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Abstract: This paper analyses the failure of three bolts used in the structural connections of a
number of steel towers located in northern Europe. The analysis comprises optical and scanning
electron microscopy, microstructural and hardness analysis, mechanical testing and structural
integrity assessments. The three bolts present very similar failure processes, with a circumferential
external crack that led to the final failure. The morphology of the crack propagation is typical of
Hydrogen-Induced Stress Corrosion Cracking (HISCC), with mixed intergranular-transgranular
micromechanisms, tearing processes and secondary cracking. The cracks then grew subcritically until
they reached their critical size. Quench cracking or fatigue processes have been ruled out.
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1. Introduction

This paper analyses the failure of several high strength bolts used in the connection between
the different stretches composing structural steel towers operating on the coast of northern Europe.
The bolts were prestressed before being put into service and started to fail after two months of
operation. All of them were in galvanised conditions in order to have better corrosion behaviour.
Three of these bolts were received at the Laboratory of Materials Science and Engineering of the
University of Cantabria (LADICIM) in order to determine the cause or causes of the failures.

The literature gathers a number of documents analysing the failure of in-service high strength
galvanised bolts. Boyd and Hyler [1] demonstrated how galvanising generates both a significant
reduction of the resistance of bolts against Stress Corrosion Cracking (SCC) and Hydrogen
Embrittlement (HE) for similar bolts to the ones analysed here. Townsend [2] analysed the influence of
the material hardness on the HE of AISI-4140 steel bars, and established a limit of around 350 HV as
an acceptance criterion. The same author defines the possible sources of hydrogen during galvanising
and describes how the galvanising itself acts as an impenetrable layer that prevents the hydrogen
from escaping.

Other authors (e.g., [3–8]) have analysed those aspects related to the micromechanisms of crack
generation and propagation, as well as the processes explaining these phenomena, which are basically
Liquid Metal Embrittlement, Quench Cracking and Hydrogen-Induced Cracking.

The analysis performed here has also taken into account the reference standards for the structural
application of bolts. These documents [9–15] include recommendations for both the fabrication and
the design stages, and emphasise the need to perform analyses into the possible effects of hydrogen on
this kind of bolt.
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With all this, Section 2 gathers a description of both the components being analysed and the
experimental and analytical programmes performed, Section 3 presents the corresponding results,
Section 4 provides a discussion about the findings and the possible causes of the failures, and Section 5
gathers the final conclusions.

2. Materials and Methods

2.1. Description of the Bolts

Three of the bolts that had experienced a previous failure were received at the LADICIM in order
to determine the possible causes of such failures. The bolts had identical geometries, with a metric size
of 56 mm (M56), class 10.9, following UNE-EN-ISO 898-1 [9] and UNE-EN-ISO 898-2 [10], and were
fabricated with steel 42CrMo4 following UNE-EN-10027-1 [16] (equivalent to AISI 4140), the nominal
composition being gathered in Table 1. The bolts had the following identification:

‚ Bolt A, batch 1, material 42CrMo4
‚ Bolt B, batch 2, material 42CrMo4
‚ Bolt C, batch 3, material 42CrMo4

Table 1. Nominal composition of steel 42CrMo4 [16] (% weight).

C Si Mn P S Cr Mo

0.38–0.45 ď0.4 0.6–0.9 ď0.025 ď0.035 0.90–1.20 0.15–0.3

As an example, Figure 1 shows bolt B at reception.
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Figure 1. Bolt B at reception, showing the failure section.

During the fabrication process, the three bolts were first forged and then subjected to a subcritical
annealing followed by quenching and tempering. Finally, the bolts were hot-dip galvanised. Table 2
gathers the data of the thermal treatments, after which the bolts should present tempered martensite
on the surface and a combination of tempered martensite and bainite in the inner material.
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Table 2. Data of the thermal treatments.

Bolt Quenching
Temperature (˝C) Time (min) Tempering

Temperature (˝C) Time (min) Oil
Temperature (˝C)

A 855 180 570 180 90
B 855 180 555 180 90
C 855 180 560 180 90

The mechanical properties of the material being analysed should follow the specifications
established by UNE-EN-ISO 898-1 [9], which are shown in Table 3. The bolts were put into service
after the application of a 1280 kN preload. Here, it should be noted that failures occurred after two
months of operation, not during the application of the preload.

Table 3. Specifications for 42CrMo4 material following UNE-EN-898-1 [9].

Property Min Max

Tensile strength, Rm (MPa) 1040 -
Proof stress 0.2%, Rp0.2 (MPa) 940 -

Strain under max. load (L0 = 5d0) (%) 9 -
Reduction of area, Z (%) 48 -
Charpy Energy (´20 ˝C) 27 -

Hardness Brinell, HB 326 355
Surface hardness HV 0.3 - 390

2.2. Experimental and Analytical Procedure

The procedure performed here with the aim of determining the cause or causes of the failures
comprises the following steps:

‚ Visual inspection and macrographic analysis
‚ Chemical composition
‚ Microstructural analysis
‚ Hardness measurements
‚ Mechanical tests
‚ Fractographic analysis
‚ Structural integrity assessment of the fractured bolts

The analyses were performed on the three bolts, with totally analogous results in all of them.
Thus, for the sake of simplicity, the results presented below will be focussed on bolt A.

3. Results

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can
be drawn.

3.1. Visual Inspection and Macrographic Analysis

The failure sections of the three bolts presented two clearly different areas: a smooth one all along
the external perimeter, and a quasi-circular rough area located in the centre. This appearance has been
previously reported in a number of similar failures (e.g., [1]), where the smooth area was related to
subcritical crack propagation processes and the rough central area was identified as the final resistant
ligament with the presence of ductile micromechanisms. As an example, Figure 2 shows the fracture
surface of bolt A at both the head and the shank.
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Figure 2. Fracture surfaces at reception of bolt A. (a) Head; (b) shank.

3.2. Chemical Composition

A chemical analysis was performed using optical emission spectroscopy, with the results shown
in Table 4. It can be observed, by comparison to Table 1, that the chemical composition satisfies the
nominal composition of steel 42CrMo4.

Table 4. Chemical composition of the steel 42CrMo4 being analysed (% weight).

C Si Mn P S Cr Mo

0.42 0.27 0.80 ď0.025 ď0.035 1.10 0.22

3.3. Microstructural Analysis

The bolts were sectioned as shown in Figure 3. Two sections (identified as 1 and 2) were obtained
from each shank: the first piece contained the fracture section, while the second section was used
to analyse the material microstructure in two different locations (samples 2.1 and 2.2, as shown in
Figure 3).
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Samples 2.1 and 2.2 were polished and etched in 3% nital solution. The corresponding
microstructures were obtained along a radius of Section 2. Figure 4 shows the results obtained
in the centre (sample 2.1) and from the surface (sample 2.2) of Section 2. It can be observed that
the centre of the section (Figure 4a) presents tempered martensite together with bainite, whereas
the microstructure on the surface of the bolt is basically tempered martensite. This agrees with the
material specification.
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Figure 4. Microstructures observed in bolt A. (a) Centre of the section (sample 2.1); (b) sub-surface
material (sample 2.2).

The heads of the three bolts were also cut (see Figure 5) into three sections (named 3, 4 and 5).
Different samples were obtained from Section 4 in order to analyse the corresponding microstructure.
This was analysed at different points (A to D, as shown in Figure 6). In all cases, tempered martensite
was found to be the dominant microstructure, with bainite in the centre of the section (point D, see
Figure 7).
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3.4. Hardness Measurements

Hardness measurements were performed on both Section 2 (all along the radius of the shank)
and Section 4. For this purpose, a Vickers microdurometer was used, applying a load of 1 kg for 10 s
(following [17]). Figure 8 shows the results along the mentioned radius, while Figure 9 presents a
schematic of the hardness measurements performed in Section 4, where four paths were analysed:

‚ Path I: all along the half-width of the bolt head, approximately in the middle of the thickness.
‚ Path II: from the fracture surface to the head upper surface, all along the thickness of the bolt head.
‚ Paths III and IV: following 45˝ with the fracture surface and starting from the points (on the

fracture surface) where the bolt head and the bolt shank originally met.
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The results reveal an average hardness value between 350 and 370 HV1 in paths I, II and III, and
slightly lower than 350 in path IV. In any case, the hardness values observed in the bolt head are higher
than those measured along the radius of the bolt shank (which vary from 300 HV1 up to 350 HV1).

3.5. Tensile Tests

Tensile tests were performed following UNE-EN-ISO 6892-1:2010 [18]. More precisely, one tensile
test was performed to characterise each bolt. The tensile specimens were taken from the centre of the
shank, along its longitudinal direction, with a nominal diameter of 14 mm. The results are shown
in Table 5. It can be observed that the results satisfy the requirements of the material specification
(Table 3).



Metals 2016, 6, 163 8 of 14

Table 5. Results of the mechanical tests performed on the bolts.

Property A B C

Tensile strength, Rm (MPa) 1101 1106 1117
Proof stress 0.2%, Rp0.2 (MPa) 1001 1002 1011

Strain under max. load (L0 = 5d0) (%) 15.6 13.8 13.9
Reduction of area, Z (%) 56.0 52.0 52.0

3.6. Fractographic Analysis

The fracture surfaces of the three bolts were analysed in a Scanning Electron Microscope (SEM).
Images were taken from different areas of the fracture surfaces, as shown in Figure 2b (points “a”
to “e”) for bolt A. The most significant observations are shown in Figure 10: the perimeter of the
section (i.e., points “a”, “b”, and “c”) presented a mixed fracture surface combined with a predominant
intergranular fracture with transgranular tearing and secondary cracking (Figure 10a). This confirms
a subcritical crack propagation process prior to final fracture; the inner part of the fracture surface
(i.e., points “d” and “e”) reveals a ductile fracture with multiple microvoids, corresponding to the
remnant ligament of the section at failure.
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Figure 11, taken at point “c”, shows the galvanising layer with an important presence of cracks.
Cracks are also observed in the interface between the galvanising layer and the base material of the
bolt, with multiple initiation points.
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The profile of the fracture surface was also analysed using optical microscopy. As an example,
Figure 12 shows some significant results. Figure 12a corresponds to an area located in the external
perimeter, near point “b”. A brittle aspect with secondary cracks emerging from the primary
quasi-plane crack path can be observed, proof of the HISCC mechanism; Figure 12b corresponds
to an area around point “d”, revealing a much more ductile behaviour.
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3.7. Structural Integrity Assessment

This section presents the structural integrity assessment of the analysed bolts using Failure
Assessment Diagrams (FADs) [19,20]. For a given structural component containing a crack, the FADs
present a simultaneous assessment of both the fracture and plastic collapse processes by using two
normalised parameters, Kr and Lr, whose expressions are (e.g., [19,20]):

Kr “
KI

Kmat
(1)

Lr “
P
PL

(2)

where P is the applied load, PL is the plastic collapse load, KI is the stress intensity factor, and Kmat is
the material fracture resistance measured by the stress intensity factor (e.g., KIC, KJC, etc.). Lr may also
be expressed by the following Equation (3), which is totally equivalent to Equation (2) [19]:

Lr “
σref
σY

(3)

where σref is the reference stress and σY is the material yield stress.
Lr evaluates the structural component situation against plastic collapse, and Kr evaluates the

component against fracture, with the assessed component being represented by a point of coordinates
(Kr, Lr). Once the component assessment point is defined through these coordinates, it is necessary to
define the component-limiting conditions (i.e., those leading to final failure). To this end, the Failure
Assessment Line (FAL) is defined, so that if the assessment point is located between the FAL
and the coordinate axes, the component is considered to be under safe conditions, whereas if the
assessment point is located above the FAL, the component is considered to be under unsafe conditions.
The critical situation (failure condition) is that in which the assessment point lies exactly on the FAL.
Figure 13 shows an example with the three different possible situations when performing fracture
initiation analyses.
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In practice, structural integrity assessment procedures (e.g., [19,20]) provide approximate
solutions to the FAL, which are generally defined through the tensile properties of the material.
As an example, Option 1 of the FITNET FFS Procedure for those materials that do not have a yield
plateau (continuous yielding), is defined by the following equations [20]:

Kr “ f pLrq “
´

1` 0.5 pLrq
2
¯´1{2 ´

0.3` 0.7ˆ exp
´

´µL6
r

¯¯

, Lr ď 1 (4)

Kr “ f pLrq “ f p1q ˆ Lr
N´1
2N , 1 ă Lr ď Lrmax (5)

µ “ min
“

0.001ˆ
`

E{σy
˘

; 0.6
‰

(6)

N “ 0.3
ˆ

1´
σy

σu

˙

(7)

Lrmax “ 0.5
σy ` σu

σy
(8)

f p1q “
ˆ

λ`
1

2λ

˙´1{2
(9)

where σy, σu and E are the proof stress, the ultimate tensile strength and the elastic
modulus, respectively.

In any case, in order to complete the structural integrity assessment of the bolts, it is necessary
to quantify several parameters: the crack size (a), the applied load or stress, the material fracture
resistance (Kmat), and the material tensile properties.

Concerning the crack size, the results shown above (at both the macro- and microscopical levels)
reveal that the fracture surfaces present two distinct zones: an external smooth perimeter corresponding
to a mixed fracture surface combining a predominant intergranular fracture with transgranular tearing,
and an internal area with a clear presence of ductile micromechanisms. The external perimeter seems
to correspond to subcritical crack propagation prior to final failure, and it has been macroscopically
marked out in the three bolts, as shown in Figure 14 for the particular case of bolt A. The extension
(thickness) of this perimeter, corresponding to the crack size at failure, generally varies between
11.5 mm and 16.5 mm, although it may be punctually lower.
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Figure 14. FAD analysis (initiation) showing three possible situations: A, safe conditions; B, critical
condition; C, unsafe conditions.

Regarding the applied load, and following the information provided by the property, the bolts
were subjected to a preload of 1280 kN before being put into service. It is also known that failures took
place after several weeks of service, so the bolts did not fail during the application of the preload.

Moreover, six Charpy specimens were machined from the bolts. Three of the specimens were
machined from the external part of the bolt section, and the other three were obtained from the centre
(in all cases, the longitudinal direction of the Charpy specimens coincided with the longitudinal
axle of the bolt shank). The Charpy tests were performed following ISO 148-1:2011 [21]. The test
temperature was ´20 ˝C, considering the possibility of working conditions at low temperatures and
also to compare the obtained results with the material specifications (Table 3). The average values of
the Charpy energy were 69 J and 72 J, respectively, for the external material and the core of the bolt.
This little difference agrees with the small differences found in the corresponding microstructures
and hardness measurements. Nevertheless, in both cases the results are well beyond the material
specification (Table 3). BS7910:2005 [19] provides a formulation that allows the fracture resistance to be
correlated from Charpy measurements:

Kmat “
”

p12
a

Cv ´ 20qp25{Bq0.25
ı

` 20 (10)

where Cv is the Charpy energy of the material and B is the thickness of the component (here, the
diameter of the bolts). The resulting estimations of Kmat are 85.1 MPa¨m1/2 in the external material
and 86.9 MPa¨m1/2 in the middle of the bolt. This little difference justifies, for the sake of simplicity,
the use of the lower value in the FAD assessments shown below.

Finally, tensile properties have been taken from the material specifications (Table 3). Therefore, a
yield stress of 940 MPa and an ultimate tensile strength of 1040 MPa have been considered. Given the
results obtained in the tensile tests, which are 6%–8% higher than those required in the specification,
this is a slightly conservative assumption.

With all these data, it is already possible to perform the structural integrity (FAD) assessment.
Here, software VINDIO 1.1 has been used, which is based on the KI and PL (or σref) solutions provided
by BS7910:2005 [19] and the FITNET FFS Procedure [20], and the FAL solutions provided by the
FITNET FFS Procedure (now coincident with those gathered in the newest version of BS7910 [19]).
Two situations have been analysed:

‚ Circumferential flaw in the round bar (Figure 15), the crack size (a) being 11.5 mm (as a lower
value of the size of the external smooth area). The corresponding critical load is determined.
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‚ Circumferential flaw in the round bar, the applied load being 1280 kN (equal to the preload). Thus,
the critical crack size is determined.

‚ Preload of 1280 kN, considering a bolt of M56 and class 10.9, leads to an axial stress of the tower
bolt of 671 MPa, clearly under the level at yield stress (900 MPa).
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Figure 16 shows the corresponding reults obtained for analysis Option 1 [19,20], which defines
the FAL from both the yield stress and the ultimate tensile strength of the material (Equations (4)–(9)).
In the first analysis (Figure 16a), the critical load is 5908 kN, which is noticeably lower than the applied
preload. This discards that the notion that the external smooth area found in the fracture section
corresponds to a pre-existing crack (e.g., quench cracking), given that, in such a case, the application of
the preload (1280 kN) would have caused the failure of the bolts. The discarding of quench cracking is
also supported by the lack of zinc deposits in the surface of the pre-existing cracks.
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The second analysis (Figure 16b) provides a critical defect of 4.2 mm. This corresponds to the
maximum crack size in the bolts during the application of the preload (larger cracks would also have
caused failure).

4. Discussion

The results shown above suggest that there has been a subcritical crack propagation process from
the time at which the preload was applied to the final failure of the bolts, when the (approximately)
circumferential cracks reached the size shown in Figure 13. Considering the morphology of the
fracture micromechanisms, the small time lapse between the application of the preload and the failures,
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the nature of the steel used in the bolts (high strength steel), and the sequence of treatments performed
on the bolts (thermal treatments, galvanising, preload), it can be concluded that the most probable
cause of failure was Hydrogen-Induced Stress Corrosion Cracking (HISCC). Other possible causes
of cracking, such as fatigue, may be ruled out due to both the short time period during which the
bolts were in service and the small effects of variable loads on these kinds of prestressed components.
Quench cracking has also been ruled out due to both the absence of zinc deposits in the fracture surface
and the lack of failures during the application of the preloads.

Here, it should also be noted that crack propagation increased the compliance of the bolts. Thus,
the acting preload was decreasing as long as the crack size was increasing, until a given moment in
which the acting load and the critical load converged and failures took place (a = 11.5–16.5 mm).

Finally, following the literature [2], this kind of steel, with the hardness values measured here,
presents critical stress intensity factors for (hydrogen-governed) stress corrosion cracking (KIscc) in
the range of 20–30 MPa¨m1/2, and crack propagation rates in the order of 10´6–10´7 m/s. For the
case being analysed, KIscc would be achieved for crack sizes around 1 mm. In the case of pre-existing
cracks of 1 mm (or larger), the time to reach the critical value would be in the order of several hours,
which is much lower than the time between the application of the preload and the failure of the
bolts. This indicates that the pre-existing cracks were lower than 1 mm, and most of the time during
which the bolts were operating corresponded to the incubation time of such cracks, after which they
propagated until failure.

With all this, the crack propagation process is composed of several stages: the first one corresponds
to the rupture of the zinc layer, after which a galvanic pair is formed. This facilitates the initiation
of the cracks in the base material, just below the coating. Once the cracks have been generated, they
propagate due to Hydrogen-Induced Cracking mechanisms until they reach their critical size for the
load sustained by the bolts.

5. Conclusions

This paper analyses the failure of three bolts used in the structural connections of a number
of steel towers located in northern Europe. It has been observed that the three analysed bolts
present very similar failure processes, with a circumferential external crack that led to the final failure.
The morphology of the crack propagation is typical of Hydrogen-Induced Stress Corrosion Cracking
(HISCC), with mixed intergranular-transgranular micromechanisms, numerous tearing processes and
secondary cracking. The cracks then grew subcritically until they reached their critical size.

The high strength steel of the bolts presents high susceptibility to Stress Corrosion Cracking and
Hydrogen-Induced Cracking phenomena when it is subjected to thermal treatments that, as in the
case here analysed, generate hardness values around (and above) 350 HV. Under such conditions,
the critical stress intensity factor for hydrogen-controlled stress corrosion cracking processes (KIscc) is
drastically reduced, facilitating the initiation and subsequent propagation of cracks.

Quench cracking or fatigue processes have been ruled out given that, in the first case, the failures
would have occured during the application of the preloads and/or the in absence of zinc deposits on
the fracture surface; in the second case, the in-service time and the stress conditions in the bolts do not
justify any fatigue process.
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