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ABSTRACT

ARTICLE INFO

This study investigates the premature failure of a high-strength hot-dip galvani-
zed 42CrMo4 steel bolt of property class 10.9 used in a spatial steel structure. The
aim was to identify the most likely failure mechanism and provide a basis for pre-
venting similar failures. The investigation included visual and macrographic
examination, optical emission spectroscopy, light optical microscopy (LOM),
zinc-coating thickness evaluation, and Vickers hardness testing (HV1). The frac-
ture occurred at the head-to-shank junction. The steel exhibited a tempered mar-
tensitic microstructure with banding, while the zinc coating was 82-155 um thick
and showed local damage and cracking. Hardness values ranged from 330 to 401
HV1, with several measurements exceeding 350 HV1. All measured alloying ele-
ments except carbon were within the nominal composition ranges for 42CrMo4
steel. Considering the fracture morphology, elevated local hardness, coating con-
dition, and short time to failure, hydrogen embrittlement was identified as the
most likely failure mechanism. These findings illustrate the value of combining
fracture-surface observations, metallography, coating assessment, and hardness
measurements in the failure analysis of high-strength galvanized fasteners. From
a practical perspective, the results may support more informed selection, in-
spection, and quality control of high-strength fasteners, thereby helping to re-
duce the risk of similar premature failures.
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1. Introduction

This paper analyses the fracture of a high-strength class 10.9 bolt used in the steel structure of
Hall 3 of the historic fair complex. The bolt failed just a few days after installation and before the
facility was put into use. The bolt was hot-dip galvanized for better corrosion resistance. Numer-
ous studies have analysed premature failures of high-strength hot-dip galvanized bolts in service.

In a broader production-engineering context, quality control in steel production increasingly
combines conventional inspection techniques with data-driven methods, including machine lear-
ning, to identify defects and relate them to manufacturing-process conditions [1, 2]. Boyd and
Hyler [3] highlighted the susceptibility of galvanized high-strength bolts to hydrogen-stress crack-
ing and stress-corrosion cracking. Townsend [4] likewise showed that zinc coatings can reduce
the fracture resistance of high-strength AISI 4140 steel (approximately equivalent to 42CrMo4)
and that susceptibility depends strongly on material hardness. These findings underline the im-
portance of controlling hardness, hydrogen sources, and galvanizing conditions in high-strength
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fasteners. Other authors [5-10] have investigated the micromechanisms of crack initiation and
propagation, including liquid metal embrittlement (e.g., molten zinc on steel), hydrogen-induced
cracking, and quench cracking.

Liquid metal embrittlement occurs when a normally ductile solid metal comes into contact
with a liquid metal of lower melting point (e.g., molten zinc on steel). Under the action of tensile
stress, the liquid atoms penetrate the grain boundaries of the solid material, severely weakening
the cohesion and causing sudden intercrystalline cracks.

Hydrogen-induced cracking (HIC), often referred to as hydrogen embrittlement, occurs when
atomic hydrogen enters and diffuses through the metal lattice, as illustrated in Fig. 1 [11]. The
accumulated hydrogen reduces ductility and causes localised embrittlement. Under residual or
applied stresses, the metal experiences cracking, predominantly intercrystalline or along inclu-
sion boundaries.

Quench cracking is caused by high thermal and transformation stresses generated during rapid
cooling (quenching) in heat-treatment processes. If the material is too brittle or has high carbon
content, these stresses exceed the material's strength, forming cracks.

The analysis of the bolt in question should therefore consider the applicable standards [12-16]
governing high-strength structural bolting, steel designation and composition, hot-dip galvanized
coatings, and Vickers hardness testing.
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Fig. 1 Hydrogen embrittlement mechanism (adapted from [11])

2. Materials and methods
2.1 Description of the bolt

Aboltthat failed a few days after installation was taken to the laboratory to determine the possible
cause of the failure. The bolt had a hexagonal head, an M27 metric thread, a nominal length of 105
mm, and property class 10.9, in accordance with EN 14399-4 [12]. The steel designation 42CrMo4
follows EN 10027-1 [13], and its nominal chemical composition according to EN 10083-3 [14] is
shown in Table 1.

According to the technological process specified in the technical documentation, the bolt is hot
forged, hardened and tempered. After heat treatment, it is hot-dip galvanized. A tempered mar-
tensitic microstructure was therefore expected.

The broken bolt that was received for testing is shown in Fig. 2.

Table 1 Nominal chemical composition of 42CrMo4 steel (wt.%)

C Si Mn P S Cr Mo
0.38-0.45 max. 0.4 0.6-0.9 max. 0.025 max. 0.035 0.9-1.2 0.15-0.3
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Fig. 2 Broken bolt that was received for testing

2.2 Experimental procedure

The high-strength hot-dip galvanized 42CrMo4 steel bolt investigated in this study experienced a
premature brittle fracture at the critical head-to-shank junction. To determine the underlying
cause of the fracture and characterise the material, the investigation included the following stages:

Visual inspection and macrographic analysis: Macroscopic evaluation of the fractured bolt to iden-
tify surface anomalies, fracture morphology, and the overall crack path.

Determination of chemical composition: Quantitative chemical analysis to verify nominal steel
grade compliance and identify potential localised compositional deviations.

Microstructure examination: Optical characterisation of the steel microstructure and the condition
of the zinc coating.

Microhardness measurements: Measurements in the subsurface fracture zone to assess local hard-
ness variations relevant to embrittlement.

3. Test results
3.1 Visual inspection and macrographic analysis

The initial phase of the failure analysis involved non-destructive macrostructural screening of the
fractured bolt component. Visual inspection and macro-photography were performed using an
optical microscope equipped with a high-resolution digital image capture system. This stage fo-
cused on mapping the exact crack initiation site, evaluating the spatial propagation path across
the fracture cross-section, and identifying the macrographic topography. Special attention was
directed to the geometric transition zone at the head-to-shank fillet junction to evaluate mechan-
ical tolerances, assembly alignments, and the physical integrity of the protective hot-dip galva-
nized coating layer directly adjacent to the main fracture path.

Fig. 3 shows the fracture surface of the bolt on both the head and shank. A cross-section of bolt
failure shows two clearly distinct areas: a smooth area along the entire outer edge and a quasi-
circular rough region located in the central part of the cross-section of the bolt. The rough, central
region of the failure surface has a significantly smaller area compared to the zone of stable crack
propagation. The failure is straight, perpendicular to the axis of the bolt, see also Fig. 2.
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a)

Fig. 3 Fracture surfaces on the received bolt: (a) head; (b) shank

3.2 Chemical composition

Chemical analysis was carried out using optical emission spectroscopy, and the results are shown
in Table 2. Compared with the nominal ranges in Table 1, all measured elements except carbon
are within the specified composition limits for 42CrMo4 steel.

The chemical analysis indicates that the carbon content (0.339 wt.%) is below the nominal
standard range for 42CrMo4 steel (0.38-0.45 wt.%). This deviation may result from minor surface
decarburization during heat treatment or from local chemical heterogeneity. Although the lower
carbon content could marginally reduce the peak attainable hardness, the material still exhibited
a hardened tempered martensitic microstructure, as discussed below.

Table 2 Measured chemical composition of 42CrMo4 steel (wt.%)

C Si Mn P S Cr Mo
0.339 0.21 0.78 0.012 0.011 0.98 0.16

3.3 Microstructural analysis

Fig. 4 shows a sectioned part of the bolt shank with the fracture surface and the mounted metal-
lographic samples marked 1 and 2. The preparation procedure for samples 1 and 2 included grind-
ing, mechanical polishing, and etching with 3 % nital.

Grinding removed the deep marks left by the cutting and created a flat surface. The process
was carried out gradually, using wet sandpaper of increasing grit, from coarse to fine.

Mechanical polishing was performed on rotating discs with the addition of aluminium oxide
until a high-gloss surface was obtained. Diamond paste was used for final polishing.

Etching with 3 % nital (a mixture of 3 % nitric acid and ethanol) selectively revealed the mi-
crostructure for optical microscopy.

Mounted samples were used for both microstructure analysis and microhardness analysis.

Metallographic analysis of the cross-section of the fracture surface was carried out using an
optical microscope at magnifications of 100x and 500x. The microstructures of samples 1 and 2
were similar, showing banding parallel to the longitudinal axis of the bolt (Fig. 5a) and tempered
martensite (Fig. 5b).

Based on microstructural examination using a measuring reticle, the thickness of the hot-dip
galvanized layer was determined to be 82-155 pum. For reference, EN ISO 10684 specifies a mini-
mum local coating thickness of 40 pm and a minimum batch-average coating thickness of 50 um
[15]. The galvanized layer was partially damaged (Fig. 6a), and cracks were also observed in the
coating (Fig. 6b).

Advances in Production Engineering & Management 21(2) 2026 271



Bulatovié, Kovacevic, Aleksi¢, Samardzic¢

b)
Fig. 4 Sampling for microscopic analysis: (a) cutting a part of the bolt shank with a fracture surface;
(b) mounted metallographic samples 1 and 2

Fig. 5 Photographs of the cross-section of the fracture surface of tested samples 1 and 2: (a) banded microstructure
(magnification 100x); (b) tempered martensite (magnification 500x)

(% 4

AEVE

o P R h
a) b)
Fig. 6 Photographs of the cross-section of the zinc layer: (a) damage to the zinc layer (magnification 100x);
(b) cracks in the galvanized coating (magnification 500x)
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3.4 Hardness measurements

Vickers hardness testing [16] was performed on mounted metallographic samples in the fracture
zone, i.e., below the fracture surface. A semi-automatic HENRI HAUSER-BIENE 249a optical hard-
ness tester was used with a test force of 9.807 N (HV1). Fig. 7 shows the locations of the measuring
points and the measured hardness values on mounted metallographic samples 1 and 2 (see Fig. 4).

Fracture surface

- Fracture surface

a) b)
Fig. 7 Location of measurement points and measured hardness values (HV1) on mounted metallographic
samples 1 and 2: (a) sample 1; (b) sample 2

4, Discussion

According to the client, the high-strength class 10.9 bolt failed a few days after installation. The frac-
ture morphology in Fig. 3 indicates that an initial crack formed at the head-to-shank junction and
propagated rapidly to final failure. Considering the short time to failure, the high-strength 42CrMo4
steel, and the sequence of heat treatment and hot-dip galvanizing, hydrogen embrittlement (HE) is
the most likely failure mechanism [17, 18]. Because the bolt was installed in a statically loaded struc-
ture for only a short period, fatigue is unlikely to have been the dominant failure mechanism.

The measured coating thickness of 82-155 pm is above the minimum local coating thickness
specified in EN ISO 10684 [15]. However, coating thickness alone does not establish galvanizing
immersion time or hydrogen uptake; therefore, its role in the present failure cannot be deter-
mined from the available data. Cracks and microcracks in the hot-dip galvanized layer may act as
local stress concentrators. In the presence of hydrogen and sustained tensile stress, such defects
may contribute to susceptibility to hydrogen-assisted brittle fracture [19, 20].

Apart from carbon, which was measured below the nominal range, the chemical composition of
the tested steel was within the prescribed values for grade 42CrMo4. The bolt was quenched and
tempered, and its microstructure consists of tempered martensite. Banding parallel to the bolt axis
was also observed; however, it was not considered the primary cause of the fracture.

Several subsurface hardness values exceeded 350 HV1, with a maximum measured value of 401
HV1 (Fig. 7). Such elevated hardness increases the susceptibility of high-strength steel to hydrogen
embrittlement [4]. General guidance also identifies susceptible high-strength material, hydrogen,
and sustained mechanical stress as the key conditions for hydrogen embrittlement [21]. The ele-
vated subsurface hardness therefore indicates increased susceptibility to hydrogen embrittle-
ment, consistent with the findings of Zafra et al. [22] for quenched and tempered 42CrMo4 steel.
Similar delayed-failure behaviour in high-strength hot-dip galvanized bolts was reported by Ar-
tola and Aldazabal [23]. Due to equipment and sample-access limitations, high-resolution scan-
ning electron microscopy (SEM) fractography and direct hydrogen measurement could not be
performed in this study. This is an important limitation; nevertheless, the combined evidence of
elevated subsurface hardness, optical metallography, coating damage, and the short time-to-fail-
ure supports hydrogen embrittlement as the most likely mechanism. Future investigations should
incorporate SEM characterisation and direct hydrogen measurement to further detail the fracture
micromechanisms.
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5. Conclusion

The investigated 42CrMo4 steel bolt of property class 10.9 exhibited a tempered martensitic mic-
rostructure, local coating damage and cracking, and hardness values of 330-401 HV1. Combined
with the short time to failure and static loading, these findings support hydrogen embrittlement as
the most likely failure mechanism, although direct hydrogen measurement and SEM fractography
were not performed. The results underline the importance of controlling heat treatment, hot-dip
galvanizing, and bolt installation procedures to reduce the risk of premature brittle failure.
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