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Generally, in the event of a fire, steel structures exhibit different characteristics in terms of mechanical prop-
erty degradation, which is significantly affected by the manufacturing of the steel. Therefore, the mechanical
properties of cold-drawn AISI 1018 steel (CDS 1018) at elevated temperatures under steady- and transient-state
conditions were investigated. The thermal expansion of CDS 1018 is relatively less than the thermal expansion
predicted using Eurocode and ASCE standards at temperatures ranging from 25 to 650 °C. Dynamic strain ageing
(DSA) improves the mechanical strength of CDS 1018 at steady-state temperatures ranging from 400 to 500 °C.
Under transient-state conditions, the mechanical strength of CDS 1018 is better than those of high-strength steel
(HSS) and ultrahigh-strength steel (UHSS) grades in the temperature range of 500-600°C. Application of the
cold-drawing process to AISI 1018 steel provides thermal creep resistance at temperatures up to 600 °C. The cur-
rent design standards from the Eurocode, ASCE and AISC cannot be adapted for the fire-resistant design of struc-
tural mild steel delivered by cold-drawing conditions. Therefore, the present experimental data series obtained
from steady- and transient-state methods are applicable to predict the mechanical degradation of CDS 1018 for
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engineering applications in fire-safety design.

© 2019

1. Introduction

In this century, structural steel is becoming an increasingly essen-
tial construction material and the main choice for components of mod-
ern buildings across all construction building sectors, such as apart-
ments, centres of business, and private companies. In the widespread
use of structural steel as a building material, the fire-safety design of
structural steel is the main criterion required to ensure that fire events
within a building do not cause the structures of that building to col-
lapse in short periods of time, thereby allowing all the occupants to
be evacuated. Regarding structural steel applications, many researchers
have evaluated the performance of structural steel on the basis of steel
strength: regular steel grades with a yield strength of 250-350 MPa,
high-strength steel (HSS) grades with a yield strength of 460-700 MPa,
and ultrahigh-strength steel (UHSS) grades with a yield strength ex-
ceeding 700 MPa. Kirby and Preston [1] have provided elevated tem-
perature data for two hot-rolled mild steels with yield strengths of
250 MPa (steel 43A grade) and 350 MPa (steel 50B grade) under steady-
and transient-state conditions for applications in structural fire
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engineering design. Chen et al. [2] have reported that the reductions in
yield strength and elastic modulus of hot-rolled XLERPLATE Grade 350
and of quenched HSS BISPLATE 80 grade at temperatures ranging from
22 to 540°C are quite similar. Knobloch et al. [3] have found that the
mechanical behaviour of both rectangular hollow sections and hot-rolled
wide-flange sections of grade S355 are markedly affected by any given
strain rate from 0.02 to 0.5%/min in steady-state elevated temperature
tests. Furthermore, Neuenschwander et al. [4] confirmed that the me-
chanical property degradation of hot-rolled round bars of S355J2 grade
under normalizing conditions at steady-state temperatures from 400 to
900°C can be predicted with adequate accuracy by the EC3 [5] and
ASCE [6] design standards. By contrast, for light gauges of cold-formed
mild steel structures of grades G550 and G250, Ranakawa et al. [7] have
proposed a new model for accurately predicting the mechanical proper-
ties for safe design under fire conditions via stress-strain curve relation-
ships.

Furthermore, recently, the use of HSS grades for building construc-
tion has increased more than that of regular steel due to the high
strength-to-weight ratio of building components. In addition, in
high-rise construction buildings, the need for steel is lessened by us-
ing single support or beam structures, which lead to decreased material
costs and improved sustainability of HSS production. The HSS grades are
classified on the basis of nominal yield strengths between 460 MPa and



2 M. Badaruddin et al. / Construction and Building Materials xxx (xxxx) 117193

700MPa [5]. For example, a hot-rolled steel plate with a thickness of
5mm under normalizing conditions has a yield strength of 460 MPa,
and its strengthening was achieved by adding micro-alloying elements
such as Nb, Ti and Ni, the steel grade of which is S460NL [8]. In the
study by Qiang et al. [8], they used HSS S460NL and reported that the
degradation of the mechanical properties of S460NL at elevated temper-
atures under steady- and transient-state conditions is not addressed by
the current design standards of EC3 [5] and the AISC [9] and is con-
siderably dependent on the steel grade. Steel with a yield strength of
approximately 700 MPa and appropriate ductility is generally obtained
by adding alloying elements at a low concentration of 0.1 wt% or less
and subjecting the steel to quenching and tempering (Q&T) heat treat-
ments [10-12] and combinations of Q&T and thermo-mechanical con-
trol processes (TMCPs) [13,14]. The delivery process for UHSS S960
grade, the yield strength of which exceeds 700 MPa, under Q&T con-
ditions is similar [15,16]. It is generally found that the degradation
of HSS grades [10-15] and UHSS grades [15,16] at elevated temper-
atures can be related to the formation of martensite in the initial mi-
crostructure, which is similar to the finding of Heidarpour et al. [17]
that the low thermal stability of the martensite phase results in a rapid
reduction in the strength of UHSS due to the formation of large precip-
itates comprising soluble carbides containing chromium and molybde-
num [15]. Therefore, the greater reduction in mechanical strength of
HSS and UHSS grades than mild steel at elevated temperatures can be
attributed to the difference in the initial steel microstructures.

In the present study, we focused on investigating the mechanical
properties of cold-drawn AISI 1018 steel under steady- and tran-
sient-state conditions at elevated temperatures. Numerous studies have
focused on the mechanical properties of regular steel grades [1-4,7],
HSS grades [8,10-15], UHSS grades [15-17], cold-formed hollow steel
tubes [18] and cold-drawn wire steel and cable [19,20], which dif-
fer in their chemical compositions and manufacturing processes and
the conditions of the testing methods under steady- and transient-state
conditions. The transient-state test method has been found to be more
realistic than the steady-state test method in simulations investigating
mechanical behaviours under fire conditions. However, the stress-stain
curves obtained from converting the strain-temperature curve are from
different specimens [10], and coupling strain, generated from a com-
bination of stress, temperature, and thermal creep [21], leads to non-
linear-elastic behaviour of steel. Consequently, the calculated values of
the elastic modulus and yield strength are sometimes underestimated.
By contrast, in steady-state high-temperature tensile tests, the elastic
modulus, yield strength and ultimate strength values are obtained di-
rectly from stress-strain curves [7,8]. Therefore, the possible errors
during the determination of the mechanical properties of steel can be
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Table 1
Chemical compositions of CDS 1018.

C Si Mn P S Cr Mo
0.152 0.344 0.872 0.0228 0.0062 0.0307 0.0037
Ni Al Co Cu Ti Sn Nb
0.0262 0.0440 0.0083 0.0171 0.0253 0.0047 <0.004

reduced. Furthermore, the present test results were compared with exist-
ing data from previous studies on HSS grades [8,10-15], UHSS grades
[15,16], cold-formed hollow steel tubes [18] and cold-drawn wire steel
and cable [19,20] under high-temperature steady- and transient-state
conditions available in the literature. The current design standards avail-
able from the Eurocode [5,22], ASCE [6] and AISC [9] are also com-
pared to the present data test results.

2. Experimental procedure
2.1. Materials and test equipment

In the present study, all the specimens were obtained from com-
mercial AISI 1018 steel with a diameter of 12mm under cold-draw-
ing conditions. The chemical compositions of the cold-drawn AISI 1018
(CDS 1018) (wt%) are displayed in Table 1. The tensile specimens were
machined according to ASTM standard E8M [23] using a CNC lathe
with an EmcoTronic TM02 controller. The specimen dimensions and
photographs are shown in Figs. 1 and 2, respectively. An MTS Land-
mark material testing machine with a capacity of 100 kN and a mobile
mini-furnace with a temperature controller with an accuracy of = 1°C
were used in the experimental procedures (Fig. 3). The furnace with a
maximum working temperature of 1200 °C has two hot zones with two
silicon carbide heating elements in each zone. Two K-type thermocou-
ples attached to the specimen were used to control the temperature dur-
ing testing. A high-temperature extensometer with two alumina exten-
sion rods and a gauge length of 12mm was used to measure axial strain
at high temperatures. The ceramic extension rods were extended into
the hot zone, and the tips of the ceramic rods contacted the specimen,
as shown in Fig. 3.

2.2. Tension and thermal strain tests at elevated temperatures

In the present research, two series of tests were performed for CDS
1018 at high temperatures: tensile tests under steady-state conditions
and transient total deformation tests. The axial strains at room tem-
perature (RT~25°C) and at elevated temperatures (100-750°C) were
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Fig. 2. Photographs of the tensile specimens.
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Fig. 3. Detailed view of the experimental setup: positions of the thermocouples and
mounting extensometer on the specimen.

measured using an extensometer with a gauge length of 10mm and a
high-temperature extensometer with a gauge length of 12mm, respec-
tively. The specimen temperatures were recorded using two thermocou-
ples (XCIB K-type series from Omega) attached to the specimen in the
gauge length region, as recommended by ASTM E21 [24] and as shown
in Fig. 3. The specimen temperature is an average value obtained by
temperature measurements from both thermocouples. To avoid breaking
the alumina rod extensometer, the extensometer removal point was set
to 0.02mm/mm.

The steady-state tensile tests had 10 temperature levels: 100°C,
200°C, 300°C, 400°C, 500°C, 550 °C, 600 °C, 650°C, 700°C and 750 °C.
The template for tensile testing at steady-state high temperatures was es-
pecially created to run the tensile testing programme according to ASTM
standards E8 [23] and E21 [24]. Each experiment at the test tempera-
ture was repeated three or seven times with a total of 50 samples. De-
tails on the number of specimens used in the present research for the
different types of tests are displayed in Table 2. In the steady-state
tensile tests, the specimen was heated by controlling the heating rate
at 20°C/min until the test temperature was reached and then main-
tained for a soak time of 35min. Before the start of the tests, the ax-
ial strain was offset to zero, and the specimen was axially tensioned
under displacement control at a constant speed of 0.18 mm/min and a
certain test temperature until the specimen failed. The elastic modu-
lus, 0.2% yield strength and ultimate strength were automatically de-
termined using the tensile test template of the MTS software program.
The stress-strain data series for the segment length of the 20% elas-
tic curve were automatically recorded to determine the elastic modu-
lus of the steel [25] using the template test program. The strain rate
obtained from the axial strain vs. run time plot was approximately

Table 2
The detailed number of specimens used in different types of tests.

Type of Number of
tests specimens Control system
Displacement rate Force rate Heating rate
(mm/min) (kN/s) (°C/min)
Tension at 7 0.18 - -
RT
Thermal 3 - - 10
strain
Steady- 43 0.18 - 20
state
Transient- 37 - 0.08 10

state

0.003/min, which satisfied the requirements of ASTM standard E21
[24]. In the steady-state tests, all the incremental strains up to 0.02mm/
mm were recorded to plot the stress-strain relationship curve.

In the transient total deformation tests, the specimen was initially
loaded to a desired level of stress (stress levels of 50, 100, 150, 200, 250,
300, 350, 400, 500 and 520MPa for CDS 1018 were chosen) under a
constant load rate of 0.08 kN/s. When the steel was at the stress level,
the furnace was turned on. In the transient temperature tests, the speci-
men temperature in the furnace was increased at a constant heating rate
of 10°C/min until the specimen failed. A similar heating rate of 10°C/
min for the HSS S690QL grade [10] and UHSS S960QL grade [16] was
used in the experiments, in which a heating rate of 10°C/min is equiva-
lent to a 1-hour standard fire resistance test [1]. Three specimens were
tested in each transient-state experiment, except for the 250 MPa and
300 MPa stress levels, for which four specimens were used. The total
number of specimens for the transient-state experiments was 37, as dis-
played in Table 2.

In the thermal strain tests, the specimen was gripped in a zero-load
condition, and the extensometer was attached to the gauge region of the
specimen. During the thermal strain tests, an axial force was maintained
in a zero-load condition, and the actuator was allowed to undergo axial
displacement. The increasing temperature in the furnace was controlled
by two thermocouples at a constant heating rate of 10°C/min until the
specimen temperature was 800 °C. Thermal strain tests, tensile tests in
steady-state temperatures and total deformation tests at transient tem-
peratures were run using a personal computer with different test tem-
plates in MTS Multipurpose Elite (MPE) software. Recording during data
acquisition (DAQ), which consisted of measuring the specimen temper-
ature, axial strain, axial force, displacement, and run time at a sampling
frequency of 10 Hz, was performed by employing MTS MPE software.

3. Results and discussion
3.1. Analysis of thermal strain

The average values of the thermal strain from the three specimens
of CDS 1018 tested per temperature are presented in Table 3. Fig.
4 displays the temperature-thermal strain relationship for CDS 1018
and comparisons with thermal strain values from the literature [2,20]
and data model predictions from the Eurocode design standard for
cold-drawn wire steel (EC2) [22] and for mild steel (EC3) [5] and from
the ASCE [6]. Data model predictions from the ASCE and Eurocode are
not applicable for accurately predicting the thermal expansion of AISI
1018 steel under cold-drawing conditions or of HSS BISPLATE 80 grade
under quenching conditions [2]. Steel cable data [20] exhibit slight de-
viations from the data model predictions from EC2 in a temperature
range of 100-450°C in Fig. 4. A larger discrepancy was observed at
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Table 3
Thermal strain of CDS 1018 at different temperatures.

Temperature (°C) 25 100 200 300 400 500 550 600 650 700 750 800
Thermal strain (x 10 ~3) (mm/mm) 0.017 0.310 0.620 1.046 1.666 2.499 3.026 3.624 4.316 7.319 10.383 12.520
161 lows:
[ ———EC3 (5]
[ =——ASCE [6 de _ _ _
L A [z[zi' ar = ’T" =4284 x 107373 —3.033 x 1071°T2% 4 6.440 x 10737 + 3.31
o 1t . : :
= 12 The thermal expansion coefficient of CDS 1018 determined by us-
el ing Eq. (2), shows nonlinear behaviour in the temperature range of
£ 10T 25-800°C.
=]
£
E sf
E 3.2. Analysis of the test results
=1
s 6+ . . .
& Fig. 5 shows the stress-strain curves of CDS 1018 at different
T 4 steady-state temperatures. Typical axial force-displacement curves are
£ displayed in Fig. 6. The static drop caused by pausing the motion of
2 —*—CDS AISI 1018
= 24 —— 1SS BISPLATE 80 (2] 600
—— Wire cable [20] d
0 T T T T i } f f f -
s
0 100 200 300 400 500 600 700 800 900 1000 500 P +—1

Temperature (°C)

Fig. 4. Comparison of the thermal strain of CDS 1018 with data model predictions of the
Eurocode and ASCE, CDS wire cable and high-strength BISPLATE 80 steel.

550°C, and then the thermal strain was relatively constant in the
700-750 °C temperature range, which can generally be related to the on-
set of the phase transformation of ferrite to austenite by absorption of a
large amount of heat [20]. The comparisons of the thermal strain values
from data model predictions [5,6,22] and the literature [20] in Fig. 4
to the present test results show that the thermal strain in the tempera-
ture range of 25-650 °C is higher. Compared with that of HSS BISPLATE
80 grade, the thermal strain of CDS 1018 shows relatively identical val-
ues [2] in the temperature range of 25-300 °C and exhibits lower values
in the temperature range of 400-650°C. Neunschwander et al. [4] re-
ported that regardless of the manufacturing of the steel grades, the ther-
mal strain of hot-rolled steel of grade S355J2 under normalizing condi-
tions is lower than the data model prediction of the thermal strain from
the ASCE and EC3 at temperatures up to 900 °C. In addition, the thermal
expansion trends of both HSS S690QL grade and UHSS S960QL grade
under Q&T conditions are nearly the same at temperatures up to 600 °C
[15]. It is clear that the chemical composition and manufacturing of
steel lead to different thermal expansion behaviours.

As indicated by the above review of the literature, AISI 1018 steel
under cold-drawing conditions shows different behaviour; therefore, the
present data in Table 3 can be used to develop a model prediction of
the temperature-thermal strain relationship in the temperature range of
25-800°C. The predictive equations of this model are presented as Eq.
D).

e =1.071%x107PT* = 1.011 x 107'°T3 +3.220 x 10772 + 3.318 x 10
The thermal expansion coefficient (a7) of CDS 1018, which describes

the axial deformation change in size and per degree change in tem-
perature [20], can be determined by differentiating Eq. (1) as fol-

400

3
300 650°°C

200

Engineering Stress (MPa)

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020
Engineering Strain (mm/mm)

Fig. 5. Stress-strain curves of CDS 1018 at elevated temperatures.

400°C
00 °C
550°C

Axial force (kN)

700°C

|
' exlensometer removal point
0 L e

0 1 2 3 4 5 6 7 8

Axial displacement (mm)

Fig. 6. Typical axial force-displacement curves for CDS 1018 at elevated temperatures un-
der steady-state conditions.
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the actuator for a few seconds to release the extensometer from the
specimen is observed in Fig. 6. However, a static force drop effect of
a few seconds can be neglected [2]. In room temperature tests, CDS
1018 exhibits linear behaviour in the plastic portion of the force-dis-
placement relationship in Fig. 6. CDS 1018 does not exhibit a well-de-
fined yield point, which is similar behaviour to that of high-strength
prestressing steel [26] and high-strength cold-formed hollow steel tubes
[27] at room temperature. Furthermore, in the temperature range of
200-300 °C, the steel underwent relatively small strain hardening (Fig.
6). Significant strain hardening was observed in CDS 1018 at an onset
temperature of 400°C up to a final temperature of 500 °C, as shown in
Fig. 6. Furthermore, under subsequent tensile deformation, CDS 1018
exposed to a higher temperature of 550 °C experienced a rapid decay of
mechanical strength due to recovery and recrystallization processes.
Fig. 7 displays typical temperature-strain curves of CDS 1018 af-
ter transient total deformation tests. The failure temperature is defined
as the fire temperature at which the steel specimen fails at a con-
stant stress level. The average failure temperatures of CDS 1018 at var-
ious stress levels up to 520 MPa (~0.95f,) obtained from each transient
deformation test are presented in Table 4. In the stress level range
of 50-520 MPa, CDS 1018 can withstand a fire temperature >600°C.
However, when CDS 1018 specimens were loaded up to an approxi-
mate stress level of 525 MPa, the steel failed under low-temperature de-
formation below 100°C. This phenomenon was attributed to the rela-

0.16

Stress level (MPa)
—350
0.14 == 100
== 1150

—-=200

0.12

E
£ 010
£
E
E o0
E
=
5 006
7

0.04

3> Stress level = 525 MP
U[}2 . SITEss Ievel a
0,00 . L
0 100 200 300 400 500 600 700 80O
Temperature (°C)

Fig. 7. A typical temperature-strain relationship of CDS 1018 steel at different stress lev-
els.

Table 4
Failure temperatures of CDS 1018 after transient total deformation tests.

Stress level (MPa) Failure temperature (°C)

50 782
100 769
150 732
200 713
250 708
300 691
350 688.5
400 682.5
450 657
500 654
520 637
525 <100

tively low load-deformation capacity of CDS 1018. The application of
cold drawing to mild steel results in elongation of the grains of ferrite
and pearlite in the longitudinal axis of the steel [26]. In addition, the
highly deformed lamellar cementite (Fe3C) of pearlite in the ferrite ma-
trix decreased the interphase spacing between lamellar structures and
ferrite [28]. Low interphase spacing provides a large boundary area,
which effectively enables dislocation motion to be blocked, leading to an
increase in high dislocation density. Therefore, dislocation-strain hard-
ening generates a large compressive residual stress in the axial direction
[29,30]. Thus, the mechanical strength of AISI 1018 increased signifi-
cantly. In contrast, this steel has a low capacity for plastic deformation
during tensile deformation at room temperature. Therefore, we can con-
clude that when AISI 1018 under cold-drawing conditions is loaded un-
til the nominal yield strength reached, CDS 1018 becomes susceptible to
thermal deformation with increasing temperature.

Under transient-state conditions, the mechanical properties of CDS
1018 were determined using a similar procedure to that employed by
Qiang et al. [10] in their previous research. Typical stress-strain curves
of CDS 1018 experimentally established from the present test series are
displayed in Fig. 8, in which the stress-strain curves in the elastic por-
tion show nonlinear behaviour. Therefore, the elastic modulus of CDS
1018 is conventionally determined using the tangent modulus [25], and
the yield strength is determined using a 0.2% strain offset method [23].

In the present study, the elastic modulus, yield strength, and ultimate
strength obtained in the room temperature tests are represented by E,
fy» and f,,, respectively, and those obtained in the elevated temperature
tests are represented by Er, fyr, and f,r, respectively. The ratios of the
elastic modulus, yield strength and ultimate strength obtained at the test
temperatures to those obtained at room temperature are defined as the
reduction factor. The temperature dependence of the mechanical prop-
erties of CDS 1018 under steady-state and transient-state conditions was
evaluated on the basis of the concept of reduction factor-temperature re-
lationships. The mechanical properties of CDS 1018 and the reduction
factors at elevated temperatures under steady- and transient-state condi-
tions obtained from an average value of each experiment’s test data are
given in Tables 5 and 6.

Fig. 9a displays a comparison of the reduction factor of the elastic
modulus under steady- and transient-state conditions, where a signifi-
cant difference in the reduction factor is observed only at temperatures
>300°C. Furthermore, in the temperature range of 400-750°C, the
reduction factors of the elastic modulus calculated under steady-state
conditions are higher (~6.6-91.0%) than those calculated under tran-

600
L —=—100°C
500 4 —8—200°C
X —h— 300 °C
I ——400°C
400 + ——500°C
—_ F —4—550°C
£ L ——600°C
= 300F —&—650°C
vl r —— 700 °C
& | —e—750°c|
» 200
100

0.00 0.01 0.02 0.03 0.04 0.05 0.06

Strain (mm/mm)

Fig. 8. A typical stress-strain curve of CDS 1018 under transient-state conditions.
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The values of the mechanical properties of CDS 1018 corresponding to their reduction fac-

tors under steady-state conditions.

Temperature
(@] E (GPa) fy (MPa) fu (MPa) Reduction factor

Er/E fr/fy  fur/fu
25 197.067  545.331 550.644 1.000  1.000 1.000
100 186.709 508.682 524.336 0.947 0.933 0.952
200 176.830  505.226 525.942 0.897 0926  0.955
300 177.256  489.701 529.656 0.899  0.898  0.962
400 174.439 499.616 554.124 0.885 0.916 1.006
500 171.253  502.204 580.064 0.869  0.921 1.053
550 168.543  463.216 531.296 0.855  0.849  0.965
600 158.318  393.645 445.641 0.803  0.722  0.809
650 140.526  279.606 296.813 0.713  0.513  0.539
700 97.919 160.989 171.875 0.497 0.295 0.312
750 80.666 73.919 84.993 0.409 0.136  0.154

Table 6

The values of the mechanical properties of CDS 1018 corresponding to their reduction fac-
tors under transient-state conditions.

Temperature
(@] E (GPa) fy (MPa) fu (MPa) Reduction factor

Er/E fr/fy  fur/fu
25 197.067  545.331 550.644 1.000  1.000 1.000
100 189.363 508.301 520.000 0.961 0.932 0.944
200 176.244  502.450 520.000 0.894  0.921 0.944
300 175.733  501.547 520.000 0.892  0.920  0.944
400 163.054  500.848 520.000 0.827 0918  0.944
500 149.731 497.593 520.000 0.760 0912  0.944
550 132.133 496.631 520.000 0.670 0.911 0.944
600 114.131 495.272 520.000 0.579  0.908  0.944
650 75.438 408.443 450.000 0.383  0.749  0.817
700 31.309 143.751 150.000 0.159 0.264 0.272
750 7.217 46.461 100.000 0.037 0.085 0.182

sient-state conditions. Fig. 8 provides evidence that temperature de-
grades CDS 1018 in a complex manner due to the interactive effects of
temperature, load, thermal creep and microstructural changes [31].

At temperatures <500 °C, the reduction factors of the yield strength
calculated by the two methods are almost identical, as shown in Fig.
9b. However, at T = 550°C, 600°C and 650°C, the reduction factors
of the yield strength calculated for the steady-state test condition are
6.8%, 20.5% and 31.5%, respectively, lower than those calculated un-
der the transient-state condition. In the 700-750 °C temperature range,
the reduction factors of the yield strength obtained from the two meth-
ods are quite similar. Furthermore, the reduction factors of the ultimate
strength obtained from the two methods at temperatures <300 °C are al-
most identical, as shown in Fig. 9c. As the temperature increases from
T =400°C up to T =500°C, the ultimate strength under steady-state
conditions increases significantly. The gradual increase in the strength
from 400 to 500°C was attributed to dynamic strain ageing (DSA),
which is indicated by the plateau in the variation in ultimate strength
in the temperature range of 200-500°C in Fig. 9c. Again, at T = 550 °C,
the reduction factor of the ultimate strength had almost the same value.
However, at T =600°C and 650°C: the ultimate strength values un-
der transient-state conditions are 15.2% and 12.7%, respectively, higher
than the ultimate strength values under steady-state conditions, re-
spectively. Fig. 9b and c¢ demonstrate that CDS 1018 experi-
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Fig. 9. Comparisons of the reduction factor-temperature relationship: (a) elastic modulus,
(b) yield strength, and (c) ultimate strength under steady- and transient-state conditions.

enced a higher reduction in the mechanical strength under steady-state
conditions than under transient-state conditions in the temperature
range of 600-650 °C. This phenomenon is mainly because both the rel-
atively high thermal deformation capacity of CDS 1018 under ~0.95fy
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loading and its low thermal expansion enable it to withstand high tran-
sient temperature deformation. Therefore, CDS 1018 experiences fire
failure at temperatures higher than 600 °C, which is evidenced by Fig. 7
and has a considerable influence on the mechanical strength of the steel.

Furthermore, the reduction factors with the temperatures experimen-
tally obtained using steady- and transient-state methods from the pre-
sent work and previous works available in the literature [8,10-16,18]
are compared together with the current design standards from the Eu-
rocode [5,22], ASCE [6] and AISC [9]. Comparisons are presented in
each figure displaying the reduction factor-temperature relationships of
the elastic modulus, yield strength and ultimate strength for HSS and
UHSS grades. Each figure presents two parts: (a) the left part demon-
strates the comparison of HSS grades with a nominal yield strength (f,)
between 460 and 700 MPa (f, (7 00), and (b) the right part demonstrates
the comparison of UHSS grades with a nominal yield strength exceed-
ing 700 MPa (f, > 700). Data for each steel grade from the literature in
the respective figures of the reduction factor-temperature relationship
are included using the envelope indicated by light grey shading to em-
phasize the relation of the present test data to data from the literature.
Additionally, data sets of reduction factors of the mechanical properties
of cold-drawn wire strand [19] and cable [20] are also included in sep-
arate envelopes in each figure of part b. Data sets from the experimental
works available in the literature were taken into account in the data set
for this comparative study and are listed in Table 7.

3.3. Comparative analysis of test results in steady-state condition

3.3.1. Elastic modulus

The present data and data in the envelope in Fig. 10a reveal that
temperature induces a reduction in the elastic modulus of HSS grades
and CDS 1018. The reduction in the elastic modulus of CDS 1018 is

Table 7
Summary of previous work available in the literature for HSS and UHSS grades.

slightly higher than the reduction in the elastic modulus of HSS grades
[11,13-15,18] in the temperature range of 100-400°C, as shown in
Fig. 10a. However, compared to the reduction in the elastic modulus of
HSS grades, the reduction in the elastic modulus of CDS 1018 exhibits
a relatively slow rate in the temperature range from 100 to 550 °C. Al-
though the CDS 1018 data in Fig. 10a show considerable discrepan-
cies, the data still lie in the envelope. Increasing the temperature from
200 to 800°C degraded the RQT 701 steel [12] at a much higher rate.
Data from [11,14,15,18] in the envelope demonstrate intense degrada-
tion at an onset temperature of 400 °C, except for the Q690 CFD steel
from [13], the reduction rate of which is slow up to a temperature of
500 °C. Furthermore, the data in the envelope in Fig. 10b reveal that
the temperature severely degraded the S960QL grade steel [15,16], ul-
trahigh-strength square hollow section of tubes (SHS900) [18] and wire
strand [19] and steel cable [20] at an initial temperature of 300 °C.
HSS grades and CDS 1018 in the present do not obey conservative
predictions regarding the reduction in the elastic modulus-temperature
relationship from the curve models of the EC3 and ASCE in Fig. 10a.
However, the data for RQT 701 steel [12] are slightly overlapping with
those for the ASCE from 100 to 500°C and continue to be conserva-
tive again relative to the EC3 in the range from 600 to 800°C. The
weighted centreline of the envelope established from the experimen-
tal results of the test series from the literature in Fig. 10a does not
show a better match with the curve model predictions of the EC3 and
ASCE. However, the data from [11,14,18] appear to be nearly under-
estimated relative to the weighted centreline of the envelope. The wire
strand and steel cable data in the envelope in Fig. 10b are not conser-
vative relative to the curve model predictions of the EC2. In contrast,
the UHSS S960QL grade [16] in the range of 100-700°C and SHS900
[18] in the range of 450 to 800 °C are conservative relative to the EC3
and ASCE, respectively. The large disparities of elastic behaviour at high
temperatures in Fig. 10a and b are attributed to the steel chemical

Manufacturing Test
Reference Steel grade process method Control system
Displacement or Strain rate Heating rate (°C/ Temperature range
force (%,/min) min) Q)
Qiang et al. 2013 [8] S460NL HR + N S&T na’’ 05° 50°,10" 20-700
Qiang et al. 2012 [10] S690QL Q&T S&T na’? 0.5 10" 20-700
Chiew et al. 2014 [11] RQT S690 Q&T S 0.2° - 20 25-800
Xiong and Liew 2016 [12] RQT 701 Q&T S&T 0.15%,1.5"" kN/ - 10" 30-800
min
Jiang et al. 2019 [13] Q690CFD TMCP + Q&T S 10 1-10 ) n.a 30-900
Choi et al. 2014 [14] HSA800 TMCP + Q&T S - 0.4 e, 1.5 ', 0.8° 10 25-900
Neuenschwander et al. 2017 S690QL, HR + Q&T Q&T S - 0.2 15 20-900
[15] $S960QL
Qiang et al. 2016 [16] S960QL Q&T S&T na’ 0.5 50°,10" 20-700
Li and Young 2017 [18] Tubes hollow Cold-forming S&T 03" - 50°,10" ~21-1000
steel
Shakya and Kodur 2016 Wire strand Cold-drawing S 60 ' MPa/min - 10 20-800
[19]
Du et al. 2018 [20] Wire cable Cold-drawing S - 0.3 10 20-800

HR is hot rolling, Q is quenching, T is tempering, N is normalizing, TMCP is thermal-mechanical control process, S is steady-state condition and T is transient-state condition.

a Steady-state condition.

b Transient-state condition and n.a is not available.
Displacement rate (mm/min) and

force rate.

Until yield point in range 20-900 °C,

Beyond yield point in range 100-400 °C and

¢ Beyond yield point in range 500-900 °C.

c
d
e

f
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Fig. 10. Comparison of the reduction factor-temperature relationship of the elastic modulus under steady-state conditions for different steel grades: (a) f, < 700 and (b) f, > 700.

compositions, which lead to differences in the initial microstructure, as
the microstructures have important implications for high-temperature
steel properties and creep resistance [32,33]. Therefore, some of the
data in envelopes of Fig. 10a and b show a nonconservative trend rela-
tive to data model predictions of the Eurocode (EC2 and EC3) and ASCE.
The manual of the Eurocode design standard implicitly inserted thermal
creep effects from transient total deformation experiments for accurately
predicting the degradation of structural steel in a fire.

3.3.2. Yield strength

The reduction factor values of the yield strength of CDS 1018 were
compared with those of HSS grades [11-15,18], UHSS grades
[15,16,18] and cold-drawn wire strand and cable [19,20] in Fig. 11a
and b. The data in the envelopes in Fig. 11a and b show considerable
discrepancies with the present data from the different temperature tests.
The yield strength reduction data in Fig. 11a reveal that HSS grades
under Q&T conditions [12-14] and square hollow steel tubes under
cold-forming conditions (SHS700) [18] experienced lower reductions
than that of AISI 1018 steel under cold-drawing conditions (CDS 1018)
in the temperature range of 100-300 °C. However, the yield strength of
CDS 1018 initially slowly decreases with increasing temperature up to
300°C and then gradually increases at temperatures up to 500 °C; be-
yond this temperature, a rapid degradation in yield strength is observed
up to a temperature of 750°C. The rapid degradation of HSS grades
[12-15] and SHS700 [18] occurs at the onset temperature of 400 °C.
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Furthermore, some of the data [16,18] in Fig. 11b show rapid
degradation at the onset temperature of 300 °C. However, rapid degra-
dation of wire strand [19] and cable steel [20] starts at 200 °C until the
final degradation occurs at 800 °C. The data from Neunschwander et al.
[15] and Qiang et al. [16] show a similar trend from 400 to 900 °C.
The data in the envelopes in Fig. 11a and b evidently demonstrate that
the degradation of steel at elevated temperatures can be related to the
chemical compositions and manufacturing of the steel. The strengthen-
ing in S690 grade steel [12-15] and S960QL grade steel [15,16] can
generally be related to the formation of both martensite tempering and
finely dispersed particles of carbides containing Nb, Ni or Ti in the ini-
tial microstructure. The martensite structure and finely dispersed parti-
cles of Nb, Ni or Ti carbides are able to decelerate the degradation of
the mechanical strength at a slow rate at temperatures below 400 °C,
which is evident in Fig. 12a. However, the martensite in the S960 grade
steel at temperatures higher than 300°C tends to weaken the mechani-
cal strength of the steel due to the solute diffusion of carbon atoms into
the grain boundary to form carbides containing Mo and Cr [15], which
cause Cr and Mo depletion in the ferrite matrix. Therefore, the chem-
ical compositions and manufacturing of steel grades result in different
microstructures, which considerably affect the behaviour of steel at ele-
vated temperatures. These aspects are two important factors contribut-
ing to the performance of HSS and UHSS steel grades at elevated tem-
peratures, which is sometimes found to be nonconservative or less con-
servative relative to the curve model predictions of the Eurocode and
ASCE.

1.2
Eh} #*  COE AR I0IR
* S [15]
B [Plate-| 2 rium iasspls
104 O R, [16]
. o SHSW[IE]
& & Holkea H |40 1 40hets psmmspile
nE-
W €| Wing atrand [ 1]
| Stoe cable | 20]
bl
w3 &
[ ko
B B ot rraters
——ELI[3]
— ASCE 6] w kg
= =ECz) ~ala lusrpie
e o o GO0 wine
1 1 i 1 I I e e
oo L 1 1 T prasL Ly =
o 100 200 300 400 300 o0 700 300 900 (000 1000 1200

Temperature {°C)

Fig. 11. Comparison of the reduction factor-temperature relationship of the yield strength under steady-state conditions for different steel grades: (a) f, < 700 and (b) f, > 700.
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Fig. 12. Comparison of the reduction factor-temperature relationship of the ultimate strength under steady-state conditions for different steel grades: (a) f, < 700 and (b) f, > 700.

3.3.3. Ultimate strength

The reduction factors of the ultimate strength of CDS 1018 were
compared with those of HSS grades and UHSS grades in Fig. 12a and
b, respectively. The degradation of CDS 1018 occurs at nearly the same
rates as the degradation of high-strength RQT S690 steel [11] and
Q690CFD steel [13] in the temperature range of 100-300°C. Some of
the data [14,18] show a plateau or even a peak in the temperature
range of 200-300 °C, which indicates that the blue brittleness phenom-
enon was induced in the steel. At the onset temperature of 400 °C, CDS
1018 begins to exhibit better performance than those of HSS grades un-
til the ultimate strength reaches a peak exceeding a magnitude of 1.0
at 500 °C due to DSA. The peak of strain hardening in CDS 1018 occur-
ring at 500 °C results in an advantageous effect on the increased ulti-
mate strength and ductility, which can be closely related to interactions
of dissolved carbon atoms from highly deformed pearlite and disloca-
tions in the ferrite matrix [34]. However, Neuenschwander et al. [4]
reported that the DSA induced in a round bar of a 150 mm solid sec-
tion and a 60mm solid section of hot-rolled mild steel of grade S355
under normalizing conditions at 400 °C were related to the high man-
ganese content in both steels. This characteristic is generally similar to
those of HSS grades [13-15,18]. At T > 300°C, a higher 1.0wt% Mn
content in high-strength mild steel grades strongly leads to anisotropy
of the tensile properties due to the formation of elongated Mn-sulphide
(MnS) inclusions during tensile deformation at elevated temperatures
[35]. Jin et al. [36] clarified that variations in the Mn content within
0.04-0.93 (wt%) in low-carbon 9Cr2WVT steel have little effect on the
tensile properties of the alloys at various high temperatures.

Fig. 12a shows that the ultimate strength of HSS grades sharply de-
creases at the onset temperature of 400°C up to 800 °C. The exception
was S690CFD grade steel [13], the degradation of which occurred at a
lower rate up to a temperature of 900 °C. The model prediction of the
AISC cannot capture the characteristics of the experimental data series
of HSS grades, except for SHS700 steel [18] in the temperature range
from 550 to 800°C. The data of CDS 1018 in temperature ranges of
100-300°C and 650-750°C lie in the envelope in Fig. 12a, and beyond
these temperature ranges, the data lie outside the upper limit of the en-
velope. The data in Fig. 12b show that the S960QL grade steel [15,16]
shows rapid degradation at temperatures higher than 300 °C. The data
in both envelopes in Fig. 12b and the curve model predictions of the
AISC provide a lower bound for the present data for CDS 1018, except at
temperatures above 700 °C. The curve model prediction of the AISC falls
on the lower limit of the present data and the narrow upper limit of the
envelope.

Wire strand [19] and steel cable [20] with high C contents of
0.81-0.840 wt% were manufactured by the cold-drawing process, and
their performances exhibited a dramatic decrease with increasing tem-
peratures, as shown in Fig. 12b. The microstructure of CDS wire steel
generally consists of high volume fractions of pearlite and martensite
in highly deformed conditions. The interstitial carbon in the body-cen-
tred tetragonal (BCT) structure of martensite, which results from car-
bon decomposition of lamellar pearlite during the cold-drawing process
[371, contributes strongly to the extreme strengthening in the wire.
Both martensite with a very low plastic deformation capacity [38] and
highly deformed lamellar pearlite in the initial microstructure of wire
steel have a strongly detrimental effect on fire resistance. Martensite is
a well-known metastable phase in steel at high temperature. The carbon
atoms in martensite tend to diffuse into the ferrite matrix, where highly
deformed pearlite exists. Therefore, interactions between the diffusing
carbon atom solutes and deformed lamellar pearlite result in high dis-
tortion, which is considered to induce the rapid decrease in wire steel
or cable steel properties with increasing temperatures [19,20]. This
phenomenon is slightly similar to those of HSS grades [11,14,15] and
UHSS grades [15,16] with martensite tempering microstructures. How-
ever, somewhat different Q690CFD grade steel [13] and HAS 800 grade
steel [14] were manufactured by combinations of TMCP + Q&T treat-
ments, which resulted in slightly better mechanical strength than that
of conventional QT HSS grades at elevated temperatures due to the fine
martensite grains [11,12,15]. Different behaviour was also observed in
hollow steel tubes under cold-forming conditions [18], in which heavy
cold-forming results in highly fine grain sizes in the transverse direction
[27]. However, the finer grains of the microstructure have opposite ef-
fects on the thermal creep resistance.

3.4. Comparative analysis of test results in transient-state condition

Fig. 13a displays comparisons of the reduction in the elastic modu-
lus of AISI 1018 steel under cold-drawing conditions with those of HSS
grades under different manufacturing conditions. The data in the enve-
lope reveal that the disparities in the elastic modulus are attributable
to the different initial microstructures, which lead to nonlinear elastic
behaviour of the steel obtained from transient temperature deformation
tests. Therefore, the model predictions of the EC3 and ASCE generally
cannot capture the data series of HSS grades in the envelope in Fig.
13a. However, the data of the S690QL grade steel [16] show slightly
conservative results relative to the EC3 and the weighted centreline of
the envelope in Fig. 13a in temperature range of 450-700°C. In the
temperature range of 100-450°C, SHS700 [18] shows a slow reduction
rate of elastic modulus, and from 500 to 650 °C, it exhibits almost the
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Fig. 13. Comparison of the reduction factor-temperature relationship of the elastic modulus under transient-state conditions for different steel grades (a) f, < 700 and (b) f, > 700.

same rate as CDS 1018. Furthermore, the data for the present test series
of CDS 1018 and the data for SHS900 [18] in Fig. 13b are generally
conservative relative to the model prediction of the ASCE in the temper-
ature range of 100 to 400 °C. The data for S960QL grade steel [16] show
good correlation with the model prediction of the EC3 but not the model
prediction of the ASCE, as shown in Fig. 13b.

The data for S460NL grade steel [8] experience markedly slow
degradation in temperature range of 100-400°C, and the reduction in
yield strength is lower than the reduction in yield strength of CDS 1018,
S690QL steel [10], RQT 701 steel [12] and cold-formed hollow steel
tubes (SHS700) [18], as shown in Fig. 14a. The slow degradation of
S460NL grade steel followed by rapid degradation in Fig. 14a may be
attributed to the formation of finely dispersed particles of carbides con-
taining the micro-alloying elements Nb, Ni or Ti [39,40] in the ferrite
matrix. Therefore, the presence of these fine particles has a strength-
ening effect at ambient temperature and at temperatures up to 400°C
by slowing the recovery in steel. However, a similar effect is not ob-
served in S960QL grade steel [16] containing these strong carbide-form-
ing elements. The data for S960QL grade steel [16] in Fig. 14b re-
veal that the rapid degradation of yield strength at the onset temper-
ature of 200°C is due to the presence of martensite structures in the
steel. Due to the low thermal stability of martensite at high tempera-
tures, carbon atoms tend to diffuse outward to form weak carbide pre-
cipitates containing soluble molybdenum and chromium atoms [15].
The carbides containing solute elements dissolved in the fine particles
form large precipitates [41], which can often be considered detrimen-
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tal to thermal creep resistance, as the precipitates function as a sink for
alloying elements that improve the creep resistance [42]. Fig. 14a and
b evidently support this explanation, where the data for S690QL steel
[10], RQT 701 steel [12] and S960QL grade steel [16] exhibit simi-
lar characteristics to the degradation of the mechanical strength in HSS
grades at temperatures higher than 300 °C. Rapid degradation is also ob-
servable in the hollow steel tube data [18] in Fig. 14a and b, in which
the fine grains in the microstructure of the hollow steel tubes under
highly cold-formed conditions do not have a positive effect on thermal
deformation resistance. Again, the data for CDS 1018 from the present
test series exhibit better performance than that exhibited by the data in
the envelopes in Fig. 14a and b. Reduction factors of the yield strength
predicted using the model predictions of the EC3 [5] and ASCE [6] are
generally not suitable for predicting the reduction in yield strength of
HSS grades [8,10,12,18] and CDS 1018. The curve model predictions
of the EC3 and ASCE generally provide the lower bound values of the
envelope data in Fig. 14a. Similarly, the curve model predictions from
the EC3 and ASCE in Fig. 14b are nonconservative relative to UHSS
grades. Clearly, the strengthening mechanisms in S960QL grade steel
treated by a combination of the Q&T process [16], hollow steel tubes
produced by the cold-forming process [18] and mild steel produced by
the cold-drawing process result in considerable differences in steel prop-
erties during fire events.

The ultimate strength data for the present series tests of CDS 1018
lie closely between the lower and upper bounds of the thin envelope in
Fig. 15a in the temperature range from 100 to 400°C. The reduction
in the ultimate strength of CDS 1018 is relatively constant up to a tem-
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Fig. 14. Comparison of the reduction factor-temperature relationship of the yield strength under transient-state conditions for different steel grades (a) f, < 700 and (b) f, > 700.
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Fig. 15. Comparison of the reduction factor-temperature relationship of the ultimate strength under transient-state conditions for different steel grades (a) f, < 700 and (b) f, > 700.

perature of 600 °C. The elongated grains of ferrite and pearlite along the
longitudinal axis of the steel have a positive effect on the thermal creep
resistance when the steel is loaded below its yield strength, as shown in
Fig. 7. The thermal creep resistance of CDS 1018 up to a temperature
of 600°C may be influenced by the slow rate of dislocation recovery,
which results from effective dislocation locking between the coarsening
lamellar structures and pinning by the interstitial carbon solute in the
ferrite matrix [1]. Temperatures from 500 to 600°C may cause an in-
crease in the interphase lamellar spacing, which leads to coarsening of
the lamellar structures in the pearlite region. In addition, the elongated
ferrite and pearlite grains facilitate the many dislocations in the grain
interior [43]. The data in the envelope and the present data for CDS
1018 in Fig. 15a are generally below the curve model predictions of the
AISC. However, in the temperatures range from 400 to 650 °C, the CDS
1018 data lie above the envelope data and the curve model prediction
of the AISC. Similar behaviour is observed for S960 grade steel and CDS
1018 in Fig. 15b. The S960QL grade steel data [16] are conservative
relative to the curve model prediction of the AISC in temperature range
of 450-600 °C. The comparisons of HSS grades [8,10] and UHSS grade
[16] with CDS 1018 in Fig. 15a and b show that the degradation of the
mechanical properties of steels at elevated temperatures is dependent on
steel manufacturing.

3.5. Failure modes

The typical failure mode of CDS 1018 specimens obtained from
high-temperature tension testing in the steady-state condition is dis-
played in Fig. 16. It can be clearly observed that all specimens expe-
rience necking behaviour before failure. CDS 1018 steel exhibited sig-
nificant necking behaviour at temperatures higher than 600 °C, where
the reduction in area increased up to over 50%. For all temperatures
tested from 25°C to 750 °C, CDS 1018 steel does not exhibit brittle fail-
ure, which indicates that CDS 1018 shows good performance under
steady-state high-temperature conditions.

Furthermore, the typical failure mode of CDS 1018 tensile specimens
under transient-state conditions at the stress levels applied in the exper-
imental investigation is shown in Fig. 17. All the steel specimens ex-
perienced a necking-down-type tensile failure, indicating typical ductile
failure. The steel specimens experienced the highest ductile fracture (a
reduction in area >~91%) at stress levels of 50-150 MPa, where they
failed at temperatures >732°C. Additionally, CDS 1018 steel failed un-
der fire temperatures in excess of 600°C at fairly low nominal yield
stress levels. In both testing methods, for all CDS 1018 steel failure
modes, despite a decrease in ductility or an increase in ductility ac-

Fig. 16. Failure modes of CDS AISI 1018 specimens after high-temperature tension testing
under steady-state conditions.

companied by a loss of the strain-hardening capacity, the failure re-
mained ductile, as shown in Figs. 16 and 17.

4. Conclusions

The mechanical properties of cold-drawn AISI 1018 steel under
steady-state and transient-state conditions at elevated temperatures
were experimentally investigated. Data model predictions from the EC2,
the EC3 and the ASCE are not appropriate for predicting the thermal
expansion of mild steel under cold-drawing conditions, which indicates
that the strain-hardening strengthening of mild steel by cold-drawing
has a beneficial effect on the relatively slow thermal expansion rate
up to a temperature of 650 °C. Generally, under steady-state conditions,
the degradation of the mechanical properties of CDS 1018 is relatively
higher than that of HSS grades in the temperature range from 100
to 300°C, but in the temperature range of 400-500°C, CDS 1018 ex-
hibits a gradual increase in mechanical strength and ductility due to
the DSA effect. Under transient-state conditions, CDS 1018 exhibits bet-
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Fig. 17. Failure modes of CDS AISI 1018 specimens at different stress levels after transient
temperature deformation tests.

ter mechanical strength than that of HSS grades and UHSS grades in
the temperature range of 500-600°C. Generally, significant disparities
in the mechanical properties of structural steel in a fire are attributed
to the initial microstructure. Mild steel (AISI 1018) under cold-drawing
conditions exhibits thermal creep resistance until the fire temperature
reaches 600 °C. The elevated temperature data obtained from the pre-
sent experiment testing programme are applicable to fire-safety design
in engineering applications, where the Eurocode, ASCE and AISC model
predictions cannot be applied for mild steel under cold-drawing condi-
tions.
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