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Abstract. The mechanical and the low cycle fatigue (LCF) properties of cold-drawn AISI 1018
steel (CDS 1018) with and without hot-dip aluminizing (HDA) coating had been experimentally
investigated at room temperature. The tensile properties and the LCF properties were determined
from tensile test results and cyclic strain-fatigue test results, respectively. The aluminide coating
on the CDS 1018 significantly decreases the mechanical properties and the strain-fatigue life of
the steel. With increasing in strain amplitude levels, CDS 1018 experienced continuously cyclic
softening behaviour after cyclic loading in few cycles. By contrast, the cyclic softening of HDA
steel was observed in few cycles and HDA steel continuously exhibits the stably cyclic hardening
behaviour until failure. CDS 1018 with aluminide coating results the longer transition fatigue
cycles (Ny) than those of CDS 1018 without aluminide coating by a factor of ~3.0. CDS 1018
with HDA coating can be used for material components which the components are safely
designed under cyclic loading below the yield strength of the material.

1. Introduction

A low carbon steel (mild steel) price is relatively cheaper than those of high alloy steel grades and
stainless-steel grades prices, however mild steel properties are acceptable for many applications in
engineering component structures. Therefore, mild steel used for the high temperature material
components such as a fire piping of boiler, incinerators and heat exchanger should be protected against
high temperature oxidation attack via the hot-dipping aluminizing (HDA) coating. It is well known that
the aluminide coating on the steel significantly improve the oxidation resistance at elevated temperatures
in air and mixtures of steam environments [1-3] and hot corrosion containing of chloride and sulphur
environments [4]. Aluminide layer consisting of the Fe;Als layer on the steel substrate can supply
continuously the aluminium atoms to form the protective aluminium oxide (Al.Os) layer. During
applications, the material can experience plastic deformation due to strain cyclic loading at starting-up
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and shut-down periods [5]. Plastic deformation induced the material can cause the component failure in
few cycles.

An investigation of an aluminide coating impact on the strength and the fatigue life of steel is very
important to determine an initial safety design for engineering components when the aluminized steel
products are used for high temperature applications. Aguero et al. reported that the aluminide coating
deposited on P91 and P92 steel resulted good ductility of these alloys during creep testing at 650 °C and
a small reduction of creep strength was mainly attributable to the presence of voids in the diffusion zone
because of formation of Fe-Al intermetallic layer [6]. Furthermore, an aluminizing coating applied on
K403 superalloy blades resulted detrimental effect of the fatigue property of the alloy, but the alloy was
capable to resist the oxidation attack at 950 °C [7]. Moreover, many voids formed in Fe- and Ni-Al
intermetallic layer due to the interdiffusion process lead to rapid degradation of mechanical strength of
steel and nickel alloy with aluminide coating [8]. Badaruddin et al [9]. reported that a significant
decrease in the mechanical properties of a high strength AIS1 P20 steel was caused by both the formation
of the brittle Fe,Als layer and voids as results of inter-diffusional process between Fe-atoms and Al
atoms in the alloy.

In the present experiments, we focused on an investigation of the low cycle fatigue performance of
cold-drawn AISI 1018 steel which was coated by the HDA coating. Few publications are available in
literature, reporting the LCF properties of steel with aluminide coating. Therefore, it is important to
clarify the impact of aluminide layer on the LCF properties of steel. The CDS 1018 with and without an
aluminide coating were fatigued under strain cyclic loading and LCF test results obtained were used to
determine the LCF properties using the Basquin and the Coffin-Manson approaches. The empirical
equations consisting of combination elastic and plastics terms can be used to predict the fatigue life of
the steel for the components in engineering applications where the plastic deformation considerably
affects the steel properties.

2. Experimental procedure

2.1. Material and preparation of specimen

A commercial AISI 1018 steel under cold-drawn conditions was used in the present study which its
chemical composition was similar with that of the previous research [10]. The tensile and the LCF
specimens were provided regarding to ASTM standard E8 [11] and ASTM standard E606 [12],
respectively. The tensile and the LCF specimens are shown in Fig. 1a and b, respectively. Details of the
procedures for HDA coating process were similar with that of the HDA coating for mild steel in Ref.
[4]. The specimen with and without aluminide coating is represented as the HDA steel and the CDS
1018, respectively.
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Figure 1. (a) Dimensions of the tensile specimen and (b) the LCF
specimen (all in mm)

2.2. Tensile and LCF tests

A servo-hydraulic MTS Landmark test system was used in the present experiments for determining the
mechanical properties and the LCF properties of CDS 1018 and HDA steel at room temperature. An
MTS model 632.25F-24 axial extensometer with a gauge length of 50 mm was used to measure axial
strain during tensile testing at a constant displacement rate of 0.2 mm/min. The mechanical properties
for CDS 1018 and HDA steel were determined from the stress-strain curve obtained from the respective
three specimens and the typical plot of stress versus axial deformation relationship curve is constructed
in Figure 2.

In the present LCF tests, the respective three specimens for CDS 1018 and HDA steel were performed
under a fully reversed ramp wave loading controlled by an axial extensometer of MTS 623.12F-20 type
under various strain amplitude of 0.003—0.007 mm/mm at constant strain rate of 0.005 s™' with a strain
ratio, R = emin/emax = —1, the frequencies were calculated using the equation in Ref. [13], which a 0.417
Hz, 0.25 Hz, 0.179 Hz were for a strain amplitude of 0.003, 0.005 and 0.007 mm/mm, respectively.
During LCF testing, the failure cycles of the specimen was automatically determined when a cyclic
loading decreased to a 50% of stable loading cycles [12]. LCF test results consist of plastic strain, elastic
strain and elastic modulus data at half cycles (0.5N)). Pairs data point consisting of plastic strain and
elastic strain with reversals to failure cycles (2N)) at any strain amplitudes were plotted for determining
the LCF properties using the Basquin and the Coffin-Manson equations [12].
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Figure 2. The typical stress-axial displacement relationship
curve for CDS 1018 and HDA steel

Table 1. The average of the tensile properties for CDS 1018 and HDA steel

Property Material
CDS 1018 HDA steel
Elastic modulus (GPa) 210.70 209.82
Yield strength, YS — 0.2% proof stress (MPa) 545 229
Ultimate tensile strength, UTS (MPa) 608 329
Percentage of elongation, e (%) 8.64 46.12
UTS: YS 1.12 1.44

3. Results and discussion

3.1. Tensile test and LCF test results

Figure 2 displays the stress versus axial displacement curve for CDS 1018 and HDA steel. The tensile
properties of the CDS 1018 and the HDA steel are presented in Table 1. Table 2 summarizes the LCF
test results at different strain amplitudes. As shown in Figure 2, CDS 1018 does not show well-defined
yield strength point, which a typical characteristic of mild steel due to cold-drawing process [10]. In
addition, CDS 1018 exhibits a linear plastic behaviour, which can be observed in the region between
yield point and ultimate point (Figure 2). Aluminide coating formed on the CDS 1018 substrate resulted
significant changes in the steel properties: the tensile strength decreased, and the ductility increased. It
could be observed in Figure 2 that CDS 1018 with aluminide coating experienced stress relieving after
aluminizing process. Consequently, the yield points for the HDA steel show clearly a similar
characteristic of low carbon steel [14] and high strength low alloy AISI 4140 steel under annealing
condition [13].
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Table 2. LCF test results for CDS 1018 and HDA steel

Specimen ae e (mmimm) : N
(mm/mm) Eap €ae (GPa) (cycles)
CDS1 0.003 0.00120 0.00180 192.98 7795
CDS2 0.005 0.00305 0.00195 188.90 3980
CDS3 0.007 0.00495 0.00205 191.32 1927
HDA1 0.003 0.00180 0.00120 199.60 6278
HDA?2 0.005 0.00341 0.00159 201.57 2085
HDA3 0.007 0.00517 0.00183 191.38 1401

The materials capacity for undergoing strain hardening during monotonic deformation or
hardening/softening during fatigue cyclic deformation can be predicted from a value of UTS:YS ratio
[15]. The calculated UTS:YS ratio as shown in Table 1 for the CDS 1018 and the HDA steel are an
approximately 1.12 and 1.44 respectively. Hypothetically, metallic alloys with UTS:YS ratio lower than
1.2 tend to exhibit cyclic softening behaviour. Conversely, the materials with the UTS:YS ratio > 1.4
generally tend to undergo cyclic hardening behaviour during cyclic loading [13].
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Figure 3. The cyclic stress responses of (a) CDS 1018 and (b) HDA steel with respect to the number
of cycles at different strain amplitudes

3.2. Cyclic stress response with respect to fatigue cycles

The cyclic stress responses with the number of cycles at different strain amplitudes for CDS 1018 and
HDA steel are displayed in Fig. 3a and b, respectively. The stress peak responses for CDS 1018 steel
increase with increasing in strain amplitude levels (Figure 3a). In contrast, HDA steel exhibits a higher
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peak stress response at lower strain amplitude (Figure 3b). At a strain amplitude of 0.003 mm/mm, the
difference of cyclic stress responses in peak stress (tension) and valley stress (compressive) subjected
to the HDA1 specimen is about 170 MPa compared to that of the CDS1 specimen. The CDS1 specimen
showed slowly cyclic softening in a loading cycle ranging from 3 to 46 cycles and progressively cyclic
softening until failure. Furthermore, as shown in Figure 3a when the strain amplitude was increased to
0.005 and 0.007 mm/mm, CDS 1018 exhibited stably cyclic hardening behaviour in few cycles and
continuously cyclic softening behaviour until failure. By increasing in fatigue cycles loading at any
given strain amplitude, the CDS specimens undergo cyclic softening behaviour, which can be apparently
observed via a gradual decrease in a peak stress (Figure 3a). CDS 1018 experienced continuously cyclic
softening behaviour, indicating that an AISI 1018 steel under cold-drawn condition is not capable to
cyclically plastic deformation, which is a similar cyclic softening behaviours of SAE 1010 steel in cold-
rolled condition [16]. High strain hardening induced AISI 1018 steel after cold-drawing processing
decreased significantly plastic deformation capacity [11], which lead to continuously cyclic softening
behaviours during strain-controlled fatigue. The softening behaviours of CDS 1018 under low cycle
fatigue conditions is evidenced in Figure 3a.

Figure 3b shows that the stress peak responses of the HDA steel specimens rapidly decrease at the
2" Joading cycles. Furthermore, at a strain amplitude of 0.003 mm/mm the HDA1 specimen exhibited
gradually cyclic softening behaviours in loading cycle ranging from 3 to 46 cycles, and continually
underwent stable cyclic hardening for 4527 cycles. The initiation crack started growing at 5292 cycles
and cracks propagated rapidly in the HDA1 specimen which could be indicated by a drastic decrease in
the stress peak until fail for 6277 cycles. When the strain amplitude was increased to 0.005 and 0.007
mm/mm, the HDA steel underwent stably cyclic hardening starting from the 8" loading cycles until fail.
The initiation cracks for the HDA2 and HDA3 specimens respectively grew at 2057 cycles and 1376
cycles. With increasing in strain amplitude levels, the magnitude of compressive stress in the HDA steel
observed in Figure 3b increased gradually with respect to fatigue cycles. The higher valley stress in
HDA steel compared to those of the peak stress during strain-fatigue loading indicates that strain
hardening induced in the material as result of an increase in dislocation density.

Low dislocation interactions possibly result the cyclic softening in few cycles for the HDA steel
(Figure 3b) and the dislocations interaction after few loading cycles is responsible to subsequent stable
hardening behaviours. Softening has been observed in cyclic deformation of many alloys, which is
generally attributed to the rearrangement of dislocations [16,17]. On the other hand, an increase in
dislocation density due to multiplication and interaction among dislocation connections resulted by
plastic deformation is strongly responsible to the cyclic hardening behaviours of material. In general, an
increase in dislocation density and stronger interaction among dislocations results work hardening
during cyclic deformation [13]. Work hardening can be observed via the magnitude of valley stress
responses (compressive stress) of the HDA steel with increasing of fatigue cycles in Fig. 3b. However,
work hardening induced in the HDA steel during strain-cyclic deformation does not give an
advantageous increase in the fatigue life of CDS 1018 with aluminide coating.
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Figure 4. Hysteresis curves at the first cycle for (a) CDS 1018 steel and (b) HDA steel

3.3. Cyclic strain-stress curves analysis

The typical plot of the first hysteresis curves obtained from LCF test with the different strain amplitudes
for CDS 1018 and HDA steel are depicted in Fig. 4a and b, respectively. In a strain amplitude ranging
from 0.003 to 0.007 mm/mm, CDS 1018 exhibited different characteristic hysteresis loops at the first
cycle (Figure 4a). In addition, CDS 1018 exhibits behaviours changes in the peak and the valley stress
responses at the first cycle loading, where a valley stress response (compressive stress) is lower value
than that of a peak stress response (tensile stress). This behaviours change is known as the Bauschinger
effect. The strong Bauschinger effect is clearly observed in Figure 4a at any applied strain amplitudes,
which is a similar characteristic with ferrite—bainite microstructures in low carbon steel [18] and an
extrusion of aluminium alloy 6061-T6 [19].

Figure 4b shows the influence of the aluminide coating on CDS 1018, which significantly changes
the behaviours of the steel during cyclic deformation. The HDA steel evidently shows a different stress
response in tension stress at the first cycle for different strain amplitude, which yield point regions
exhibited a serration characteristic. The serration phenomenon in Figure 4b is observed in the HDA steel
which is a similar characteristic with the monotonic behaviours in a low carbon steel [15,16] and in an
AISI 4140 steel under annealing condition [13]. The HDA steel experienced the serration phenomena
of yield points at the first loading cycle can be attributed to formation of microplasticity in the Luder
band region (Figure 4b). The initial microplasticity formation was as results of low dislocation

interactions in the proportional yield points region and the free dislocations in this region were active
[20].
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Figure 5. Plot LCF data and calibration curve obtained from the Basquin and Coffin-Manson
equations for (a) CDS 1018 and (b) HDA steel

3.4. Effect of aluminide coating on the LCF properties of the steel

The relationships between a total strain amplitude (Ae/2) and failure cycles (2Ns) are an important factor
to investigate the strain-controlled fatigue life of the material due to cyclic loading. In general, the Coffin
and the Manson-Basquin methods are used to determine the predictions of fatigue life of the material
based on strain controlled LCF test, which is represented by the equation. (1) [12].

ae, =L (2N)" +g)(2N,)° (1)

Where E is elastic modulus in LCF condition (for the CDS 1018 is ~191.1 GPa and for the HDA steel
is ~197.5 GPa), Ny is the fatigue life or the number of cycles to failure, af' (MPa) is the fatigue strength
coefficient, b is the fatigue strength exponent, s} is the fatigue ductility coefficient, and c is the fatigue

ductility exponent. Eq. (1) is results of combination of the elastic component and the plastic components
obtained from experimental LCF tests as given by equation. (2) and (3), respectively.

Ae, o b

—te _ S 2
<=L (2ny) @)
Ae

Tp = gf’.(ZNf)C 3)

Furthermore, the LCF steel’s properties were determined using the curve fitting method which was
similar with that of previous research [13]. The total strain versus reversal to failure cycles based on the
Basquin and the Coffin-Manson equations (as the calibration curves) obtained is plotted in Fig. 5a and
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b for the CDS 1018 and the HDA steel, respectively and the experimental data from LCF tests exhibit
good correlation with the calibration curves.

The LCF resistance of metals can be represented by a value of fatigue ductility exponent [13,14,16].
In the present investigation, the fatigue ductility exponent of the HDA steel (¢ =-0.6901) is lower than
that of the fatigue ductility exponent of the CDS 1018 (¢ = —1.0495), which theoretically gives a
significant advantage on the LCF resistance. In addition, the high ductility of the HDA steel (e = 46.12%)
is possibly enable to undergo cyclic deformation but experimentally the fatigue life (Ns) of the HDA
steel is lower than those the fatigue life of the CDS 1018 at all strain amplitude levels applied. In this
case, the low fatigue life of the HDA steel can possibly be caused by formation of the brittle Fe;Als
layer [6,8,9]. The brittle metals generally have the low plastic deformation capacity. Therefore, the
Fe,Als layer was unable to resist strain cyclic deformation, which the initiation cracks were rapidly
formed and propagated through this layer. Consequently, the fatigue life of the CDS 1018 with the
aluminide coating under strain fatigue condition significantly decreased. The prediction of fatigue life
for the CDS 1018 and the HDA steel can be determined by the elastic and plastic components using the
Basquin and Coffin-Manson approach, respectively.

For the CDS 1018 steel:
o, = 819.8(2N,) @)
Asp ~1.0495
-5 = 15.4795(2N;) (5)
For the CDS 1018 steel with HDA:
o, = 2692.2(2N;) " (6)
Asp ~0.6901
=2 = 0.7272(2Ny) ()

The intersections between the Ag./2 and Ag,/2 versus 2N; relationship curves in Fig. 5a and b result
the transition of fatigue life to reversals (2N,). Furthermore, from the Eq. (4) to the Eq. (7) the number
of transition cycles (2N;) can be determined by substitution the values of &, = &5, and replacing 2N; with
2N;. The number of transition cycles (2N;) for the CDS 1018 and the HDA steel are 5406 cycles and
15,832 cycles, respectively. When 2N; > 2N,, the elastic strain is more dominant to control fatigue
performance of material [13]. On the contrary, when 2N¢ <« 2N, the plastic strain dominantly controls
the fatigue performance. In the present LCF test results, the aluminide coating applied on the CDS 1018
significantly results the high fatigue strength coefficient of the HDA steel (of = 2692.2 MPa).
Therefore, the stress amplitude (c.) for the HDA steel can be theoretically calculated by substituting a
2N value into Eq. (6), which o, is an approximate 300 MPa. This recommends that the CDS 1018 with
the HDA coating can safely withstand the cyclic stress at a lower stress amplitude conditions when the
cyclic fatigue loading is mainly considerable in determination of an initial design for engineering
components. A similar characteristic was found in the aluminide coating on K403 superalloy gas turbine
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blade components, which the alloy exhibits better fatigue performance under the elastic fatigue loading
than that of the fatigue performance under the plastic fatigue loading [7].

4. Conclusion

An aluminide coating on the CDS 1018 markedly reduced the mechanical strength and the strain-fatigue
life of the steel. The linear-plastic behaviours of the CDS 1018 results the Bauschinger characteristic
and the high ductility value of the HDA steel results the serration characteristic in yield point region.
The HDA steel under high ductility condition is not capable to resist cyclically plastic deformation. The
brittle Fe,Als layer on the CDS 1018 substrate was considerably believed to lead a rapid formation of
initiation cracks in few cycles. A relatively high value of fatigue strength coefficient and fatigue strength
exponent of the HDA steel indicate that the HDA coating applied on the CDS 1018 is appropriate for
material components where the fatigue loading is the below yield strength of the material.
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