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Abstract 

This paper attempts to acquire fundamental knowledge on the mechanical properties of high 

strength steels and the corresponding high strength weld metals at arctic low temperatures. Two types 

of high strength steels (Q890, Q960) and three types of high strength weld metals (made of ER100S-

G, ER110S-G, ER120S-G feedstock wires) were tested at arctic low and ambient temperatures 

ranging from -75°C to 25°C. Tensile coupon specimens for steel materials were directly extracted 

from high strength steel plates, whilst robotic gas metal arc welding was employed to fabricate the 

tensile specimens of weld metals. The tensile coupon specimens were designed as per ASTM E8M 

and wire-cut into shapes. Twenty-three tensile coupon tests on high strength steels and eighteen 

tensile coupon tests on high strength weld metals were carried out. Coupon specimens were tested in 

liquid nitrogen cooling chamber to mimic the arctic low temperature environment. The stress-strain 

responses and key mechanical properties of high strength steels and weld metals at both ambient and 

arctic low temperatures are presented and discussed. Prediction equations for key mechanical 

properties, including the Young’s modulus, yield stress and ultimate tensile strength, of high strength 

steels and weld metals at arctic low temperatures were proposed.  
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metal. 
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1. Introduction 

Reducing carbon emission and reaching carbon neutrality are the urgent issues to be addressed 

in construction industry that need the joint efforts from different parties, such as research institutes, 

manufacturing industries, construction sectors and governments. To struggle toward carbon neutrality, 

researchers have sought to innovate the high performance construction materials [1-12] and structure 

systems [13-27] in order to improve the efficiency of engineering structures. In the meantime, the 

metallurgical industry has sought to develop advanced manufacturing technologies [28-31] and new 

steel tubular section profiles, e.g. round-ended oval [32, 33], semi-oval [34-37], polygonal [38-40] 

and elliptical sections [41-45], so as to offer various design alternatives for engineers. The use of 

high strength steel materials would facilitate in the reduction of self-weight of structures and 

associated handling, fabrication, transportation costs and erection time [46-50]. Therefore, high 

strength steel structures are favorable for both onshore and offshore engineering projects [51].  

The engineering structures might suffer from different disasters during the lifecycle. Extensive 

research studies have been conducted on the performance of structures subjected to seismic attack 

[52-59], fire exposure [60-67], impact and blast loads in material, structural member and system 

levels. The low temperature environment could also be another disastrous situation for steel structures 

in arctic regions [68]. The structural design and operation of the arctic structures face immense 

challenges. It is crucial to understand the fundamental mechanical properties for the structural 

performance evaluation of the arctic structures. The low temperature mechanical properties of 

different types of normal strength steel have been conducted by various researchers [69-72]. 

Regarding high strength steel, Tong et al. [73] investigated the impact toughness properties and 

fracture mechanism of high strength structural steel with the nominal yield strength of 460, 690, 800 

and 960 MPa as well as heat affected zone and weld metal at ambient and low temperatures (20°C to 

-40°C). Yan et al. [74] studied the stress-strain responses and tensile mechanical properties of Q690 

and Q960 high strength structural steel at low temperatures ranging from -80 to 20°C. It was found 

that the tensile strength and ductility (in terms of fracture strain) of high strength steel materials 
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increased at low temperatures. Controversially, Azhari et al. [75] carried out tensile coupon tests on 

high strength steel at low temperatures of -40 and -80°C, and found that the tensile strength of high 

strength steel increased at low temperatures while the ductility decreased. In order to promote the 

future structural application of high strength steel structures in polar cold regions, it is important to 

acquire fundamental understanding on the mechanical properties of high strength steel and the 

corresponding weld metal materials. However, recent investigation on the low temperature behavior 

of high strength structural steel materials is very limited and that on high strength weld metals is even 

more scarce.  

The present study attempts to unfold the lack of knowledge on the mechanical properties of 

high strength steels and the corresponding high strength weld metals at arctic low temperatures via 

experimental investigation. High strength steels with two steel grades (Q890, Q960) and three types 

of high strength weld metals (made of ER100S-G, ER110S-G, ER120S-G feedstock wires) were 

considered. Since it was recorded that the lowest temperature in the arctic regions can reach -72°C 

[76, 77], the temperatures ranging from 25°C (the ambient temperature) to -75°C were chosen for the 

tensile tests in this study. Twenty-three high strength steels and eighteen high strength weld metals 

tensile coupon specimens were tested at arctic low and ambient temperatures ranging from -75°C to 

25°C. The stress-strain responses and key mechanical properties of high strength steels and weld 

metals at both ambient and arctic low temperatures were determined and discussed. Prediction 

equations for key mechanical properties, including the Young’s modulus, yield stress and ultimate 

tensile strength, of high strength steels and weld metals at arctic low temperatures were proposed.  

 

2. Details of test specimens  

A series of uniaxial tensile tests were performed to derive the mechanical properties of high 

strength steels and weld metals at ambient and arctic low temperatures. Five temperatures were 

considered for each test series, namely 25°C, -20°C, -40°C, -60°C and -75°C (i.e. 298.15K, 253.15K, 

233.15K, 213.15K and 198.15K in Kelvin temperature, respectively).  



4 

Flat tensile coupon specimens of high strength steels were extracted from heat-treated steel 

plates with two different steel grades (Q890, Q960) and two different thicknesses (t = 6mm, 8mm). 

The chemical compositions of each steel types provided in the corresponding mill certificates are 

shown in Table 1. The tensile coupon specimens at the ambient temperature were designed as per the 

American standard ASTM-E8M [78], whilst those at the low temperatures were specially designed 

so as to keep the dimensions of the parallel portion and to cater for the testing apparatus. A hole with 

diameter of 40 mm were made on each end with the 15 mm end clearance to mitigate net section 

failure near the holes for the low temperature coupon specimens. The dimensions of both ambient 

and low temperature coupon specimens are shown in Figs. 1a and 1b.  

For high strength weld metals coupon specimens, three feedstock wires types of different 

grades (ER100S-G, ER110S-G, ER120S-G) with a diameter of 1.2 mm were used to fabricate the 

weld metal coupon specimens by robotic gas metal arc welding. The Fronius VR7000 welding 

machine and YASKAWA DX100 robotic arm were employed as shown in Fig. 2. The deposition 

current, voltage, and the travel speed were set as 165 A, 18 V, and 36 mm/min, respectively. Three 

weld chambers, one for each feedstock wire type, were fabricated to deposit filler material. The weld 

filler materials were deposited layer by layer along the trench until the chamber was fully filled. The 

dwelling time between successive layers was taken as 1 min. The weld metal tensile coupon 

specimens were then machined from the weld chamber with the longitudinal direction of coupon 

specimen perpendicular to the welding trench to replicate the welding and loading directions of butt-

welded connections. A set of six (including one repeated test for each feedstock wire type) tensile 

coupon specimens to be tested at five different temperatures were extracted from the same weld 

chamber. The dimensions of high strength weld metal coupon specimen were designed as shown in 

Fig. 1c, which were in accordance with the American standard ASTM-E8M [78]. It should be noted 

that the region of reduced section, within which the specimen was expected to fail, was all made of 

weld metals.  

Twenty-three high strength steel tensile coupon specimens and eighteen high strength weld 
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metal tensile coupon specimens were designed, fabricated and tested. In terms of the naming system 

of tensile coupon specimens, the first letter denotes the material types, where ‘S’, ‘V’ and ‘W’ mean 

Q960 super high strength steel, Q890 very high strength steel, and weld metal, respectively. The 

following number denotes the nominal thickness of the steel plate for high strength steel coupon and 

the feedstock wire type for weld metal coupon (‘0’, ‘1’ and ‘2’ mean ER100S-G, ER110S-G and 

ER120S-G, respectively). For coupon specimen at low temperature, a letter ‘T’ and a following 

number is used to denote the test temperature. The letter ‘R’ is used to denote the repeated test.  

 

3. Tensile test instrumentation and operation  

The coupon specimens were tested at 25°C (ambient temperature), -20°C, -40°C, -60°C and -

75°C using the steady-state test method in the 500kN MTS machine. The tensile test instrumentations 

of coupon tests for high-strength steels and weld metals at ambient and low temperatures were 

different as shown in Fig. 3. The high strength steel specimens at ambient temperature were installed 

by gripping both ends with flat surface clamps in the test rig (Fig. 3a), whilst the high strength steel 

specimens at low temperature were installed between two pins in the loading rigs (Fig. 3b). The high 

strength weld metal specimens at both ambient and low temperatures were installed by fixing both 

ends into the test rigs with screw threads (Fig. 3b).  

For tensile tests at low temperatures, liquid nitrogen as the cryogen and an environmental 

chamber with a temperature control unit were used in this study to create the low temperature 

environment. After careful installation and alignment of specimen in the test rig, the cooling chamber 

was closed and liquid nitrogen was then injected into the chamber to cool down the environment and 

the specimen. Thermocouples were installed in the chamber as well as on the specimen surface at the 

reduced section so as to monitor the temperatures of the test environment and the specimen surface. 

The liquid nitrogen inflow was discretely controlled with reference to the thermocouples’ readings 

in the chamber to avoid the over cooling of the specimen and to stabilize the specimen surface 

temperature when the target temperature was reached. The soaking time of 10 mins prior to the formal 
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tensile test was incorporated to facilitate the uniform temperature distribution of steel coupon 

specimen. 

The real-time longitudinal strains of high strength steel and weld metal coupon specimens were 

instrumented by the MTS model 634.25F-24 and Epsilon model 3542-025M-025-LHT 

extensometers with 50 mm and 25 mm gauge lengths, respectively. The allowable temperature ranges 

for the MTS and Epsilon extensometers are -85°C to 120°C and -270°C to 200°C, respectively. The 

uniaxial tension was applied using a displacement-controlled mode at the rates of 0.1 and 0.5 mm/min 

for elastic and plastic ranges, respectively. The loading rate of 0.5mm/min for plastic range fell within 

the recommended range of loading rates by Huang and Young [79]. Slower loading rate of 

0.1mm/min was employed for elastic range such that more data could be recorded to derive the 

Young’s modulus of steel material. The applied displacement was halted for 100 s near yield stress 

and ultimate load to allow for stress relaxation and to derive the static stress-strain response, as 

previously adopted in Ref. [80-85]. The tensile specimens were loaded to fracture. The applied 

tension as well as the readings of extensometer were logged at regular intervals throughout the tensile 

coupon tests.  

 

4. Tensile test results and discussions  

4.1. Stress-strain responses and failure patterns 

The measured static stress-strain responses of the high strength steels and weld metals at 

various temperature exposures are shown in Figs. 4 and 5, respectively. The stress-strain responses 

for high strength steel plates with different thicknesses were similar. The overall shapes of the stress-

strain curves for specimens at low temperatures were similar to the counterpart at ambient 

temperature, except that certain extent of tensile behavior improvement was observed from the 

perspectives of both strength and ductility. The quantitative improvements on the mechanical 

properties due to the low temperature effect are discussed in the following sections.  

The failure patterns of the high strength steels and weld metals at various temperatures are 
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shown in Fig. 6. No brittle failure was observed, even for those specimens tested at low temperatures. 

All the 23 high strength steel coupon specimens and 18 high strength weld metal coupon specimens 

exhibited ductile failure, evident by the occurrence of necking at the reduced section prior to fracture.  

The mechanical properties of coupon specimens were obtained from static stress-strain 

responses. Table 2 shows the mechanical properties of coupon specimens at ambient temperature, 

including the Young's modulus (E), yield stress (σ0.2), ultimate strength (σu) and fracture strain (εf). 

The mechanical properties of high strength steels and weld metals at low temperatures are tabulated 

in Tables 3 and 4, respectively, where an additional subscript ‘T’ was used to denote the 

corresponding low temperature mechanical property. It was found that the differences between the 

results obtained from the first and respective repeated tests were small, indicating the reliability of 

test results. The retention factors defined by the ratio of mechanical properties at low temperatures 

to ambient temperature are also reported in Tables 3 and 4 in order to investigate the effect of low 

temperature.  

 

4.2. Young’s modulus  

The retention factor of the Young's modulus (kE=ET/E) was employed to investigate the 

influence of low temperature on Young's modulus. The values of kE for high strength steels and weld 

metals are tabulated in Tables 3 and 4, respectively. The values of kE for Q890 and Q960 high strength 

steels obtained from this study ranged from 1.04 to 1.10 and 1.02 to 1.12, respectively. Whilst the 

retention factor of the Young's modulus for weld metal coupons made of ER100S-G, ER110S-G and 

ER120S-G feedstock wires ranged from 1.01 to 1.06, 1.00 to 1.05 and 0.98 to 1.04, respectively. The 

retention factor of the Young's modulus (kE) is plotted against the test specimen temperature in Figs. 

7a and 7b for high strength steels and weld metals, respectively. In general, the low temperature 

somehow led to the increase in the Young’s modulus for both high strength steels and weld metals as 

evident by the values of kE greater than unity. The low temperature effect was relatively more 

significant for high strength steels.  
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4.3. Yield stress and ultimate tensile strength 

It can be observed from Figs. 4 and 5 that the stress-strain curves of high strength steels and 

weld metals at both ambient and low temperatures did not exhibit the sharp-kneed shape with distinct 

yield plateau. Therefore, the 0.2% offset method was adopted to derive the yield stress of high 

strength steels and weld metals. The values of the retention factors of yield stress (k0.2=0.2T/0.2) and 

ultimate tensile strength (ku=uT/u) for Q890 and Q960 high strength steels are tabulated in Table 3, 

and those for weld metal coupon specimens made of ER100S-G, ER110S-G and ER120S-G 

feedstock wires are tabulated in Table 4. The retention factors of yield stress (k0.2) and ultimate tensile 

strength (ku) are plotted against the test specimen temperature in Figs. 8a and 8b for high strength 

steels and weld metals, respectively.  

It was found that both the yield stress and ultimate tensile strength increased when the specimen 

temperature decreased for Q890 and Q960 high strength steels. The trend of yield stress and ultimate 

tensile strength increments with low temperature was apparent, implying high correlation between 

0.2T and low temperature as well as between uT and low temperature for Q890 and Q960 high 

strength steels. When the temperature reduced from 25°C to -75°C, the increase in yield stress could 

reach 9% and 10% for Q890 and Q960 high strength steels, respectively, whilst the ultimate tensile 

strength was increased by 10% and 9% for Q890 and Q960 high strength steels, respectively.  

The yield stress and ultimate tensile strength also increased with the reduction in specimen 

temperature for ER100S-G, ER110S-G and ER120S-G high strength weld metals. However, the low 

temperature influence on the yield stress was less significant, whilst the low temperature influence 

on the ultimate tensile strength was more significant for high strength weld metals compared to those 

for high strength steels. The trend of yield stress and ultimate tensile strength increments with low 

temperature was also apparent for ER100S-G, ER110S-G and ER120S-G high strength weld metals. 

When the temperature reduced from 25°C to -75°C, for ER100S-G, ER110S-G and ER120S-G weld 

metals, the increases of yield stress were 4%, 6% and 5%, respectively, whilst the ultimate tensile 

strength was increased by 14%, 11% and 12%, respectively. Such improvements in the yield stress 
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and ultimate tensile strength of high strength steels and weld metals were attributed to the more 

compact microstructure and larger molecular force of metallic specimens at arctic low temperatures 

[74].  

 

4.4. Strain at fracture 

The values of the retention factor of the strain at fracture (kf=fT/f) for high strength steels and 

weld metals are tabulated in Tables 3 and 4, respectively. The values of kf for Q890 and Q960 high 

strength steels ranged from 1.09 to 1.35 and 0.99 to 1.33, respectively. Whilst the values of kf for 

weld metal coupons made of ER100S-G, ER110S-G and ER120S-G feedstock wires ranged from 

1.04 to 1.22, 1.07 to 1.23 and 1.02 to 1.16, respectively. The low temperature generally led to the 

increase in the strain at fracture for both high strength steels and weld metals as evident by the values 

of fT/f greater than unity. Similar finding was reported by Yan et al. [74] for high strength steels. 

The low temperature effect was relatively more significant for high strength steels. However, the 

trend of fracture strain increment with temperature was not apparent. 

 

5. Proposed prediction equations for mechanical properties at low temperatures 

5.1. General 

The retention factors were employed to predict the mechanical properties of high strength steels 

at low temperatures. The unified equation in exponential format for steel materials at low 

temperatures previously adopted by Yan et al. [74, 77] was employed in this study. It was stated that 

the effect of thickness could be ignored if the chemical compositions for steel plates with different 

thicknesses varying from 3 to 12 mm are similar [74, 77]. Therefore, the critical parameters affecting 

the low temperature mechanical properties were the mechanical properties at ambient temperature 

(X) and low temperature (T). In this study, the unified equation was simplified accordingly as shown 

in Eq. (1).  

 𝑘𝑋,𝑃 =
𝑋𝑇,𝑃

𝑋
= 𝑎𝑇𝑏𝑋𝑐 (1) 
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where kX,P is the retention factor for a particular mechanical property X, including the Young’s 

modulus E, yield stress 0.2 and ultimate tensile strength u. T denotes the specimen temperature in 

Kelvin degree. XT,P and X are the values of predicted mechanical properties at low temperature and 

mechanical properties at ambient temperature 298.15K (25°C), respectively. The coefficients a, b and 

c were calibrated with the existing data of low temperature mechanical properties by the best subset 

regression analysis. By taking logarithm on both sides of Eq. (1), simplified linear relationship can 

be yielded as shown in Eq. (2) for further regression analysis.  

 ln𝑘𝑋,𝑃 = ln𝑎 + 𝑏ln𝑇 + 𝑐ln𝑋 (2) 

 

5.2. High strength steels at low temperatures  

The low temperature mechanical properties of high strength structural steels derived in this 

study as well as those reported by Yan et al. [74] were used to propose the equations describing the 

low temperature retention factors. The best subset regression analysis was adopted to select the most 

critical predictors and determine the corresponding coefficients in the prediction equation. Table 5 

lists all three possible predictor subsets in the prediction equation for each mechanical property. The 

coefficient of determination (R2) and Mallows Cp index are important indicators to examine the 

predicting capacity of the model. The predictor subset with the coefficient of determination (R2) 

closer to unity and smaller Cp value is preferred. In addition, the number of predictors is also an 

important indicator for the simplicity of prediction model and should be also considered. Results of 

the best subset regression analyses for high strength steel low temperature mechanical properties 

predictions are shown in Table 5. Model 1 with only one predictor of temperature (T) was selected 

for the retention factor predictions of Young’s modulus, yield stress and ultimate tensile strength. The 

recommended prediction equations for high strength steel low temperature retention factor of 

Young’s modulus, yield stress and ultimate tensile strength are shown in Eqs. (3)-(5), respectively.  

 𝑘𝐸,𝑃 =
𝐸𝑇,𝑃

𝐸
= 3.153𝑇−0.201 (3) 
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 𝑘0.2,𝑃 =
𝜎0.2𝑇,𝑃

𝜎0.2
= 4.686𝑇−0.271 (4) 

 𝑘𝑢,𝑃 =
𝜎𝑢𝑇,𝑃

𝜎𝑢
= 4.732𝑇−0.273 (5) 

where T is the high strength steel specimen temperature in Kelvin degree and 193.15K≤T≤298.15K. 

The comparisons between test and predicted low temperature retention factors of various 

mechanical properties, i.e. the Young’s modulus, yield stress, ultimate tensile strength, are depicted 

in Fig. 10 and Table 3. The mean values of test-to-predicted Young’s modulus (ET/ET,P), yield stress 

(0.2T/0.2T,P) and ultimate tensile strength (uT/uT,P) are equal to 1.005, 0.992 and 0.992 with the 

coefficient of variation (COV) being 0.046, 0.019 and 0.023, respectively, as shown in Table 3. Fig. 

10 plots the predicted low retention factor against the corresponding test retention factor of various 

mechanical properties. It can be observed that almost all data points regarding the Young’s modulus 

and all data points regarding the yield stress and ultimate tensile strength fall in the region with 10% 

error. The results demonstrated that the proposed equations can accurately predict the low 

temperature mechanical properties of high strength steels with nominal yield stress ranged from 690 

to 960 MPa exposed to the arctic low temperature ranging from 25°C (298.15K) to -80°C (193.15K).  

 

5.3. High strength weld metals at low temperatures 

The low temperature mechanical properties of high strength weld metals derived in this study 

were adopted to propose the equations describing the low temperature retention factors. The best 

subset regression analysis was adopted to derive the low temperature retention factor prediction 

equations for various mechanical properties, where details have been described in previous section. 

Results of the best subset regression analyses for high strength weld metal low temperature 

mechanical properties predictions are shown in Table 6. Model 1 with only one predictor of 

temperature (T) was selected for the retention factor predictions of Young’s modulus, yield stress and 

ultimate tensile strength. The recommended prediction equations for high strength weld metal low 

temperature retention factor of Young’s modulus, yield stress and ultimate tensile strength are shown 
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in Eqs. (6)-(8), respectively. 

 𝑘𝐸,𝑃 =
𝐸𝑇,𝑃

𝐸
= 2.068𝑇−0.13 (6) 

 𝑘0.2,𝑃 =
𝜎0.2𝑇,𝑃

𝜎0.2
= 1.856𝑇−0.109 (7) 

 𝑘𝑢,𝑃 =
𝜎𝑢𝑇,𝑃

𝜎𝑢
= 4.757𝑇−0.273 (8) 

where T is the high strength weld metal specimen temperature in Kelvin degree and 198.15K≤T≤

298.15K. 

The comparisons between test and predicted low temperature retention factors of various 

mechanical properties for high strength weld metals are depicted in Fig. 11 and Table 4. The mean 

values of test-to-predicted Young’s modulus (ET/ET,P), yield stress (0.2T/0.2T,P) and ultimate tensile 

strength (uT/uT,P) are equal to 0.999, 1.001 and 1.001 with the coefficient of variation (COV) being 

0.018, 0.014 and 0.010, respectively, as shown in Table 4. Fig. 11 plots the predicted low retention 

factor against the corresponding test retention factor of various mechanical properties. It can be 

observed that all data points fall in the region with 5% error. The results demonstrated that the 

proposed equations can accurately predict the low temperature mechanical properties of high strength 

weld metals made of ER100S-G, ER110S-G, ER120S-G feedstock wires exposed to the arctic low 

temperature ranging from 25°C (298.15K) to -75°C (198.15K).  

 

6. Concluding remarks 

The tensile mechanical properties of high strength steels and weld metals at ambient and arctic 

low temperatures ranging from 25°C to -75°C were studied. Twenty-three tensile coupon tests on 

Q890 and Q960 high strength steels as well as eighteen tensile coupon tests on high strength weld 

metals made of ER100S-G, ER110S-G, ER120S-G feedstock wires were carried out. Based on the 

findings in this study, the following conclusions can be drawn.  

(1) The Young’s modulus, yield stress and ultimate tensile strength of high strength steels and 

weld metal generally increased with the decrease of arctic low temperature in relatively clear trend. 
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Although the trend of fracture strain increment with temperature was not apparent, the arctic low 

temperature did not reduce the ductility of high strength steels and weld metals.  

(2) When the temperature reduced from 25°C to -75°C, the increase in the Young's modulus, 

yield stress and ultimate tensile strength for high strength steels could reach 12%, 10% and 10%, 

respectively. Whilst the increase in the Young's modulus, yield stress and ultimate tensile strength for 

high strength weld metals could reach 6%, 6% and 14%, respectively.  

(3) Prediction equations for retention factors of the Young’s modulus, yield stress and ultimate 

tensile strength of high strength steels and weld metals at arctic low temperatures were proposed 

based on the test results obtained from this study and the literature using the best subset regression 

analysis.  

(4) The proposed equations can accurately predict the low temperature retention factors (and 

hence the low temperature mechanical properties) of high strength steels with nominal yield stresses 

ranged from 690 to 960 MPa exposed to the arctic low temperature ranging from 25°C to -80°C as 

well as high strength weld metals made of ER100S-G, ER110S-G, ER120S-G feedstock wires 

exposed to the arctic low temperature ranging from 25°C to -75°C.  
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(a) Ambient temperature coupon  

 
(b) Low temperature coupon  

 
(c) Weld metal coupon 

Fig. 1. Dimensions of tensile coupon specimens  

 

 

Fig. 2. Welding machine and robotic arm for weld chamber fabrication  

Weld chamber fabrication
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 (a) High strength steel coupon tests at ambient temperature  

 

 
(b) High strength steel and weld metal coupon tests at low temperatures 

Fig. 3. Tensile test instrumentations  
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 (a) Q890 with t = 6 mm  (b) Q890 with t = 8 mm 

   

 (c) Q960 with t = 6 mm  (d) Q960 with t = 8 mm 

Fig. 4. Stress-strain responses of high strength steels at ambient and low temperatures 
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 (a) ER100S-G  (b) ER110S-G 

 

(c) ER120S-G  

Fig. 5. Stress-strain responses of high strength weld metals at ambient and low temperatures 
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(a) Q890  

 

(b) Q960  

 

(c) Weld metals 

Fig. 6. Tensile coupon specimens after failure at various temperatures 
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 (a) High strength steels  (b) Weld metals 

Fig. 7. Effect of low temperatures on the Young's modulus  

 

   
 (a) High strength steels  (b) Weld metals 

Fig. 8. Effect of low temperatures on the yield stress  

 

   
 (a) High strength steels (b) Weld metals 

Fig. 9. Effect of low temperatures on the ultimate tensile strength   
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 (a) Retention factor of Young's modulus   (b) Retention factor of yield stress 

 
(c) Retention factor of ultimate tensile strength 

Fig. 10. Comparisons between test and predicted low temperature retention factors for high strength 

steels   
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 (a) Retention factor of Young's modulus  (b) Retention factor of yield stress 

 
(c) Retention factor of ultimate tensile strength 

Fig. 11. Comparisons between test and predicted low temperature retention factors for high strength 

weld metals   
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Table 1. Chemical compositions of Q890 and Q960 high strength steels 

Steel type  C Si Mn P S Cr Ti Mo B CEV Ni Cu Alt 

 (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

V6 0.16 0.22 1.19 0.007 0.001 0.25 -- 0.465 0.0015 0.51 -- -- -- 

V8 0.16 0.21 1.17 0.008 0.001 0.24 -- 0.460 0.0014 0.51 -- -- -- 

S6 0.18 0.25 1.02 0.008 0.001 0.34 0.011 0.561 0.0016 0.54 0.04 0.02 0.031 

S8 0.17 0.25 1.02 0.008 0.001 0.34 0.015 0.568 0.0015 0.53 0.04 0.03 0.042 

 

 

Table 2. Measured static material properties of high strength steels and weld metals at ambient 

temperature 

Specimen  E 0.2 u f 

 (GPa) (MPa) (MPa) (%) 

V6 199.1  900.8  935.2  15.9 

V8 198.3  853.7  945.0  16.9 

S6 197.7  903.8  1005.8  14.8 

S8 198.8  898.5  1003.8  17.5 

W0 194.3  714.6  789.0  22.9 

W0R 190.7  727.7  799.6  22.6 

W1 192.8  803.4  898.3  17.4 

W2 201.3  822.7  965.7  17.6 
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Table 3. Tensile test results and comparisons of high strength steels at arctic low temperatures 

Specimen  ET 0.2T uT fT kE k0.2 ku kf ET,P 0.2T,P uT,P ET/ET,P 0.2T/0.2T,P uT/uT,P 

 (GPa) (MPa) (MPa) (%)     (GPa) (MPa) (MPa)    

V6T-20 212.3  935.9  982.5  17.3 1.07  1.04  1.05  1.09  206.4  942.1  976.8  1.03  0.99  1.01  

V6T-40 213.1  932.3  975.9  17.8 1.07  1.04  1.04  1.12  209.9  963.4  999.0  1.02  0.97  0.98  

V6T-60 216.9  966.2  1016.2  19.4 1.09  1.07  1.09  1.22  213.7  987.1  1023.8  1.02  0.98  0.99  

V6T-75 207.3  978.9  1022.5  18.4 1.04  1.09  1.09  1.16  216.8  1006.8  1044.4  0.96  0.97  0.98  

V8T-20 207.0  896.0  980.6  19.3 1.04  1.05  1.04  1.14  205.5  892.8  987.1  1.01  1.00  0.99  

V8T-40 210.0  902.1  999.3  18.5 1.06  1.06  1.06  1.10  209.0  913.0  1009.6  1.00  0.99  0.99  

V8T-60 214.0  924.8  1018.1  20.1 1.08  1.08  1.08  1.19  212.8  935.4  1034.6  1.01  0.99  0.98  

V8T-75 218.4  934.7  1037.0  22.8 1.10  1.09  1.10  1.35  215.9  954.1  1055.4  1.01  0.98  0.98  

S6T-20 204.1  918.0  1034.3  16.1 1.03  1.02  1.03  1.09  204.9  945.2  1050.6  1.00  0.97  0.98  

S6T-40 210.8  953.9  1053.8  18.4 1.07  1.06  1.05  1.24  208.3  966.6  1074.4  1.01  0.99  0.98  

S6T-60 212.9  970.2  1078.4  18.1 1.08  1.07  1.07  1.22  212.1  990.3  1101.1  1.00  0.98  0.98  

S6T-60R 213.9  964.5  1071.5  18.2 1.08  1.07  1.07  1.23  212.1  990.3  1101.1  1.01  0.97  0.97  

S6T-75 221.6  967.1  1085.5  19.6 1.12  1.07  1.08  1.33  215.3  1010.1  1123.2  1.03  0.96  0.97  

S8T-20 211.0  936.7  1042.4  17.5 1.06  1.04  1.04  1.00  206.1  939.7  1048.5  1.02  1.00  0.99  

S8T-40 216.0  968.5  1062.3  17.3 1.09  1.08  1.06  0.99  209.6  960.9  1072.3  1.03  1.01  0.99  

S8T-40R 212.2  954.0  1055.5  17.3 1.07  1.06  1.05  0.99  209.6  960.9  1072.3  1.01  0.99  0.98  

S8T-60 202.8  970.2  1073.4  20.8 1.02  1.08  1.07  1.19  213.4  984.5  1098.9  0.95  0.99  0.98  

S8T-75 218.2  974.4  1082.9  19.6 1.10  1.08  1.08  1.12  216.5  1004.2  1121.0  1.01  0.97  0.97  

S8T-75R 220.5  992.6  1096.9  20.3 1.11  1.10  1.09  1.16  216.5  1004.2  1121.0  1.02  0.99  0.98  

Q6t3T-30* 229.0  688.0  782.0  -- 1.14  1.03  1.05  -- 210.7  706.5  784.5  1.09  0.97  1.00  

Q6t3T-60* 231.0  705.5  799.5  -- 1.15  1.06  1.08  -- 216.3  732.2  813.2  1.07  0.96  0.98  

Q6t3T-80* 219.0  739.0  824.0  -- 1.09  1.11  1.11  -- 220.6  752.0  835.4  0.99  0.98  0.99  

Q6t4T-30* 191.0  720.0  811.0  -- 1.14  1.03  1.05  -- 202.4  728.1  806.8  0.94  0.99  1.01  

Q6t4T-60* 187.5  755.0  839.0  -- 1.15  1.06  1.08  -- 207.8  754.5  836.4  0.90  1.00  1.00  

Q6t4T-80* 207.5  796.5  871.0  -- 1.09  1.11  1.11  -- 211.9  774.9  859.2  0.98  1.03  1.01  

Q6t6T-30* 186.0  664.0  755.0  -- 0.99  1.05  1.06  -- 189.5  679.6  768.2  0.98  0.98  0.98  

Q6t6T-60* 198.0  697.5  784.5  -- 0.97  1.10  1.10  -- 194.6  704.3  796.4  1.02  0.99  0.99  

Q6t6T-80* 226.0  743.0  832.0  -- 1.07  1.16  1.14  -- 198.5  723.3  818.1  1.14  1.03  1.02  

Q9t3T-30* 201.0  1007.0  1043.0  -- 1.03  1.03  1.04  -- 206.5  1027.8  1073.9  0.97  0.98  0.97  

Q9t3T-60* 212.5  1064.0  1097.0  -- 1.09  1.09  1.08  -- 212.0  1065.1  1113.2  1.00  1.00  0.99  

Q9t3T-80* 205.0  1109.0  1148.0  -- 1.25  1.16  1.14  -- 216.3  1094.0  1143.6  0.95  1.01  1.00  

Q9t4T-30* 196.0  1009.5  1033.0  -- 1.02  1.04  1.03  -- 202.9  990.7  1004.5  0.97  1.02  1.03  

Q9t4T-60* 208.0  1038.0  1113.5  -- 1.08  1.09  1.08  -- 208.3  1026.7  1041.3  1.00  1.01  1.07  

Q9t4T-80* 216.0  1078.5  1138.5  -- 1.04  1.14  1.13  -- 212.5  1054.5  1069.7  1.02  1.02  1.06  

Q9t6T-30* 213.0  974.0  1029.0  -- 1.01  1.08  1.09  -- 191.5  962.9  1043.3  1.11  1.01  0.99  

Q9t6T-60* 183.0  994.0  1062.0  -- 1.07  1.11  1.17  -- 196.6  997.9  1081.5  0.93  1.00  0.98  

Q9t6T-80* 198.0  1050.0  1094.0  -- 1.11  1.15  1.20  -- 200.5  1024.9  1111.0  0.99  1.02  0.98  

           Mean 1.005  0.992  0.992  

           COV 0.046  0.019  0.023  

Note: * marks the test specimens reported in Yan et al. [74] 
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Table 4. Tensile test results and comparisons of high strength weld metals at arctic low 

temperatures 

Specimen  ET 0.2T uT fT kE k0.2 ku kf ET,P 0.2T,P uT,P ET/ET,P 0.2T/0.2T,P uT/uT,P 

 (GPa) (MPa) (MPa) (%)     (GPa) (MPa) (MPa)    

W0T-20 194.5 726.1 855.3 24.0 1.01 1.01 1.08 1.05 193.9 732.2 834.0 1.00 0.99 1.03 

W0T-40 196.3 732.1 857.8 26.0 1.02 1.02 1.08 1.13 196.0 738.8 853.0 1.00 0.99 1.01 

W0T-60 203.9 736.4 872.1 28.0 1.06 1.02 1.10 1.22 198.3 746.1 874.1 1.03 0.99 1.00 

W0T-75 203.7 747.4 902.0 24.0 1.06 1.04 1.14 1.04 200.2 752.0 891.7 1.02 0.99 1.01 

W1T-20 193.9 815.5 937.5 18.6 1.01 1.02 1.04 1.07 194.2 815.7 943.2 1.00 1.00 0.99 

W1T-20R 193.5 823.8 947.7 19.0 1.00 1.03 1.06 1.09 194.2 815.7 943.2 1.00 1.01 1.00 

W1T-40 195.5 846.8 959.4 21.4 1.01 1.05 1.07 1.23 196.3 823.1 964.6 1.00 1.03 0.99 

W1T-60 201.3 848.2 977.9 19.8 1.04 1.06 1.09 1.14 198.6 831.2 988.6 1.01 1.02 0.99 

W1T-75 202.4 845.0 997.0 20.8 1.05 1.05 1.11 1.19 200.5 837.8 1008.4 1.01 1.01 0.99 

W2T-20 197.5 831.8 1011.5 18.5 0.98 1.01 1.05 1.05 202.7 835.3 1014.0 0.97 1.00 1.00 

W2T-40 197.2 834.0 1039.4 18.0 0.98 1.01 1.08 1.02 204.9 842.8 1037.1 0.96 0.99 1.00 

W2T-60 208.2 832.8 1070.7 20.4 1.03 1.01 1.11 1.16 207.3 851.1 1062.8 1.00 0.98 1.01 

W2T-60R 201.3 865.7 1063.3 18.3 1.00 1.05 1.10 1.04 207.3 851.1 1062.8 0.97 1.02 1.00 

W2T-75 210.1 858.6 1081.1 18.1 1.04 1.04 1.12 1.03 209.3 857.9 1084.2 1.00 1.00 1.00 

           Mean 0.999 1.001 1.001 

           COV 0.018 0.014 0.010 

 

 

Table 5. Results of the best subset regression analyses for high strength steel  

Mechanical 

property 

Model 

No. 

Predictors R2 Cp a b c 

ET 1 T 0.27  1.09  3.153 -0.201  -- 

 2 E 0.00  21.23  0.933 -- 0.023 

 3 T, E 0.27  3.00  2.326 -0.202  0.058  

0.2T 1 T 0.81  1.45  4.686  -0.271  -- 

 2 0.2 0.00  235.27  1.044 -- 0.003 

 3 T, 0.2 0.81  3.00  4.338  -0.272  0.012  

uT 1 T 0.74  1.39  4.732 -0.273  -- 

 2 u 0.01  158.45  1.291 -- -0.028  

 3 T, u 0.75  3.00  5.243  -0.273  -0.016  

 

 

Table 6. Results of the best subset regression analyses for high strength weld metal 

Mechanical 

property 

Model 

No. 

Predictors R2 Cp a b c 

ET 1 T 0.54  0.43  2.068 -0.130 -- 

 2 E 0.14  -0.15  14.596 -- -0.504 

 3 T, E 0.69  0.46  29.640 -0.130 -0.504 

0.2T 1 T 0.66  3.37  1.856 -0.109 -- 

 2 0.2 0.06  29.32  0.610 -- 0.078 

 3 T, 0.2 0.72  3.00  1.105 -0.109 0.078 

uT 1 T 0.95  3.91  4.757  -0.273  -- 

 2 u 0.01  288.62  11.467 -- -0.047 

 3 T, u 0.96  3.00  1.876  -0.273  -0.047  

 

 


