them a versatile tool for
applying the sustainability and resilience criteria incorporated in the modern technical
codes [1,2], especially those affecting construction and rehabilitation of critical structures for
public safety, such as tunnels, gas storage tanks, but above all bridges, both in prestressed
and cable-stayed variants [3–7]. However, the minimum tensile strength required for these
steel bars is 1 GPa [7,8], which severely limits the types of bars available to this end. In
the case of the bars with pearlitic microstructure, such a high tensile strength is acquired
by applying adequate heat treatments to hot-rolled rods during manufacturing. Despite
this, the bars exhibit moderate ductility, low toughness, and limited resistance to stress
corrosion cracking under constant or fluctuating carrying loads [4].

In the last two decades, new types of martensitic steel bars that meet the tensile strength
requirement have been developed with the aim of improving toughness and enhancing the
ductile to brittle transition temperature [9–12]. Their improved properties are a consequence
of the hierarchical microstructure of the steel, which results from dividing the prior austenite
grains into several structural units with different length scales, i.e., lath, sub-block, block,
and packet [6]. In addition, the steel may contain small angular patches of retained austenite
and discrete inclusions related to microalloying [13,14]. It is generally accepted that the
addition of Cr, Ni, Ti, V, and Mo significantly improves the mechanical properties of lath
martensite steel bars, even though there is a degree of controversy regarding the detrimental
effect of their hierarchical microstructure on fatigue crack propagation [15,16]. In response
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to such a major concern in relation to the structural use of these bars, a considerable research
effort has been dedicated to the assessment of the fatigue cracking resistance, especially in
the second stage of fatigue, i.e., once the cracking process is initiated [17,18]. The results
showed that the crack propagation direction may change when the crack encounters hard
phase particles or boundaries of martensitic blocks with different orientations, though it
can be arrested at martensitic packet boundaries [17,19–22].

The object of this research is a new variant of a lath martensitic, ultrahigh steel bar
recently manufactured for prestressing concrete structures. In this view, the paper addresses
aspects of the steel behavior critical for the potential use of these bars as components of
structural tendons, related to resilience and durability. According to this purpose, the
fatigue and fracture resistance of this new lath martensitic steel are explored and discussed,
the findings being considered new and useful information for the structural engineering
and construction industry. Moreover, new insights related to damage tolerance are analyzed
on the basis of two failure diagrams that consider the influence and interaction between
the damage level, fracture resistance, and yielding capacity of the steel bars.

2. Material and Testing Methods
2.1. Material Characteristics

The tested ultrahigh-strength lath martensitic steel belongs to 23 mm diameter bars,
manufactured by hot-rolling and subsequent tempering, and is being recommended as a
new steel product for prestressing of concrete. Table 1 gives the average of the elemental
composition of steel determined on 3 tested samples with a carbon/sulfur analyzer (G4
ICARUS, Bruker AXS GmbH, Karlsruhe, Germany ) and an Inductively Coupled Plasma
Optical Emission Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). Table 2
provides the mechanical characteristics of the steel obtained by tensile testing 5 mm diame-
ter cylindrical specimens, machine-cut parallel to the bar axis. The tests were performed at
a 1 mm/min constant crosshead speed by using a 200 kN servo-hydraulic machine (Instron
8501, Instron, Norwood, MA, USA), equipped with a load cell of 50/25 kN static/dynamic.
As illustrated in Figure 1a, a conventional, resistive extensometer of 12.5 gauge length
was employed for the elongation measurement and further strain computing. Figure 1b
shows the moderately ductile fracture of one of the 5 tested specimens. The acquired
load-elongation data were collected, processed, and further used for the characterization of
the bar steel in accordance with the ISO 15630-3 [23].

Table 1. Chemical composition of the studied steel bars.

C * Mn Si P S * Cu Ni Cr Mo Ti V Fe

0.45 ±
0.01

0.65 ±
0.04

1.77 ±
0.10

0.017 ±
0.004

0.004 ±
0.002

0.01 ±
0.01

0.06 ±
0.01

0.15 ±
0.04

0.02 ±
0.01

0.03 ±
0.01

0.003 ±
0.001 Bal

* determined with the C/S analyzer.

Table 2. Mechanical properties of the studied steel bars.

Elastic Modulus,
[GPa]

Yield Strength,
[MPa]

Tensile Strength
[MPa]

[%] of Maximum
Uniform Elongation

220 988 1138 8

The image illustrated in Figure 1c, acquired with a scanning electron microscope,
SEM (XB 540, Carl Zeiss Microscopy GmbH, Jena, Germany), equipped with a focused ion
beam (FIB), shows that the main microstructure of the bars is lath martensite, successively
grouped in randomly arranged blocks and packets formed by dividing the prior austenite
grains. In addition, the presence of some disperse inclusions is marked in Figure 1c with
white arrows. The higher magnification detail captured in Figure 1d reveals two grouped,
globular inclusions, the first of about 1.5 µm in diameter and the second smaller than 1 µm,
which together might influence the fracture of the bar steel.
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Figure 1. Images showing the: (a) tensile testing of smooth cylindrical specimens; (b) the mod-
erately ductile fracture in tension of the steel; (c) representative microstructure of steel (the white
arrows are indicating some inclusions); (d) higher magnification detail illustrating two grouped,
globular inclusions.

2.2. Fracture Toughness and Fatigue Resistance Testing Procedures

The fracture toughness of the steel was determined on the basis of the ASTM E1304 [24]
procedure, which involves the use of a short-bar specimen (SBS) with a geometrical con-
figuration compatible with the dimensions of the studied bars, presented in Figure 2a.
Since ASTM E1304 [24] requires a minimum of three tests to be performed, three SBS
specimens were prepared for fracture toughness testing. In order to assure the fracture
test’s validity, conditioned by the crack growth in the small-scale yielding regime, the
chevron notches of the tested SBSs were fatigue precracked. This involved the use of the
same servo hydraulic equipment as for the tensile tests, with the load cell operating in
dynamic mode. An average of 12,000 loading cycles in the load range of 0.5 to 3 kN, at a
frequency of 8 Hz, were applied to each of the three specimens (SBS_1, SBS_2, and SBS_3),
of thickness B = 12 mm and length W = 17.4 mm. A crack mouth opening displacement
(CMOD) resistive extensometer was employed to control their cracking progress during
fatigue, which was interrupted after reaching distinct crack extensions, as follows: 9.45 mm
for SBS_1, 10.22 mm for SBS_2, and 11.14 mm for SBS_3. In the subsequent fracture tests,
illustrated in Figure 2b, the same CMOD extensometer was used to monitor the failure
process. Figure 2c shows the macroscopic image of one of the tested specimens, revealing
the fatigue crack and its final fracture.
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showing the fracture toughness testing of SBS specimens; (c) macroscopic image of one of the fracture
surfaces of specimens with the marked crack length, a, measured according to ASTM E1304 [24].

The fatigue behavior of the bar material was assessed by means of cyclic tensile tests
made with 5 mm diameter cylindrical specimens, in accordance with the sketch given in
Figure 3a. Each specimen was surface notched (Figure 3b) to a depth of 0.5 mm before
being subjected to several cyclic loading steps at room temperature at a frequency of 8 Hz.
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During each step, the load amplitude was maintained constant and decreased between
each two successive steps by 20% to assure that the applied load is constantly well below
the yield strength of the specimen in the corresponding cracked condition. In order to
maximize the number of experimental data, after each cyclic loading step, the specimens
were unloaded and the cracked areas were progressively marked by heat tinting, as it is
shown in Figure 3c. In addition, the crack size was determined from the specimen stiffness
obtained after each fatigue step by measuring the load-CMOD curve slope during the static
unloading process. The CMOD measurements were made by using a resistive extensometer,
mounted on the surface of the specimen, just ahead of the notch, on a 12.5 mm length. At the
end of each fatigue test, the specimens were broken in tension. The failure loads, together
with the final crack dimensions, were further used to find out the critical stress intensity
factor Kc for its further comparison with the determined fracture toughness measured from
the SBS tests.
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Figure 3. (a) Notched cylindrical specimen; (a, c—semi-axes of the ellipse assimilated to the fatigue
crack front, b—half-width of the fatigue crack, and R—specimen radius); (b) image of the notched
specimen; (c) image captured during the fatigue tests.

Lastly, the fracture morphologies in the fatigue crack propagation regime and in the
final stage of fracture, further examined by SEM (equipped with an energy-dispersive
X-ray analyzer—EDS, Oxford Instruments, Abingdon, Oxfordshire, UK), complement the
macroscopic evaluation of the fracture behavior of the bar steel.

3. Results and Discussion
3.1. Fracture Toughness and Critical Stress Intensity Factor

Figure 4 shows the plots of the applied tensile load vs. CMOD obtained from the
fracture tests of the three tested SBS specimens. The linearity of the obtained load-CMOD
curves remains up to failure, which indicates that this takes place in a small-scale yielding
regime and entails that the measured toughness is size independent. The slopes of the
linear parts of the three curves are consistent with the respective crack sizes, which are
9.45 mm in SBS_1, 10.22 mm in SBS_2, and 11.14 mm in SBS_3. The first graph (Figure 4a)
corresponding to SBS_1 indicates that the crack front remains stationary until the critical
load is reached and the specimen suddenly collapses. In the other two cases (Figure 4b,c),
the collapse is preceded by a number of pop-ins under decreasingly lower loads, so that the
first of them was identified as being the fracture load Pm (Table 3). The pop-in occurrence
can be explained by the decrease that experiences the stress intensity factor for this specimen
configuration when the crack grows. Nevertheless, the pop-ins are likely to be activated by
microstructural singularities that fail locally and cause the crack jumping. The probability
of this crack behavior increases with the high presence of singularities.
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Table 3. Fracture tests data and results obtained with the SBS specimens.

Tested
Specimen

Crack Length, a
[mm]

Load, Pm
[kN] a/W Y(a/W) KIc [MPa

m1/2]

SBS_1 9.45 4.87 0.54 25.38 78.23
SBS_2 10.22 4.46 0.59 25.92 73.03
SBS_3 11.14 4.20 0.64 27.36 72.59

Average: 75 MPa m1/2

According to ASTM E1304 [24], the yield stress σys = 988 MPa of the tested steel and
the selected thickness, B = 12 mm, of the SBS specimen meet the condition to obtain a
valid fracture toughness KIc, because the measured toughness values were lower than the
limit σys (0.8 B)1/2 = 110 MPa m1/2. The bar steel fracture toughness KIc was obtained by
particularizing Equations (1) and (2) for the experimental values of the fracture load Pm and
the fatigue crack depth a, the latter measured by optical microscopy on the fracture surfaces
of specimens and expressed as a fraction of the length of the specimen, ã = a/W [25]:

K1c = Y
(∼

a
) Pm

B
√

W
(1)

Y
(∼

a
)
= exp

(
12.2903 − 56.9

∼
a + 136.83

∼
a

2
− 151.34

∼
a

3
+ 66.097

∼
a

4
)

(2)

Table 3 gives the results of the three fracture tests. The deviation of the three mea-
surements does not exceed 3% from the mean value of 75 MPa m1/2, which consequently
provides a reliable estimate for the fracture toughness KIc of the steel. This qualifies the
analyzed bar steel as a medium-high toughness steel, which entails a limited risk of brittle
behavior if the bars are used for structural engineering applications.

Figure 5a shows the load-CMOD data obtained from the post-fatigue tensile fracture
tests of seven notched cylindrical specimens. Accordingly, the large plastic deformation
experienced by all of them before fracture is entirely incompatible with the small-scale
regime necessary for the stress intensity factor K to control the crack tip stress field. Despite
this, K was computed by particularizing Equations (3) and (4) for the maximum tensile
load F, the specimen radius R, the optically measured maximum crack depth a (Figure 5b),
and the crack width b (Figure 3a), given that the ratios ξ = a/b and ζ = a/(2R) appear in
the applied expression of K [26,27].
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K = YA
F

πR2

√
πa (3)

YA = 0.67 − 0.33ξ+ 5.73ζ− 0.29ξ2 − 2.943ξζ− 22.692ζ2 + 2.41ξ2ζ+ 10.684ξζ2

+49.34ζ3 − 8.82ξ2ζ2 − 10.16ξζ3 − 21.43ζ4 (4)
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The crack dimensions a and c used in Equations (3) and (4) are those of the fatigue
crack fronts (Figure 5b), as optically measured on the SEM images of fractured surfaces of
the tested specimen.

The stress intensity factors given in Table 4 present mean and scatter values quanti-
tatively comparable to the fracture toughness given in Table 3. The average value of the
critical stress intensity factors thus computed, of 81 MPa m1/2, is only 8% higher than the
fracture toughness found from the tested short bar specimens, while the standard deviation
of these seven values is 12% of the mean value. This indicates that the local condition ahead
of the deepest point of the crack front is linear-elastic and controls failure, even though, as
shown in Figure 5a, the global condition of specimens is elasto-plastic.

Table 4. Stress intensity factors at fracture of fatigue cracked cylindrical specimens (F0 = 22.34 kN).

Tested
Specimen

Crack Depth, a
[mm]

Max. Load, F
[kN] YA Kc [MPa m1/2]

FC1 2.08 14.89 1.400 83.64
FC 1.9 15.67 1.260 76.96

FC3 1.55 16.93 1.100 66.3
FC4 2.86 8.77 2.160 86.08
FC5 2.64 9.63 2.170 97.73
FC6 1.87 16.05 1.180 73.66
FC7 1.94 15.76 1.310 81.93

Average: 81 MPa m1/2



Appl. Sci. 2024, 14, 11543 7 of 13

3.2. Fatigue Resistance

Figure 6a shows the elliptical crack fronts developed on the fracture surfaces of FC1–
FC5 specimens under the action of the different steps of cyclic loading to which they were
subjected. The heat tinting at 250 ◦C applied for 15 min at the end of each fatigue step
allowed identification and measurement of each front on the fractured surface of all five
analyzed specimens. The results are given in Figure 6b and illustrate the dependence of
the crack depth, expressed as a fraction a/2R of the specimen diameter, on the number of
fatigue cycles. The plots indicate the tendency of the crack to initiate and grow when more
than 10,000 loading cycles are exceeded. In addition, the correlation between the crack
depth a and the cracked area Af is shown in dimensionless terms in Figure 7a, expressed as
respective fractions a/R and Af/A0 of the specimen radius R and the uncracked area A0.
These results allow the mean crack growth rate da/∆N and the mean stress intensity factor
range ∆K at the deepest point of the crack front to be computed for each fatigue step and
then matched in a logarithmic plot to determine whether they obey the Paris-Erdogan Law:

da
dN

= C(∆K)m (5)

given that in this equation ∆K and da/dN are, respectively, the applied stress intensity
range at each fatigue cycle and the crack growth per fatigue cycle.
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Figure 6. (a) Macroscopic images showing the fracture surfaces of the fatigue-tested notched cylin-
drical specimens with marked fatigue loading steps; (b) Relative crack depth a/2R as a function of
specimen diameter vs. number of fatigue cycles, N.

According to the stress intensity factor K given by Equations (3) and (4) for the tested
crack configuration, ∆K becomes:

K = YA

( a
b

,
a

2R

) ∆F
πR2

√
πa (6)

where R is the specimen radius and a and c are the semi-axes of the crack front for the
applied load range, ∆F. Then, Equation (5) was particularized for the load range applied
during each loading step and for the mean values of the elliptic crack semi-axes measured
at the initial and final crack fronts of the step. The resulting pairs of values (∆K, da/dN) are
plotted as blue dots in Figure 5b and confirm that the fatigue cracking of the tested steel fol-
lows the Paris-Erdogan Law with constants: m = 3 and C = 4.45 · 10−12 MPa−3m−1/2/cycle.
The values of these constants reflect a typical fatigue resistance of ferrite-pearlite structural
steels, significantly higher than that of martensitic steels [28].
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3.3. Damage Tolerance of the Bar Steel

Two Failures Assessment Diagrams (FADs) given in Figure 8a,b are used to analyze
the results of the previous fracture tests of the fatigue-cracked cylindrical specimens.
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In Figure 8a, the experimental fracture data, namely the failure loads Pmax, are plotted
vs. the cracked areas Af using as respective units the bearing load capacity P0 and the cross
section A0 of specimens in undamaged condition. In addition, the diagram contains the
theoretical failure predictions for plastic collapse PY and brittle fracture PF. The plastic
collapse occurs with the resistant ligament subjected to either pure tensile load (Line 1)
or combined tension and bending load (Line 2) and depends on the compliance of the
specimen to deflect transversely and align the ligament centroid with the load line. In both
cases, the measured tensile strength of the bar steel is assumed to be the ideal yield strength
that determines the plastic collapse. Consequently, Line 1 is given by:

PY

P0
= 1 − Af

A0
(7)
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while, according to [29], if the aspect ratio of the crack front given by the quotient a/c
belongs to the interval [0, 1], with 0 defining the straight crack front and 1 the circular crack
front, Line 2 can be approximated by:

PY

P0
=

(
1 − Af

A0

)2.1
(8)

Then, assuming that the stress intensity factor K in the linear elastic regime controls
the brittle fracture resulting from the stress and strain concentration at the crack tip, K
can be used for design purposes, as loading action vs. fracture toughness Kc as a material
resistance indicator. The load PF that would cause the brittle fracture of the bar steel can
be predicted from Equations (3) and (4), by particularizing the stress intensity factor K for
the value of 75 MPa m1/2 measured as fracture toughness Kc in the tests performed with
pre-cracked chevron notched specimens. This prediction would generally result in an area,
if plotted in the diagram shown in Figure 8a, rather than in a single curve, because two
independent variables determine the crack geometry. However, given that the crack aspect
ratios measured on the fracture surfaces of cylindrical specimens hardly deviate from the
mean value of 1.26, a single curve, corresponding to this mean value, has been plotted as
Line 3 in Figure 8a.

The positions occupied by the experimental failure data in the diagram given in
Figure 8a, when compared with Line 1, Line 2, and Line 3, indicate that no failure preceding
plastic collapse and caused by toughness occurs, even though they fit around Line 3. This
is due to the resistant ligament of the specimens that progressively displaces towards
the load line. The transversal compliance provided by the crack produces high enough
stresses to surpass the tensile-bending collapse load, theoretically predicted by Equation (8),
but capable of approaching the pure tensile collapse, given by Equation (7). However,
toughness-controlled failure (Line 3) prevents this from being reached, so that pure tensile
plastic collapse does not occur.

The failure assessment diagram adopted by Eurocode 3 for the design of steel struc-
tures against brittle failure [1] has also been used to assess the damage tolerance of the bar
steel resulting from the tested cylindrical specimens. This involved computing for each
specimen the stress intensity factor at fracture and the plastic collapse load by means of
Equations (7) and (8). Then, the experimental failure stress intensity factor and the failure
load of the specimens were plotted in the diagram given in Figure 6b after being expressed
as fractions of Kr and Lr of fracture toughness (Kc = 75 M Pam1/2) and plastic collapse load,
respectively. The safe criterion of Eurocode 3 is that the design actions determine points in
the diagram inside the area bounded by the ordinate with abscissa 1 and the curve given
by the equation:

Kr =
1√

1 + 0.5L2
r

(9)

For structural members and components that obey this safety criterion, the points cor-
responding to failure actions instead of design actions must satisfy the opposite condition
when brought into the diagram, that is, occupy positions outside the safety zone; otherwise,
the design actions would be at the same time failure actions, and the safety criterion would
not be met. As shown in Figure 8b, this is the case of data corresponding to the cracked
cylindrical specimens when tested up to fracture. All these experimental data points are
grouped in an area outside the safety zone, close to its vertex, indicating that the steel fails
well beyond the limit jointly determined by fracture toughness and yielding capacity. In
fact, all specimen failures occur for loads approaching the tensile bearing capacity of the
resistant ligament and indicate that the steel cannot be expected to fail in a brittle manner
even in damaged condition.
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3.4. Fracture Micro-Mechanisms of the Bar Steel

The SEM images illustrating the fracture features of the FC2 specimen are provided in
Figure 9. The red dashed line indicates the longitudinal cut (Figure 9a) that allowed the anal-
ysis of fatigue cracking and final fracture morphologies. As can be seen in Figure 9b, at the
macroscopic level, the almost straight fatigue crack path is followed by a slightly inclined
zigzag fracture. These crack paths are, respectively, influenced by the microstructure of fine
lath martensite obtained by microalloying a medium carbon steel due to inhibited growth
of prior austenite grains and by the respective types and sizes of inclusions thus generated.
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Figure 9c shows a higher magnification detail of the little tortuous, fatigue cracking
path, together with the microstructure lying below. Thus, it can be observed that the
deviation of the fatigue crack path from a straight line is small because the predominant
propagation takes place through the boundaries of the martensitic blocks. Nevertheless,
some higher angles induced by the change in the crack path direction can also be seen
in Figure 9c. These occur at the boundaries of martensitic packets or in the proximity of
spherical inclusions, which behave as cracking barriers. This behavior is consistent with
the SEM image of the fatigue surface shown in Figure 9e, which illustrates a complex
topography consisting of quasi-cleavage facets, secondary cracks at blocks or packets
boundaries, and small dimples around inclusions. The images in Figure 10a,b closely
capture a small spherical inclusion of Al2O3, of less than 1.5 mm diameter, found on the
fatigue path. The little developed dimple around it indicates a relatively weak contribution
to the fatigue-generated damage into the bar steel matrix.

Figure 9d provides a detail of the resistant ligament of the FC2 specimen fractured in
tension after interrupting the fatigue testing. The zigzag fracture path shown is due to both
rupture and decohesion of martensite packets. The fracture surface given in Figure 9f adds
new insights related to the morphology of quasi-ductile appearance, with fine dimples on
dis-bonded or ruptured packets of martensite and larger voids generated around inclusions
of spherical or prismatic shapes (Figure 10c,e). According to the corresponding EDX maps
shown in Figure 10d,f, these are sulfide (MnS) and nitride (TiN) inclusions with sizes
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comparable to those of the aluminum oxide (Al2O3) detected on the fatigue crack path.
Therefore, despite the weak contribution of these inclusions to fatigue damage, they could
influence the tensile fracture of the bar steel.

Figure 9g illustrates the fracture surface obtained after the toughness test of the SBS_2
specimen, showing how cracking initiates in the front of the convex-shaped fatigue crack.
According to the higher magnification image presented in Figure 9h, the cracking front
consists of a succession of transverse secondary cracks despite its quasi-ductile appearance.
Interspersed among them, it can be seen that stretched and broken martensite packets and
larger, deformed voids are generated around steel inclusions. Together, these morphological
features explain the formation of the load pop-ins in the fracture toughness test (Figure 4b,c).
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4. Conclusions

The experimental results of this research show that the studied ultrahigh-strength lath
martensite bars produced for structural purposes are endowed with a moderately high
toughness of approximately 75 MPa m1/2, obey the Paris-Erdogan Law with the exponent
m = 3, and, as most structural steels, combine in the due proportion high enough toughness
and ductility to be able to avoid brittle, premature failure even in case of significant
stress concentrators.

The damage tolerance analysis carried out from tensile testing of pre-cracked cylin-
drical specimens shows that the combination of ductility and toughness of the bar steel
prevents premature tensile failures even in the presence of severe damage. The analysis was
based on the joint use of two failure assessment diagrams, which allow for the separation of
toughness and ductility effects on the bearing capacity of the tested cracked configurations.

The damage micro-mechanisms are consistent with the mechanical behavior and
the microstructure of the bar steel. Despite the weak contribution of steel inclusions to
fatigue resistance, they are determinant for pop-in formation and consequently for fracture
toughness, as shown by SBS testing.
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