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Abstract: The overall temperature in high latitude regions has been rapidly increasing in recent
years, creating a demand for infrastructure to support increasing human activities. Recent advances
in material science have resulted in the development of advanced high-strength steels (AHSS),
which are new grades of cold-formed steel (CFS) with unprecedented strength. To design safe
infrastructure, the material properties of AHSS under subzero temperatures must be quantified.
An experimental investigation following the steady-state test protocol was carried out to quantify
the subzero temperature effects on the material properties of AHSS and conventional CFS sheets
with yield strengths ranging from 395 MPa to 1200 MPa. Two types of AHSS (dual phase and
martensitic) and two types of conventional CFS (mild and high-strength low-alloy) were investigated
at temperatures down to−60 ◦C. The stress–strain relationship, elastic modulus, and key stresses and
strains were reported from the experiments. The results show that AHSS’s material properties do not
degrade but are mildly strengthened at subzero temperatures than at ambient, which indicates that
AHSS is a suitable construction material for structural members in high-latitude regions. Furthermore,
modeling on stress–strain relationships of AHSS and conventional CFS at subzero temperatures was
developed, demonstrating excellent fits with the experiment data.

Keywords: cold-formed steel; subzero temperature; advanced high-strength steel; material properties;
steady-state test; stress–strain modeling

1. Introduction

As a result of rapid temperature increases in recent decades [1], the frigid high-latitude
regions, including northern Russia, northern Canada, northern Scandinavia, Greenland,
Alaska, and the Arctic, are open to more frequent human activities during warm seasons,
instead of people being discouraged by the gelid temperatures. Potentially linked to this
shift, a rapidly increasing population has been observed in these high latitude regions for
natural resource exploitation, scientific studies, and traveling [2,3], although the permanent
resident population has shown only a marginal increase [4]. For example, tourism was
estimated to have quadrupled in summer and increased by over 600% in winter between
2006 and 2016 in the Arctic [2]. These rapid changes lead to an increasing demand for
infrastructure in cold regions, which is both a challenge and an opportunity [5].

Cold-formed structural steel is a lesser-known structural material compared to hot-
rolled structural steel (HRS), but its popularity has been growing since the mid-twentieth
century in the United States. Cold-formed steel (CFS) structural members are typically
formed by roll-forming or press-braking steel sheets, with typical thicknesses ranging
from 0.378 mm to 6.35 mm. CFS has several advantages over HRS, including a higher
strength-to-weight ratio and nestable sections that require fewer transportation costs [6].
CFS systems are typically formed using mechanical fasteners to connect members such as
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bolts and screws, and the lighter-weight members are easier to assemble. This can result in
reduced construction costs compared to HRS structures which have heavier members and
typically require welding to connect members. Therefore, CFS may be an ideal structural
material for regions with cold climates, as there is no need for formwork or skilled welders
on site.

Similar to HRS, CFS comes in a variety of grades and can be classified as conventional
strength or high-strength. High-strength steel (HSS) typically has a minimum yield strength
of 450 or 460 MPa [7,8] and therefore has a higher strength-to-weight ratio than conventional
CFS. High-strength CFS is gaining in popularity, and its use in structures is becoming more
common [8]. One downside of high-strength steel is that some grades have a lower ductility
compared to conventional steel, which can impact structural behavior if the material cannot
meet the required ductility demand.

Existing studies on the material properties of structural steel at subzero temperatures
or even under a cryogenic environment are not rare, but most of them discuss HRS [9–23],
including hot-rolled stainless steel [24–34], where a large portion of the studies tested bar
specimens with diameters between 4 mm and 20 mm or flat coupons with thicknesses
greater than 3 mm.

However, because interest in the performance of CFS structures at subzero tempera-
tures is relatively new, limited data on the material performance of CFS, including cold-
formed stainless steel, under subzero temperatures are available. Abdel-Rahim and Poly-
zois [35] investigated the subzero material properties of cold-formed ASTM A715 and CSA
G40.21–300 W steel, where the specimen thicknesses were 4–4.5 mm. It was found that for
both types of steel, the yield and ultimate strengths increased by 10% to 13% at −50 ◦C
compared with the ambient cases, while the elongations decreased by 35%. Nykänen
et al. [36] tested the material properties of 5 mm-thick specimens cut from a cold-formed
rectangular hollow section at ambient and −40 ◦C. The results showed the tested S960 steel
had around a 2% higher yield and ultimate strengths but a 20% lower elongation at −40 ◦C
than ambient. Azhari et al. [37] investigated the mechanical response of ultra-high-strength
steel with a yield strength of 1200 MPa, and a thickness of 3.2 mm extracted from cold-
formed tubes at ambient, −40 ◦C, and −80 ◦C. It was found that the tested high-strength
steels experienced an ultimate strength increase up to 15% when cooled from ambient to
−80 ◦C, meanwhile pronounced ductility losses were also observed at both −40 ◦C and
−80 ◦C. Rokilan and Mahendran [38] investigated the mechanical properties of G300 and
G550 cold-rolled steel sheets with various thicknesses from 0.55 mm to 1.0 mm at subzero
temperatures down to −70 ◦C. It was concluded that all key stresses increased with reduc-
ing temperatures for all steels, while this trend was more pronounced for G300 than G550
and more pronounced for cold-rolled steels than other types of steel. More importantly, it
was found that most specimens exhibited significant fracture strain reductions from−50 ◦C
to−70 ◦C. Park et al. [28] studied the mechanical behaviors of cold-worked 304 L and 316 L
austenitic stainless steel bars at cryogenic temperatures down to 110 K (−163 ◦C). A clear
trend of increasing strengths and decreasing ductility was observed for both steels when
the temperature decreased, and this trend was the most significant for both steels when
the temperature decreased from 223 K (−50 ◦C) to 153 K (−120 ◦C). Kosaraju et al. [39]
characterized a 0.6-mm thick ASS316L cold-formed steel at 0 ◦C, −25 ◦C, and −50 ◦C. The
results showed increasing strengths and decreasing elongations with decreasing tempera-
tures. Yan et al. [40] studied the behavior of concrete stub columns confined by steel tubes
at subzero temperatures, where they reported the material properties of the cold-rolled
steel specimens cut from steel tubes with thicknesses varying from 2.75 mm to 4.50 mm at
subzero temperatures down to −80 ◦C. From the material test, it was found that both the
strengths and fracture strain increased when temperatures decreased.

Among these existing CFS studies, different specimens showed significantly different
behaviors, and the strengths and elongations were overall affected by the decrease in
temperature. This was likely caused by the different microstructure transformations as
observed in the tensile fracture morphology using scanning electron microscopy for steel
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at ambient and low temperatures [15,16,19,23,26,30,31,33,41,42]. Meanwhile, from the
existing studies, few cover thin (e.g., less than 3 mm thick) high-strength CFS with a higher
strength-to-weight ratio, thus requiring further investigation to provide reliable data for
future use in the high latitude regions.

Among the different types of cold-formed high-strength steel, advanced high-strength
steel (AHSS) is promising with significantly enhanced capabilities, owing to recent material
science advances at the microstructural level over the past two decades, at a competitive
cost [43]. AHSS is steel with unique microstructures utilizing complex deformation and
phase transformation processes to achieve unprecedented combinations of strength and
ductility. Macroscopically, AHSS includes new steel grades with a yield strength up to
1250 MPa, ultimate strength up to 1900 MPa, or tensile elongation upwards of 20% to 30%.
The material properties of the steels are significantly dependent on the manufacturing
technology and chemical composition. For example, dual-phase (DP) steel is manufactured
by controlling the cooling from the two-phase ferrite plus austenite to transfer some
austenite to ferrite before the rapid cooling transforms the remaining austenite to martensite.
Martensitic (MS) steel is manufactured by transforming the austenite that exists during
the annealing stage to martensite by cooling. Although AHSS has shown outstanding
performance in the automobile industry for its excellence in stiffness, formability, and
crash performance [44], its performance as a structural material is unclear because the
construction industry requires different design constraints than the automobile industry
does. Specifically, although there is limited research on the material properties of AHSS
at ambient and elevated temperatures [45–48], the AHSS properties under the subzero
temperature environment are unknown.

In this paper, an experimental investigation was carried out to determine the material
properties of advanced high-strength cold-formed steel at subzero temperatures following
a steady-state test protocol. The specimens were tested at various subzero temperatures
from ambient down to −60 ◦C at 20 ◦C intervals for each steel. From the experiments,
the stress–strain (σ–ε) curves and key material properties, including elastic modulus,
yield strength, ultimate strength, and elongations for the tested steels were collected
and were compared with existing test data and various steel standards requirements.
Additionally, predictive equations for the σ–ε behaviors for AHSS at subzero temperatures
were developed and verified.

2. Experimental Study

An experimental study investigating the subzero material properties of AHSS was
carried out. The specimens were cut from steel sheets. However, structural members are
formed by roll-forming or press-braking sheets, which affect the mechanical properties
of CFS sections. Cold-forming increases the yield strength and tensile strength while
decreasing the ductility [6]. The impact of cold work on the mechanical properties of steel
corners depends on the steel grade/alloy, the ultimate strength-to-yield strength ratio, the
inside radius-to-thickness ratio, the applied stress type and direction, and the amount
of cold work. The increase in yield strength is higher for hot-rolled steel sheets than for
cold-reduced sheets [6]. Experiments on the residual stresses of CFS members have shown
that the cold-work effects are limited to the corner regions and do not affect the entire
cross-section [49–52]. Cold work affects the corners of the cross-section; therefore, buckling
or yielding begins in the flat portion due to the lower yield strength. Design provisions
allow the consideration of increased yield strength of corners for a specific range of inside
radius to thickness ratio and ultimate strength to yield strength ratio. However, for all
situations, the mechanical properties of the plain material can be used [53]. Therefore, this
study on determining the effect of subzero temperatures on AHSS cut from steel sheets is
applicable and relevant to cold-formed structural sections.
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2.1. Test Apparatus

The experimental study was carried out in the Manufacturing and Mechanics Labo-
ratory at the University of Wisconsin-Madison. An ADMET F-280DT environmental test
chamber with the capability of active heating and cooling from −80 ◦C to 200 ◦C was used
to obtain the target subzero temperature environment. The chamber was connected to an
Airgas liquid cylinder, which input the liquid nitrogen into the chamber for the cooling
stage. The target temperature inside the chamber was controlled using an Omron E5AC
digital temperature controller, which could set the target temperature and display the
present temperatures and real-time cooling rate. The present temperature reading was
measured using three thermocouples attached to the chamber’s internal surfaces, where
one thermocouple was placed on the top surface and the other two were on the two side
surfaces. The cooling rate was controlled with the temperature controller. Generally, the
cooling rate was approximately 5 ◦C/min at the start of the cooling stage, and it gradually
decreased when the chamber temperature approached the target temperature. The chamber
was mounted on a 100 kN loading capacity ADMET eXpert 1600 Series hydraulic testing
frame with specially designed subzero temperature-resistant tension grips. The loading
process of the tensile test was controlled using MTESTQuattro software, which can control
the loading rate and stopping criterion and record and output the test data. The setup of
the experiment is shown in Figure 1.

Figure 1. Test apparatus setup for the subzero temperature experiment.

The strain was measured using an MTS model 632.12B-20 extensometer, which is
subzero temperature resistant. It originally had a gauge length of 25.4 mm (1 inch) and a
maximum displacement of 12.7 mm (0.5 inches). The gauge length of the test specimen
was designed as 50.8 mm (2 inches) per ASTM E8 [54] (refer to Section 2.2). To ensure the
fracture of the specimen would occur inside the gauge of the extensometer, a 25.4 mm
(1 inch) extender was manufactured and fixed to the original extensometer. As the extender
could not displace, the extensometer now had a 50.8 mm (2 inches) gauge length with a
25% maximum strain measurement range.

2.2. Test Materials and Specimens

The tensile specimens were cut from various steel sheets, including three AHSS steel
sheets with two thicknesses and three different grades. Although the material properties
of the steel sheets might be affected by the manufacturing processes (e.g., the galvanizing
process for coated steel sheets [35]), the purpose of this test is to investigate the subzero
material properties of the steel sheets as finished structural products only, where the
steel sheets could be directly used in structural engineering practices. The materials
were labeled with their steel families and nominal yield and ultimate strengths (in MPa)
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following the nomenclature adopted in [43], i.e., DP-580/980, MS-1030/1300, and MS-
1200/1500. For comparison of AHSS to mild and high-strength steel, specimens cut from
a conventional mild CFS sheet (Mild-395/450) and a conventional high-strength CFS
sheet (HSLA-700/980) were also studied. All AHSS and HSLA-700/980 steel sheets were
kindly donated by US Steel, and Mild-395/450 steel sheets were kindly donated by Rack
Manufacturers Association together with catalog information of these steel sheets. The
chemical composition of the five steel sheets is listed in Table 1, which is provided by
the steel manufacturers. Nominal information of the steel sheets, including the nominal
yield strength σny, nominal ultimate strength σnu, nominal thickness tn, and coating, is
given in Table 2.

Table 1. Chemical composition of the steel sheets measured in mass percentage.

Element DP-580/980 HSLA-700/980 MS-1030/1300 MS-1200/1500 Mild-395/450

C 0.167 0.104 0.16 0.28 0.04
Si 1.413 0.012 0.4 0.4 0.02
Mn 2.0 2.32 1.8 1.3 0.65
P 0.01 0.013 0.02 0.02 0.015
S 0.002 0.004 0.01 0.01 0.003
Al 0.047 0.031 0.015 0.015 0.025
Nb + Ti 0.006 - 0.1 0.1 0.018
Cr + Mo 0.043 0.606 1.0 1.0 0.08
V 0.005 0.001 - - 0.002
B 0.0003 0.0001 0.005 0.01 -
Cu 0.02 0.02 0.2 0.2 0.09
Ni 0.01 0.01 - - 0.03
Sn 0.008 0.002 - - 0.005
N 0.004 0.005 - - 0.008
Cb 0.003 0.002 - - -
Sb - 0.001 - - -
Ca - 0.001 - - 0.002

Table 2. Nominal properties and coating of the steel sheets.

Steel tn (mm) σny (MPa) σnu (MPa) Coating

Mild-395/450 1.8 395 450 uncoated
DP-580/980 1.8 580 980 uncoated

HSLA-700/980 0.6 700 980 zinc-coated
MS-1030/1300 1.0 1030 1300 uncoated
MS-1200/1500 1.0 1200 1500 uncoated

The specimens were cut along the rolling direction of the steel sheets using a water-
jet in the TeamLab at UW-Madison. The dimension of the specimen was designed per
ASTM E8 [54]. Although ASTM E8 [54] permits both mm and inches, the unit system of
inches was required by the waterjet. The specimen dimensions have a length of 203.2 mm
(8 inches), a width of 12.7 mm (0.5 inches), and a reduced parallel section length of 57.15 mm
(2.25 inches), as shown in Figure 2. For each test temperature, two specimens each were
tested for AHSS and HSLA steels, while one specimen was tested for mild steel. Mild
steel has previously been tested at subzero temperatures [38,40], therefore, this test was
for validation, and one sample for mild steel was sufficient. The specimen was labeled
with its sheet designation (e.g., DP-580/980) plus its target test temperature in Celsius
(e.g., +20 for ambient and −20 for −20 ◦C) and the test number (e.g., 1 or 2). The actual
width and thickness for the reduced parallel section of each specimen were measured to
determine the initial cross-section area before the test. For each specimen, the width and
thickness were measured at the center and two ends of the reduced parallel section, and
the average of the three readings was used. The width was measured using a caliper with a
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precision of 0.01 mm, and the thickness was measured using a micrometer with a precision
of 0.001 mm. For coated HSLA specimens, four specimens were used to measure the total
thickness of the coating layers on both sides tcb; because the coating layer did not carry
loads, the coating thickness should be subtracted from the measured total thickness to
obtain the base metal thickness [55]. The zinc coating of the four HSLA specimens was
removed by immersing the specimens into one molar hydrochloric acid until the complete
reaction. The thicknesses before and after the removal of the zinc coating were measured,
and their difference was calculated as tcb. The average tcb for the four HSLA specimens
was 0.04 mm, and it was used as the total thickness of the coating layers on both sides for
other HSLA specimens without coating removal, as used in the steady-state subzero tensile
test. The zinc coating of HSLA specimens was removed by immersing the specimens into
one molar hydrochloric acid until the complete reaction. The thicknesses before and after the
removal of the zinc coating were measured. The average thickness difference was 0.04 mm,
and it was used as the coating thickness for HSLA specimens. The measured width (b) and
uncoated thickness (t) of the reduced parallel section for each specimen are shown in Table 3.

Table 3. Experimental properties of AHSS and conventional steel specimens.

Specimen b t ET σ0.2T ε0.2T σ2.0T σuT εuT σ f T ε f T
mm mm GPa MPa % MPa MPa % MPa %

Mild-395/450+20-1 12.92 1.905 226.7 514.4 0.427 516.2 559.1 11.97 - 31.04
Mild-395/450-0-1 12.86 1.912 218.1 566.8 0.460 567.4 611.1 17.71 - 26.90

Mild-395/450-20-1 12.83 1.905 231.9 575.7 0.449 576.0 621.8 15.05 - 27.22
Mild-395/450-40-1 12.86 1.908 220.9 601.7 0.472 605.9 651.2 16.45 - 30.26
Mild-395/450-60-1 12.89 1.910 211.7 600.0 0.483 606.3 652.7 17.73 - 26.98

DP-580/980+20-1 12.94 1.804 213.2 750.5 0.552 985.6 1095.5 9.84 967.5 14.84
DP-580/980+20-2 12.91 1.822 216.6 752.5 0.548 982.3 1097.0 10.53 964.0 16.22
DP-580/980-0-1 12.95 1.820 212.9 785.2 0.569 1019.6 1137.2 10.92 1005.3 15.32
DP-580/980-0-2 12.96 1.806 215.5 788.6 0.566 1016.6 1136.3 9.72 963.6 16.10
DP-580/980-20-1 12.94 1.810 218.0 789.4 0.562 1023.2 1143.7 9.89 998.3 16.05
DP-580/980-20-2 12.93 1.833 207.4 798.8 0.585 1027.6 1153.0 11.05 1013.3 17.69
DP-580/980-40-1 12.91 1.832 212.0 826.5 0.590 1056.9 1195.5 11.77 1042.8 16.89
DP-580/980-40-2 12.97 1.815 214.0 808.2 0.577 1039.8 1167.9 9.77 1039.0 16.64
DP-580/980-60-1 12.94 1.830 210.0 846.5 0.603 1074.1 1218.4 11.97 1071.5 16.29
DP-580/980-60-2 12.95 1.816 214.7 840.4 0.592 1070.9 1212.9 11.22 1061.0 16.51

HSLA-700/980+20-1 12.70 0.590 203.6 767.0 0.577 1033.2 1127.7 8.91 1112.1 10.17
HSLA-700/980+20-2 12.70 0.591 202.4 758.2 0.575 1023.9 1119.9 10.62 1103.7 10.91
HSLA-700/980-0-1 12.73 0.589 199.8 772.6 0.587 1037.2 1137.9 7.65 1127.5 10.23
HSLA-700/980-0-2 12.75 0.584 197.6 764.5 0.587 1031.0 1130.6 6.98 1117.3 10.57
HSLA-700/980-20-1 12.80 0.581 199.7 760.4 0.581 1021.7 1132.4 8.00 1096.0 12.96
HSLA-700/980-20-2 12.76 0.591 203.2 779.3 0.583 1049.3 1152.0 8.54 1103.7 12.86
HSLA-700/980-40-1 12.71 0.593 202.4 782.0 0.586 1055.5 1162.5 8.68 1123.9 12.73
HSLA-700/980-40-2 12.76 0.585 202.2 779.6 0.585 1048.0 1155.7 8.50 1093.9 13.21
HSLA-700/980-60-1 12.73 0.597 198.9 798.6 0.601 1070.9 1187.0 9.85 1134.2 13.40
HSLA-700/980-60-2 12.79 0.598 194.2 798.6 0.611 1083.8 1212.7 10.26 1205.9 10.66

MS-1030/1300+20-1 12.63 0.991 215.9 1333.0 0.817 1484.1 1493.3 2.49 1196.2 2.48
MS-1030/1300+20-2 12.62 0.992 208.0 1317.1 0.833 1477.9 1492.7 2.77 1199.6 3.91
MS-1030/1300-0-1 12.63 0.990 201.6 1332.3 0.861 1479.6 1498.1 3.47 1220.0 5.04
MS-1030/1300-0-2 12.62 0.991 202.4 1329.6 0.857 1477.4 1491.9 2.95 1143.9 4.44

MS-1030/1300-20-1 12.58 0.993 216.4 1323.0 0.811 1479.9 1497.8 3.25 1172.6 5.06
MS-1030/1300-20-2 12.65 0.990 205.9 1347.4 0.854 1496.4 1511.4 2.90 1182.5 3.22
MS-1030/1300-40-1 12.56 0.985 209.9 1343.1 0.840 1499.2 1517.9 3.22 1199.4 5.03
MS-1030/1300-40-2 12.54 0.986 208.4 1341.9 0.844 1496.5 1513.1 3.21 1153.2 4.99
MS-1030/1300-60-1 12.54 0.985 215.0 1348.4 0.827 1505.5 1524.1 3.40 1177.2 5.15
MS-1030/1300-60-2 12.63 0.988 206.4 1335.4 0.847 1501.0 1521.7 3.32 1173.5 5.16

MS-1200/1500+20-1 12.53 1.010 204.6 1401.6 0.885 1578.4 1620.3 4.15 1282.3 6.16
MS-1200/1500+20-2 12.57 1.003 199.6 1412.5 0.908 1584.1 1626.4 4.03 1282.5 6.15
MS-1200/1500-0-1 12.58 1.006 208.6 1442.4 0.892 1620.0 1660.7 4.02 1301.2 6.05
MS-1200/1500-0-2 12.60 0.996 208.5 1452.1 0.896 1622.7 1661.5 3.97 1307.4 5.90

MS-1200/1500-20-1 12.63 1.000 203.2 1452.5 0.915 1619.5 1660.0 4.05 1322.9 5.84
MS-1200/1500-20-2 12.60 1.007 206.5 1457.6 0.905 1625.4 1664.7 3.92 1275.4 6.68
MS-1200/1500-40-1 12.63 1.011 205.7 1450.1 0.905 1615.0 1652.8 3.71 1253.1 5.86
MS-1200/1500-40-2 12.47 1.008 204.8 1451.6 0.909 1623.9 1665.6 4.11 1295.3 6.33
MS-1200/1500-60-1 12.56 0.992 207.9 1495.8 0.919 1637.0 1669.4 3.45 1288.8 5.64
MS-1200/1500-60-2 12.58 1.011 198.6 1464.1 0.937 1633.5 1675.5 4.19 1350.9 6.41

(acronyms) AHSS: advanced high-strength steel; DP: dual phase; HSLA: high-strength low-alloy; MS: martensitic.
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Figure 2. Nominal dimension of the tensile specimen (unit: mm).

2.3. Test Procedures

The steady-state test protocol was adopted in this study, where the material properties
of the steels at a steady subzero temperature were measured using a uniaxial tensile test.
The target test temperatures included ambient (represented by 20 ◦C), 0 ◦C,−20 ◦C,−40 ◦C,
and −60 ◦C. Although the lowest natural temperature in Earth’s recorded history is below
−60 ◦C [56], the lowest test temperature was selected as −60 ◦C because the recorded
lowest natural temperatures in the high latitude regions with frequent human activities
since the twenty-first century has been above −60 ◦C [1,57]. Each test was divided into two
stages, the cooling stage and the loading stage. At the beginning of the test, the specimen
was clamped vertically using the two grips of the testing frame, and the extensometer
was placed at the center of the specimen. The chamber door was then closed, and the
cooling stage began. As a result of the cooling, thermal tensile stresses were introduced
into the specimen due to thermal shrinkage. The position of the bottom grip was manually
adjusted upwards using fine-tune controls during the cooling stage to maintain the thermal
tensile load below 100 N. After the target temperature on the digital temperature controller
was achieved and stabilized in the chamber, the specimen was conditioned for another
twenty minutes to guarantee uniform distribution of the target temperature within the
specimen. The position of the bottom grip was fine-tuned during the conditioning phase
to maintain the tension in the specimen below 100 N as the internal temperature of the
specimen equilibrated with the target temperate in the chamber.

After cooling and conditioning, the loading stage began, where the tensile load was
applied to the specimen until specimen fracture. The tensile load was applied in a displace-
ment control manner with a loading rate of 0.4 mm/min. This corresponded to a strain
rate of 0.007/min, which met the strain rate requirement of 0.005 ± 0.002 [54]. The data
collection rate was set as 10 Hz. The fracture criterion for the specimen was defined as a
sudden drop of more than 10% of the applied load between two successive data points in
the MTESTQuattro software. When the fracture criterion was activated, the first point of
the two successive data points was regarded as the fracture point for the test.

In addition to the 50.8 mm gauge length extensometer, a grid method was also adopted
to depict the elongation distribution along the specimen’s longitudinal direction. This
enabled the elongation measurements over the full length of the reduced parallel section,
over the regions with minimal deformation, and elongation measurements at the fracture
position. The grid method has been used previously to measure elongations over various
gauge lengths [58], and elongations over various gauge lengths are needed to determine
ductility [59].

Before the test, uniformly distributed grids were drawn on the specimen center us-
ing Nalgene Cryoware markers, in which the ink was fade resistant at low temperatures
(Figure 3). The spacing between adjacent grids was 2.5 mm. When the loading was com-
pleted, the fractured specimens were removed from the chamber and returned to ambient
temperature. After several hours, the spacing between various numbers of grids around
the fracture position was then measured using a digital caliper. The local (ε7.5 and ε12.5),
uniform (ε37.5), and overall (ε25 and ε50) elongations at various gauge lengths are illustrated
in Figure 3. Following the requirements of [59], the elongations were calculated using the
spacing before and after the test, as shown in Equation (1):

εgl =
Lgl − Lgl0

Lgl0
(1)
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where Lgl and Lgl0 are the lengths after and before the test, respectively, along specimen
length between grids for εgl as notated in Figure 3, and the subscript gl represents the
gauge length of interest.

Figure 3. Elongations measured at various gauge lengths.

3. Experiment Results

The failed specimens of the steady-state tensile tests at subzero temperatures are
shown in Figures 4 and 5. All specimens were fractured within the reduced parallel sec-
tion. Significant necking was observed for DP-580/980 and Mild-395/450 steel sheets at
both ambient and subzero temperatures. However, no noticeable necking was observed
for HSLA-700/980, MS-1030/1300, and MS-1200/1500 at any tested temperatures, and
the specimens fractured in relatively brittle modes. The observations indicated the frac-
ture modes of the tested AHSS, HSLA-700/980, and Mild-395/450 were not affected by
exposure to subzero temperatures down to −60 ◦C. The major results of the subzero tem-
perature steady-state tests are the σ–ε relationship and the elongations measured at various
gauge lengths.

Figure 4. The failure modes of AHSS specimens at fracture. Necking is observed in
DP-580/980 specimens.

Figure 5. The failure modes of HSLA-700/980 and Mild-395/450 specimens at fracture. Necking is
observed in Mild-395/450 specimens.
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3.1. Stress–Strain Curves

The stress was calculated as the applied load divided by the initial cross-section area of
the reduced parallel section (measured b and t given in Table 3). The strain was measured
using the extensometer. The σ–ε curves at subzero temperature for each specimen of AHSS
and HSLA steel are shown in Figure 6, and those for each specimen of mild steel are shown
in Figure 7.

Figure 6. Experimental stress-strain curves from the steady-state subzero temperature tests with the
fit between the test curves and the two-stage plus linear model for AHSS and HSLA steel.

Figure 7. Experimental stress–strain curves from the steady-state subzero temperature tests with
the fit between the test curves and the updated bilinear plus nonlinear model with recalibrated
coefficients for Mild-395/450 at ambient and subzero temperatures.

For AHSS and HSLA-700/980, rounded σ–ε curves without a distinct yield point are
observed for both ambient and subzero temperature tests. At ambient temperatures, the
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nonlinearity of the σ–ε curve around the yield is the greatest for DP-580/980 and is reduced
for HSLA-700/980, MS-1030/1300, and MS-1200/1500 (in decreasing order). As the test
temperature T decreases, the steel strength tends to increase, and the nonlinearity of the σ–ε
curve tends to decrease. This trend is more significant for DP-580/980 and HSLA-700/980
than for MS-1030/1300 and MS-1200/1500. The fracture of HSLA specimens occurred
closely after reaching the ultimate point, while for DP-580/980, MS-1030/1300, and MS-
1200/1500, noticeable strain-softening processes occurred after reaching the ultimate point.
For all steels, no noticeable effect on the strain-softening portion of the σ–ε curve resulted
from the decrease of temperature T.

Mild-395/450 did not have rounded stress–strain curves like AHSS and HSLA but
rather curves with a distinct upper yield point, a yield point, and a yield plateau for all
test temperatures. The yield and ultimate strengths of Mild-395/450 increased when the
test temperature decreased. This trend was significant when the temperature decreased
from ambient to 0 ◦C and from −20 ◦C to −40 ◦C. For all tests, no fracture was observed at
the extensometer strain measurement limit of 25%. Thus, the fracture elongation was not
measured from the extensometer. Instead, ε50 was calculated using the grid method and is
reported as the fracture elongation for Mild-395/450. In addition, to prevent damage to
the extensometer, the test was paused once the extensometer reached its maximum limit,
and the extensometer was quickly detached. Afterward, the cooling and conditioning
stages were repeated, and the loading process was then resumed until specimen fracture.
Therefore, the σ–ε curve up to 25% strain and the elongations at fracture measured using
the grid method are reported, while the σ–ε curve after reaching 25% strain is not reported.
Although the fracture point is not observed from the σ–ε curve, the ultimate point was
captured for all tests (i.e., the ultimate strains are less than 25%).

3.2. Material Properties

Important material properties extracted from the σ–ε curves are shown in Table 3,
which includes elastic modulus ET , 0.2% proof stress σ0.2T and its strain ε0.2T = 0.002 +
σ0.2T/ET , stress at 2% total strain σ2.0T , ultimate strength σuT and ultimate strain εuT ,
fracture strength σf T , and elongation strain ε f T . The subscript T represents the material
property at test temperature T.

3.2.1. Elastic Modulus

ET is defined as the slope of the initial linear elastic portion of the σ–ε curve. However,
for those showing rounded σ–ε behaviors (e.g., AHSS and HSLA-700/980), defining the
linear elastic portion is challenging. Huang and Young [55] recommended defining the
linear portion for the rounded σ–ε curve based on the metal grade and type (e.g., carbon
steel, lean duplex stainless steel, and aluminum) where the slope of the linear regression
on all σ–ε data between 20% and 45% of the nominal yield strength is calculated as E for
the ambient condition. For the subzero temperature cases, the nominal yield strength at
ambient might not provide accurate results following this recommendation because of the
strength increase with decreasing temperature observed from the experiments. The authors
previously developed a method [48] to approximate the nominal yield strength at elevated
temperature, and this methodology is adopted in this study, where the ratio between
the nominal yield strengths at T (σnyT) and ambient (σny20) is proportioned to the ratio
between the ultimate strength at T (σuT) and ambient (σu20), as calculated in Equation (2).
By adopting this method, the resulting coefficient of determination R2 between the linear
regression and the test data of the selected data range (between 20% and 45% of the adjusted
nominal yield strength σnyT) for all steels at all test temperatures is larger than 0.99, which
indicates the strong linearity of the selected data ranges and thus demonstrates the method
validity. The elastic moduli for AHSS and HSLA steel fluctuate slightly without a clear
trend with decreasing temperature. The differences between the average ET and E20 for all
AHSS and HSLA steels are within ±4%. For Mild-395/450, however, a decreasing trend
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for ET is observed with decreasing temperature with an exception at −20 ◦C. The most
significant decrease is observed at −60 ◦C where E−60 is 93% of E20.

σnyT = σny20 ×
σuT
σu20

(2)

3.2.2. Key Stresses

Yield strength (σyT) for AHSS and HSLA cannot be easily defined, for no distinct yield
point was observed from the experiments. The 0.2% proof stress (σ0.2T , the stress with a
plastic strain of 0.002) is commonly used as the yield strength for metals with a rounded
σ–ε curve but without a distinct yield point, and therefore is reported to represent the yield
strength. In addition, the stress at 2.0% total strain (σ2.0T) is also reported, which depicts
the steel strain hardening process. As temperature decreases, σ0.2T and σ2.0T increase for all
steels, although for varying amounts. Mild-395/450 shows the largest increase of over 16%
between ambient and −60 ◦C (although minimal change between −40 ◦C and −60 ◦C),
followed by DP-580/980, MS-1200/1500, HSLA-700/980, and lastly, MS-1030/1300, which
shows the smallest increase of 2% from ambient to −60 ◦C.

Uniquely for Mild-395/450, an overshoot was observed at the end of the linear portion,
followed by a small stress drop before the yield plateau. The peak stress of the overshoot is
the upper yield strength σuyT , and the stress at the yield plateau is reported as the yield
strength σyT , as shown in Table 4. Tables 3 and 4 show that the differences among σyT , σ0.2T ,
and σ2.0T at any tested temperature are within 0.8%, which indicates a relatively constant
yield plateau stress. Similar to σ0.2T and σ2.0T for Mild-395/450, σyT and σuyT increase with
a decreasing T down to −40 ◦C, with minimal change between −40 ◦C and −60 ◦C.

Table 4. Key stresses and strains of Mild-395/450 at subzero temperatures.

T 20 ◦C 0 ◦C −20 ◦C −40 ◦C −60 ◦C

σyT (MPa) 517.0 566.8 576.5 604.2 601.2
σuyT (MPa) 555.9 591.2 625.6 662.3 633.7

εyT (%) 0.228 0.260 0.249 0.274 0.284
εshT (%) 4.36 4.32 4.70 4.87 4.95

The ultimate stress, σuT , is defined as the peak stress of the nonlinear strain hardening
and softening portion. As temperature decreases, the ultimate stress tends to increase. This
trend is significant for Mild-395/450 and DP-580/980, moderate for HSLA-700/980, and
insignificant for MS-1030/1300 and MS-1200/1500. The stress at specimen fracture, σf T ,
occurs when the specimen fractures, which is depicted on the σ–ε curve as a significant stress
drop between two consecutive data points. As T decreases, only σf T for DP-580/980 shows
a clear increasing trend, while, for HSLA-700/980, MS-1030/1300, and MS-1200/1500, the
effect of the low temperature on σf T is not apparent.

3.2.3. Key Strains and Elongations

Yield strain εyT and ultimate strain εuT are essential to depict the steel strain hardening
process and develop an ideal constitutive model, where εyT = ε0.2T = 0.002 + σ0.2T/ET
for AHSS and HSLA (Table 3) and εyT = σyT/ET for Mild-395/450 (Table 4). The yield
strain εyT is dependent on the yield strength and elastic modulus. As the elastic modulus
ET is overall unaffected by the test temperature, the relationship between the yield strain
εyT and T is similar to the relationship between the yield strength σyT and T. Specifically,
the yield strain εyT tends to increase when T decreases for each steel, while the increase
is more significant for Mild-395/450 and DP-580/980. The ultimate strain εuT varies for
each test, and there is no obvious trend with decreasing temperature. The strain at the end
of the yield plateau (εshT) is also important for steel with a distinct yield point and yield
plateau (e.g., Mild-395/450). As shown in Table 4, there is a clear increasing trend of εshT
with decreasing temperature T for Mild-395/450.
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Elongation at fracture, ε f T , is one of the most critical material properties that depicts
steel ductility. The strains at fracture measured using the extensometer are reported in
Table 3. In addition, the average elongations for different gauge lengths measured using the
grid method for each steel are defined and shown in Figure 8. Generally, ε7.5T > ε12.5T >
ε25.0T > ε50.0T > ε37.5T for each steel at each test temperature. Recall that ε7.5 and ε12.5 are
considered local elongations, ε37.5 is a uniform elongation, and ε25.0 and ε50.0 are considered
overall elongations.

Figure 8. Elongations of various gauge lengths measured using the grid method and corresponding
normalized factors for (a) DP-580/980; (b) HSLA-700/980; (c) MS-1030/1300; (d) MS-1200/1500;
(e) Mild-395/450.

Overall trends in elongation versus temperature are more obvious when viewing the
normalized elongations in Figure 8. For MS-1030/1300, increasing trends are observed
for all elongations when T decreases, and the uniform elongation is the most affected
by subzero temperatures. For DP-580/980, HSLA-700/980, and Mild-395/450, there are
anomalies in the elongation trends at −40 ◦C. There are no clear trends for MS-1200/1500
with decreasing temperature.

4. Discussion on Experimental Results

This section compares the effect of subzero temperatures on AHSS material properties
with other types of steel. This comparison includes conventional and high-strength CFS
sheets/plates [37,38,40], as introduced in Section 1, hot-rolled steel (HRS) specimens including
HRS bar/strand/headed studs [10,11,17–20,60], and HRS sheets/plates [13,16,21,22,32,34].
The trends of the material properties variations associated with temperature decrease for
different steels are reported and then compared with AHSS, HSLA, and mild steel in this
study. The normalized factor for each material property, which is the ratio of the material
property at the subzero temperature T to ambient, is calculated to depict the effects of sub-
zero temperature on different steels. The existing data is divided into three categories: CFS
sheets/plates, HRS bar/strand/headed studs, and HRS sheets/plates. The comparisons
among AHSS, HSLA, and mild steel and the existing test data for elastic modulus, yield
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strength, ultimate strength, yield strain, ultimate strain, and overall elongation are shown
in this section.

4.1. Comparison of Key Material Properties

For the elastic modulus shown in Figure 9, most data, including for AHSS and HSLA
steel, does not show significant change with temperature decrease, the majority being
within 95% to 120% of the ambient value. The largest decrease is for a 3 mm thick S316
stainless steel plate, which shows a 9% decrease at −30 ◦C [34]. In contrast, a few HRS
specimens (12 mm thick mild steel plate [13], 6 mm thick Q690 HSS plate [21], S30408 steel
plate [32], and S316 stainless steel plate [34] with various thicknesses) show increases over
20% at subzero temperatures, which are above the dashed line shown in Figure 9.

Figure 9. Normalized factors of elastic modulus for AHSS, HSLA-700/980, Mild-395/450, and data
from published experiments. The dashed line represents an increase of 20% compared with ambient.

For the yield strength shown in Figure 10a, most data exhibits an increasing trend
with decreasing temperature, with the increase typically within 30% of the ambient values.
Some of this data shows minimal increases within 5% at low temperatures compared with
the ambient values, including HSLA-700/980 and MS-1030/1300. The S355 sheet [42] is the
only case that shows a decrease at subzero temperatures, with a decrease of only 2%. The
data with an increase greater than 30% are above the dashed line in Figure 10a, including
G300 CFS sheets with thicknesses varying from 0.55 mm to 1.00 mm [38], which have 33%
to 75% greater yield strengths at −50 ◦C and −70 ◦C than at ambient, as well as S30408
and S316 stainless steel plates with thicknesses varying from 3 mm to 6 mm [32,34], which
have 32% to 42% greater yield strengths at −60 ◦C and −80 ◦C than at ambient.

For the ultimate strength, shown in Figure 10b, the effect of decreasing temperature
is similar to the effect on yield strength. Increased ultimate strengths are observed in
most studies where most steels possess an increase within 30% of the ambient values. The
increase is more pronounced for G300 CFS sheets [38], which show approximately a 50%
increase at −70 ◦C compared to the ambient values, and S30408 and S316 stainless steel
plates [32,34], which show 34% to 98% increase at subzero temperatures compared to the
ambient values. These data points are shown above the dashed line in Figure 10b.

For the yield strain as shown in Figure 11a the majority of the data is not significantly
affected by subzero temperatures where most data is within ±10% of the ambient values.
Most HRS bar/strand specimens and CFS sheet/plate specimens, including AHSS and
HSLA-700/980 in this study, show minor increases compared with ambient values and a
clear increasing trend with decreasing temperature. Mild-395/450 shows a greater increase
than any other steel, where the maximum yield strain observed at −60 ◦C is 125% of its
ambient value. Some HRS sheet/plate specimens show decreased yield strains at certain
subzero temperatures.

For the ultimate strain, several trends are observed with decreasing temperature as
shown in Figure 11b. In general, increasing trends are found for most steels; however,
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various fluctuations are observed. Most data from existing literature are within ±30%
of corresponding ambient values (emphasized in Figure 11c), which show similar behav-
iors with AHSS, HSLA-700/980, and Mild-395/450, while two groups of steel illustrate
substantially different behaviors. The first group includes φ13 headed stud [17], 0.70 and
0.95 mm thick G550 CFS sheets [38], and 4 mm thick Q690 and Q960 HRS plates [21]. These
specimens exhibit significant increases in ultimate strain with decreasing temperature,
where the maximum increases are larger than 30% as shown above the upper dashed line
in Figure 11b. A special case, the 0.75 mm thick G550 CFS sheet [38], has ultimate strain
increases more than four times the ambient value at −10, −30, and −50 ◦C (the outliers in
Figure 11b), but suddenly decreases to less than half of the ambient value at −70 ◦C due
to the ductility loss and change of the yielding mode. The second group (data below the
bottom dashed line as shown in Figure 11c) includes G300 CFS sheets [38], 3 mm thick
Q960 HRS plate [21], and 2.8 mm and 4.5 mm thick S316 stainless steel plates [34], where
the ultimate strains show a significant decrease at specific subzero temperatures due to the
shape change in the σ–ε curves.

The changing trends for the fracture strain or the total elongation over the full specimen
gauge length over the temperature range are compared in Figure 11d. Overall, for the
majority of the tested steels, the fracture strains at subzero temperatures are within ±30%
of the ambient values as shown in Figure 11e. Specifically, for most HRS specimens, the
fracture strains are close to or higher than their ambient values. The exceptions are the
G20Mn5QT cast steel bar [19] and 3 mm thick Q690 HRS plate [21], which show clear
decreasing trends with decreasing temperature where maximum decreases of 18% and
12% are observed, respectively. For CFS specimens, AHSS, HSLA-700/980, and 0.95 and
0.75 mm thick G550 sheets [38] (the outliers in Figure 11d) show increased fracture strains
with decreasing temperature, while other data shows either gradual or sudden ductility
loss when exposed to subzero temperatures (i.e., the data below the bottom dashed line as
shown in Figure 11e). Mild-395/450 shows a gradually decreasing trend with a maximum
decrease of 13% at−60 ◦C. For the UHSS 1200 [37], 0.55 mm thick G550 sheet [38], and G300
sheet [38], large ductility losses are observed at certain subzero temperatures. A ductility
loss of 32% is observed at −40 ◦C and continues decreasing to 36% of ambient at −80 ◦C
for the UHSS 1200 [37]. Ductility losses between 30% to 34% of ambient are observed for
S30408 stainless steel sheet at −60 ◦C or −80 ◦C [32]. For the G300 sheet and 0.55 mm thick
G550 sheet [38], the fracture strain is increased to higher than the ambient value at −30 ◦C
or −50 ◦C, followed by decreases of up to 78% of the ambient value at −70 ◦C.

Figure 10. Normalized factors of (a) yield strength and (b) ultimate strength for AHSS, HSLA-
700/980, Mild-395/450, and data from published experiments. The dashed line represents an increase
of 30% compared with ambient.



Buildings 2023, 13, 399 15 of 22

Figure 11. Normalized factors of (a) yield strain, (b) ultimate strain, and (d) fracture strain for AHSS,
HSLA-700/980, Mild-395/450, and data from published experiments. Subplot (c) is a magnification
of subplot (b) at a normalized factor of 1. Subplot (e) is a magnification of subplot (d) at a normalized
factor of 1. The dashed lines represent an increase/decrease of 30% compared with ambient.

4.2. Comparison to Design Standards Ductility Requirements

Unlike conventional CFS, which shows a transition from relatively ductile to brittle
fracture modes at specific low temperatures, the fracture strains of AHSS and HSLA-
700/980 are not noticeably affected by subzero temperatures. In addition to studying
the trend of fracture strain with decreasing temperature, it is also critical to compare the
ductility of AHSS, HSLA-700/980, and Mild-395/450 with current CFS standards, which
include the elongation, the ratio between ultimate strength and yield strength, and the ratio
between ultimate strain and yield strain.
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Eurocode 3, Part 1.3 [61], which cites Eurocode 3, Part 1.1 [62], requires an elongation
at failure no less than 15% for cold-formed structural steel, while Eurocode 3, Part 1.12 [7]
reduces this limit to 10% for HSS with a nominal yield strength between 460 MPa and
700 MPa. The minimum elongation with a 50 mm gauge length required by the Australian
and New Zealand standards [63] is dependent on the steel grade. For example, for the
highest listed grade, G550, the minimum elongation is 2%. No requirement in the current
standard is available for steel with a grade higher than 700 MPa, including MS-1030/1300
and MS-1200/1500. The overall elongation for existing test data and standard limits are
plotted in Figure 12. Although steel elongation is significantly dependent on steel grade and
cross-section geometry, most available data below the 15% (red dashed line) [61] and/or
the 10% (blue dashed line) [7] limits are CFS specimens, including the HSLA-700/980,
MS-1030/1300, and MS-1200/1500 materials tested in this study. Even worse, a few cases
of cold-formed HSS specimens, including UHSS 1200 [37] and 0.55 mm thick G550 CFS
sheet [38], also fail to meet the 2% elongation requirement (brown dashed line) [63].

Figure 12. Overall elongations for AHSS, HSLA-700/980, Mild-395/450, and data from published
experiments compared with current standard requirements [7,61,63].

In addition to the overall elongation, the local and uniform elongation recommen-
dations for structural steels [58,64] are also checked for AHSS, HSLA-700/980, and Mild-
395/450 (Figure 8). The lower limit is 20% for the local elongations (ε7.5T and ε12.5T) and
3% for the uniform elongation (ε37.5T). DP-580/980 and Mild-395/450 pass all elongation
checks at all test temperatures. HSLA-700/980 does not meet the local elongation require-
ment at ambient and 0 ◦C, while it passes the uniform elongation check at all temperatures.
MS-1200/1500 meets the uniform elongation requirement, while it does not pass the local
elongation requirements at any temperature. MS-1030/1300 does not meet any of the local
or uniform elongation requirements.

The ratio between ultimate strength and the yield strength is also a steel ductility
indicator required by Eurocode 3, Part 1.3 [61] and Part 1.12 [7], where the minimum
ratio is 1.10 and 1.05, respectively. As shown in Figure 13a, most data are far above the
limit, including DP-580/980, HSLA-700/980, and many HRS specimens, which indicates
a significant strain hardening process after reaching the yield point. MS-1030/1300 and
MS-1200/1500 also possess adequate ductility to pass these requirements. Nevertheless,
as shown in Figure 13b, a few specimens cannot pass the limit, particularly some CFS
specimens at subzero temperatures, including Mild-395/450, most G550 and G300 CFS
sheets [38], and most Q960 HRS plates [21,22].
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Figure 13. (a) The ratio between ultimate strength and yield strength for AHSS, HSLA-700/980, Mild-
395/450, and data from published experiments compared with current standard requirements [7,61];
(b) magnification of plot (a) at a normalized factor of 1.3.

In addition, Eurocode 3 Part 1.3 [61] and Eurocode 3 Part 1.12 [7] require εu ≥ 15σy/E
as an additional ductility requirement. DP-580/980, HSLA-700/980, and Mild-395/450
possess sufficient ductility to meet this requirement at all test temperatures. MS-1030/1300
and MS-1200/1500 are not able to pass the requirement at any test temperature, while the
ratios at subzero temperatures are larger than the ratios at ambient.

5. Stress–Strain Relationship Characterization

For simplicity, the ambient values could be used to represent the yield strength, the
ultimate strength, and elongations at subzero temperatures for the high-strength steel (i.e.,
AHSS and HSLA), as those tested in this study showed only mild increased strengths
and elongations at subzero temperatures. However, for the mild steel (Mild-395/450),
the elastic modulus and overall elongation show decreasing values with decreasing tem-
perature, and therefore the ambient values are unconservative to represent the subzero
temperature conditions. Therefore, it is recommended to adopt 90% and 80% of the ambient
values for the elastic modulus and overall elongation, respectively, for Mild-395/450 at
subzero temperatures.

An accurate description of the steel σ–ε relationship is necessary for advanced nu-
merical analysis, which plays an increasingly important role in engineering design and
a dominant role in scientific research. The most commonly-used models adopted in cur-
rent design standards are multi-stage linear models (e.g., elastic-perfectly-plastic model).
However, as discussed in Section 3.1, AHSS and HSLA steel show significant nonlinearity
during their yielding process and lack a distinct yield plateau, and Mild-395/450 shows
nonlinear behavior after the end of its yield plateau. Therefore, their σ–ε behaviors are not
accurately captured using simple bilinear or trilinear models.

Previous research [45] investigated the accuracy of using existing constitutive models
(e.g., [65]) to portray the σ–ε relationship of AHSS and HSLA at ambient temperatures.
Due to the unique behavior of AHSS, it was found that standard material models using
either parameters determined directly from experiments or parameters from recommended
predictive equations ([66]) did not provide an accurate representation of the σ–ε curve, in
particular for DP and HSLA, especially around the nonlinear transition region. Therefore,
a two-stage plus linear model based on the Ramberg–Osgood equation [67] was created
and validated with the tested specimens [45]. Since the shape of the σ–ε curves for AHSS
and HSLA at subzero temperatures are similar to those at ambient, it was determined to
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modify the model in [45] for subzero temperatures. The updated σ–ε model considering
subzero temperature effects is shown in Equation (3):

εT =


σT
ET

+ p
(

σT
σpT

)n
for 0 ≤ σT ≤ σpT

σT−σpT
EpT

+
(

εeuT − εpT −
σeuT−σpT

EpT

)(
σT−σpT

σeuT−σpT

)m
+ εpT for σpT < σT ≤ σeuT

εuT−εeuT
σuT−σeuT

· (σT − σeuT) + εeuT for σeuT < σT ≤ σuT

(3)

where σT is the stress and the model input; subscript T represents the material property at
subzero temperature T; εT is the strain and the model output; εpT and σpT are the strain and
stress of p offset point (i.e., the point with a plastic strain of p); p is given based on the steel
grade, which is 0.015 for DP-580/980, 0.010 for HSLA-700/980, and 0.002 for MS-1030/1300
and MS-1200/1500; EpT is the tangent modulus at the p offset point as calculated using
Equation (4); εeuT and σeuT are the strain and stress of the equivalent ultimate point (i.e.,
point with a stress equal to 99% ultimate strength); n and m are the exponential coefficients
determining the degree of curvature for the first stage and the second stage, respectively.
Further details can be found in [45].
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The comparison between the test σ–ε curves for AHSS and HSLA steel and the two-
stage plus linear model from the origin to the ultimate point are shown in Figure 6. From
the regression analysis, the R2 of the fit for any single test curve is larger than 99.5%, which
indicates an excellent fit accuracy between the model and the test curve.

To model the σ–ε behavior of Mild-395/450, the bilinear plus nonlinear model for HRS
proposed by Yun and Gardner [68] was previously updated with fewer coefficients by the
authors [48] for accurately describing the postfire σ–ε relationships for AHSS, as shown in
Equation (5).

σT =


ETεT for 0 ≤ εT ≤ εyT
σyT for εyT < εT ≤ εshT

σyT + (σuT − σyT)
[
K1εnT + K2εnT

(1+K3εnT)

]
for 0 < εnT ≤ 1

(5)

where εnT is the normalized strain calculated using Equation (6); K1, K2, and K3 are the
numerical coefficients determining the model’s degree of curvature for the nonlinear strain-
hardening part between εshT and εuT .

εnT =
εT − εshT
εuT − εshT

for εshT < εT ≤ εuT (6)

The model coefficients are recalibrated as K1 = 0.103, K2 = 5.360, and K3 = 4.974,
and the updated bilinear and nonlinear model is able to accurately fit the σ–ε curves at
subzero temperatures for Mild-395/450. The model fit from the origin to the ultimate point
is shown in Figure 5, and the average R2 between the test curves and the model fit is 98.7%,
which shows satisfactory agreement between the test curves and the recalibrated model.

6. Conclusions

In this paper, a test series consisting of 45 tensile tests was carried out to investigate the
material properties of advanced high-strength cold-formed steel (AHSS) at subzero temper-
atures. Specimens were cut from three different AHSS sheets, dual-phase (DP-580/980) and
martensitic (MS-1030/1300 and MS-1200/1500), one cold-formed high-strength low-alloy
sheet (HSLA-700/980), and one conventional CFS sheet (Mild-395/450). All steels were
investigated at ambient, 0 ◦C, −20 ◦C, −40 ◦C, and −60 ◦C following the steady-state test
protocol. stress–strain relationships and key material properties at subzero temperatures
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were reported. The change in the key material properties with decreasing temperature for
AHSS, HSLA-700/980, and Mild-395/450 were compared with the existing data and the
requirements in several steel design standards. The test results showed that the material
performance of AHSS and HSLA steel did not deteriorate under subzero temperatures.
With decreasing temperature, there is a minimal decrease in the elastic modulus and vary-
ing degrees of increases in key strengths and strains for AHSS and HSLA steel. For example,
increases up to 12%, 11%, and 61% are observed for the yield strength, ultimate strength,
and elongation at subzero temperatures, respectively, than at ambient. Therefore, the tested
AHSS and HSLA steels could be viable construction materials in subzero temperature envi-
ronments. Additionally, constitutive models for the stress–strain relationships of the steels
at subzero temperatures were demonstrated to have high accuracy, thus enabling accurate
material modeling of AHSS at subzero temperatures for advanced numerical analyses.
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