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Abstract: The effects of baking on the mechanical properties and fracture characteristics of low-carbon
boron (10B21) steel screws were investigated. Fracture torque tests and hydrogen content analysis
were performed on baked screws to evaluate hydrogen embrittlement (HE) susceptibility. The
diffusible hydrogen content within 10B21 steel dominated the fracture behavior of the screws. The
fracture torque of 10B21 screws baked for a long duration was affected by released hydrogen.
Secondary ion mass spectroscopy (SIMS) result showed that hydrogen content decreased with
increasing baking duration, and thus the HE susceptibility of 10B21 screws improved. Diffusible
hydrogen promoted crack propagation in high-stress region. The HE of 10B21 screws can be prevented
by long-duration baking.
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1. Introduction

Hydrogen can be introduced into low-carbon steel screws during production processes such as
acid pickling and electroplating. Screws are susceptible to hydrogen embrittlement (HE). HE has been
observed in structural beams, vehicle axles and fasteners that would cause a serious damage for life
and property [1,2]. Reducing HE susceptibility to prevent brittle fractures is an important issue.

Various methods have been proposed for preventing HE in screws, such as processing
improvements [3], thermal treatments [4,5], and material modification [6]. In industry, quenching
and tempering heat treatment is commonly used to prevent HE in low-carbon steel screws [5]. When
quenched steel is heated below the austenite transformation temperature, martensite transforms into
cementite and ferrite, enhancing steel toughness. The hydrogen atoms in a metal can be divided into
diffusible hydrogen and non-diffusible hydrogen [2]. Non-diffusible hydrogen is usually located at
interphase boundaries or in dislocations and is not easily removed. This type of hydrogen atom can
form hydrogen traps that limit the movement of hydrogen atoms, enhancing HE resistance [7]. In
contrast, diffusible hydrogen can freely move, and easily accumulates to form hydrogen molecules
which damage the host material. Some reports have indicated that hydrogen atoms within a material
can be released by long-duration baking, reducing HE susceptibility [8,9]. Hwang et al. reported that
adding particular elements to low-carbon steel can enhance the hardenability of steel [10].

The present study uses low-carbon boron (10B21) steel screws to investigate the baking effects
on the HE susceptibility. Tempering and baking treatments are used to serve as improvement plans
for the HE of 10B21 screws. Secondary ion mass spectroscopy (SIMS) is used for detecting hydrogen
within the material [11]. The advantage of SIMS is that hydrogen and the various isotopes of elements
can be detected. However, the study for hydrogen detecting of high-strength low-carbon steel by SIMS

Metals 2016, 6, 211; d0i:10.3390/ met6090211 www.mdpi.com/journal/metals


http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://www.mdpi.com/journal/metals

Metals 2016, 6, 211 20f7

has never been reported. The hydrogen concentrations in 10B21 screws are detected to investigate the
relation between baking effect and HE susceptibility.

2. Materials and Methods

2.1. Material Preparation

Commercial 10B21 steel was used in the present study. The chemical composition of the steel is
summarized in Table 1. The steel was extruded to form a wire rod (® = 5.5 mm) after spheroidizing
annealing. Self-drilling screws were then formed via cold forging. The screws were austenitized at
950 °C for 30 min in an air furnace, and quenched in water. Then, the quenched screws were tempered
at 260 °C for 30 min in a salt bath. The heat-treated screws were acid-pickled, and then electroplated
with zinc (Figure 1a). The screws were then baked at 215 °C for various durations (0-16 h) in an oven
to estimate HE susceptibility.

Table 1. Chemical composition of 10B21 steel (wt. %).

Fe C Mn P S Si Al B
Bal. 0.18 0.78 0.015 0.005 0.06 0.044 0.002

2.2. Twist-Off Strength and Hydrogen Embrittlement Testing

For the twist-off strength test, a torque spanner (KING TONY, Taichung, Taiwan) was sed as the
testing tool. A high-carbon steel sleeve (Figure 1b) (Self-Made, Tainan, Taiwan) was used to ensure that
the screws were maintained in a vertical orientation and simultaneously received a tensile stress when
the screws were fractured. The screws with the high-carbon steel sleeves were fastened to a steel plate,
indicating that the screw was received a torque force and tensile force in the meantime (Figure 1c). The
torque force was increased with increments of 0.5 N-m until the screws fractured, and acquired the
fracture torque (mechanical properties). To examine the effect of hydrogen on HE susceptibility of
screws, HE testing was performed in accordance with ANSI/ASME B 18.6.4. Screws with pre-stress
of 60% or 80% (16 or 22 N-m) of the maximum twist-off strength were fastened to a steel plate, and
held for 24 h. After that, the screws were loosened and checked for HE. Finally, the twist-off strength
testing was carried out on non-fractured screws.
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Figure 1. Schematic diagram of (a) self-drilling screw, (b) sleeve, and (c) twist-off strength and
HE testing.

(c)

The microstructures of the screw specimens were observed using optical microscopy (OLYMPUS,
Tokyo, Japan). The microhardness profile was measured through different cross-section along the
screws using a Rockwell-C hardness machine (MITUTOYO, Kanagawa, Japan). To investigate the
effects of baking on dehydrogenation, the hydrogen content in the screws was measured with SIMS
using a CAMECA IMS-6f analyzer (CAMECA, Genevilliers, France) with a Cs* primary beam. The
liquid nitrogen was used in sample chamber to minimize the hydrogen background. After twist-off
strength testing, the fracture surfaces of the screws were examined using high-resolution scanning
electron microscopy (HR-SEM) (HITACHI, Tokyo, Japan).

3. Results

The microstructure of a quenched screw specimen is shown in Figure 2a, where the grey black
regions are martensite (x') and the white regions are ferrite (x). Lath martensite only appears in
low-carbon steel matrix, and grows in the orientation of the austenite grain [12]. After tempering
for 30 min, the entire screw consisted of uniform tempered martensite with scattered recrystallized
ferrite (Figure 2b). Notably, the microstructure of the screw did not significantly change even after
long-duration tempering. Figure 3 shows the microhardness profile of the screw specimen, with point
measured at 15-mm intervals. The average hardness was approximately 43 HRC (Rockwellhardness),
higher than that of general heated low-carbon steel [13]. The HE was highly sensitive to high hardness
characteristic [14]. The screws were baked for various durations to determine HE susceptibility.

Figure 2. Microstructure metallograph of screw specimen after (a) quenching and (b) quenching
and tempering.
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Figure 3. Microhardness profile of 10B21 screw (points at 15-mm intervals) (a—e indicated different
cross-section positions along the screw).

To investigate the effects of baking and pre-stress on the HE susceptibility of the screws, the
twist-off strengths of the screws were determined (Figure 4). Figure 4a shows the torque strength of
the screws with different baking durations. The fracture torque of the screws gradually decreased with
increasing baking duration, and there was a tendency towards the average torque strength (hollow
cross). Hydrogen was absorbed within the metal lattice and tended to accumulate in high-stress areas,
which led to solid solution strengthening, enhancing the tensile strength [15]. The hydrogen effused
during the baking process, which reduced mechanical strength [16]. In addition, there was a slight
tempering effect on the mechanical strength due to the baking treatment temperature (215 °C) being
close to the low tempering temperature (260 °C). Although the torque strength of screws slightly
deteriorated after baking, the HE susceptibility may improve. For HE testing, the fracture torque
of the screws with pre-stress (16 or 22 N-m) for 24 h as a function of baking duration are shown
in Figure 4b. The results show that the screws without baking treatment (0 h) had serious brittle
fractures. This fracture behavior can be attributed to the HE of steel. The hydrogen was easily adsorbed
on the material surface during the screw manufacturing process (acid pickling, galvanization), and
diffused into the material. The hydrogen migrated to high-stress regions was caused by a continuous
tensile stress and resulted in the formation of a crack [17]. After baking for 8 h, the HE of the screws
slightly decreased. For the screws with lower pre-stress (16 N-m), HE did not occur after baking for
16 h. This result confirms that hydrogen can be effectively released by baking treatment to reduce
HE susceptibility [4]. The effects of hydrogen content in screws on HE susceptibility need further
clarification. Therefore, the SIMS is used to detected hydrogen content in screws.
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Figure 4. (a) Twist-off strength (cross symbol: average fracture torque; x2: 2 screws; x3: 3 screws,
the rest by analogy) and (b) HE testing results of 10B21 screws baked for various durations (x5: 2 screws;
x9: 9 brittle fracture screws, the rest by analogy).
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Figure 5 shows the depth profiles of hydrogen in the 10B21 screws specimens subjected to baking
for various durations. The SIMS depth profile was measured through cross-section of the screws
to avoid the effects of Zn-electroplated layer. The surface peak is present from the start sputtering,
which attributed to the surface effects [18]. For the SIMS depth profile, the area under the curve
corresponds to the element concentration. In this case, the number of hydrogen atoms in the 10B21
screws significantly decreases after baking treatment. This result is consistent with the HE testing
(Figure 4b), confirming that long baking duration can effectively prevent the occurrence of HE.

10°
G —— As-received
=%}
=
72
N
]
N
>
=
7}
=
D
~
=
(S
103 1 1 1
0 5 10 15 20

Sputtering time (min)

Figure 5. A depth profile of Hydrogen content in 10B21 steel after baking at 215 °C for
different durations.

The macrostructure characteristics and fracture surfaces for a ductile screw and a brittle screw
are shown in Figure 6. The screw baked for 16 h fractured at the thread of stress concentration and
its fracture surface was flat (Figure 6a). The microstructure of the fracture surface shows many small
holes, which is a typical ductile material characteristic. The fracture of the unbaked screw occurred
at the threaded rod (Figure 6b). Note that HE in the screws was an unpredictable fracture mode.
Hydrogen atoms were diffused into interior steel and accumulated at the grains boundaries or defects,
resulting in a stress concentration that randomly fractured the screws. The position of the fractures
may not occur at the treaded zone. In this case, HE effect was greater than the stress concentration
factor. In addition, the directions of maximum shearing stress (Tmax) on the screw surface was parallel
and perpendicular when a torque (T) was applied to the screw (Figure 6¢c). At which time, the direction
of the maximum tensile stress (0max) was at an angle of 45°. The brittle material had lower resistance
for this tensile stress (0,5°) and caused a 45° spiral fracture plane. This tensile stress perpendicular
to a torque is Omax X cos45 . The microstructure of the fracture surface was a typical intergranular
fracture. This can be mainly attributed to hydrogen molecules accumulating at the grain boundaries
or defects, resulting in a stress concentration that reduced intergranular strength (Figure 6d). Baking
promotes the release of diffusible hydrogen within the material, which decreases the HE susceptibility
of 10B21 screws.
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Figure 6. Macrostructure characteristics and fracture surfaces of (a) ductile screw and (b) brittle screw;
(c) Force diagram for screw; (d) Diagram of HE mechanism.

4. Conclusions

This study investigated the effects of heat treatment on the HE susceptibility of 10B21 screws.
After quenching and tempering treatment, 10B21 screws maintained their high hardness, and thus
had high HE susceptibility. Baking treatment promoted the effusion of hydrogen within the material,
which decreased the fracture torque of the 10B21 screws. When a continuous pre-stress was applied to
the 10B21 screws, hydrogen-induced brittle fracture was the most serious for unbaked screws. Excess
hydrogen caused the screws to lose the plastic deformation. For baked screws, the diffusible hydrogen
was released, decreasing HE susceptibility. SIMS results confirmed that hydrogen concentration in the
screw material decreased after baking treatment. 10B21 screws baked for a sufficient duration had a
ductile fracture surface and low HE susceptibility.
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Abbreviations

The following abbreviations are used in this manuscript:

10B21 low-carbon boron steel

HE hydrogen embrittlement

SIMS secondary ion mass spectroscopy

oM optical microscope

HR-SEM high-resolution scanning electron microscopy
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