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High tensile and high toughness steels 

 

 

The present invention deals with al loyed steels having yield 

strength of at least 862 MPa (125 Ksi) and exhibit ing outstanding 5 

hardness and toughness behavior, especially under stringent conditions 

which may be subjected to frost-heave and thaw settlement cycles,  

namely at subzero temperatures. 

In particular, the steel of the present invention can be used in 

accessories for oil and gas wells, onshore or offshore applications, and 10 

mechanical applications as hydraulic cyl inder, especially where harsh 

environmental conditions and service temperatures down to -60°C 

occur. 

The steel of the present invention is therefore particularly 

suitable for subzero arctic applications. 15 

The invention also relates to a seamless pipe comprising said 

steel and a method of production of said pipe thereof. 

The development of oil and gas fields in the Arctic regions had 

encouraged a search for accessories made of steels having good and 

stable mechanical properties and a sat isfying toughness behavior at 20 

low temperatures, especially where high imposed strains can take 

place at subzero service temperatures up to -60°C or even up to -80°C. 

For such appl ications, several attempts have been made to 

develop steels exhibit ing good mechanical propert ies, such as high 

yield strength (Ys) and ult imate tensi le strength (UTs), and good 25 

impact toughness down to temperatures as low as -60°C in order to 

manufacture various products, such as seamless pipes, which may be 

conveniently used on dri l l ing site. 

The standard API 5CT provides a detailed specification for 

steel pipes for wall  thickness up to 38.1mm (1.5”). For thicker wall  30 

thickness (e.g. up to 76.2mm (3”)),  there is no standard requirements. 

However, the above mentioned stringent conditions require the 

manufacture of higher grade steels than those conventionally used, 
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with higher yield and ult imate tensile strengths, which also exhibit  

excellent ducti l i ty or toughness properties at subzero temperatures, 

such as temperatures as low as -60°C or -80°C and suitable for heavy 

wal l thickness.  

While for welded pipes or plate production the properties 5 

targeted for the steel grades up to 690 MPa grades, or even higher 

grades, could be achieved by a combination of thermo-mechanical 

roll ing with slightly changed chemical composition and heat treatment, 

the required propert ies for seamless pipes must be attained using a 

controlled rol l ing process followed by quenching and tempering 10 

treatment in combination with a well  adjusted chemical analysis. 

The quenching treatment allows the formation of a martensit ic 

phase in the microstructure of the seamless pipes in order to improve 

their strengths. 

The required increase in strength while maintaining adequate 15 

ducti l i ty of hot-processed seamless pipes for the afore-described 

applications also requires the development of new alloying concepts. 

In particular, adequate high ducti l i ty or toughness at low service 

temperatures is di ff icult to attain with conventional alloying concepts 

or conventional processes, especially for steels having yield strength 20 

above 690 MPa. 

Typically known methods in increasing the strengths are 

increasing the carbon content or the carbon equivalent by using 

conventional alloying concepts and/or using micro alloying concepts, 

based on the process of precipitation hardening.  25 

Micro-alloying elements, such as t i tanium, niobium and 

vanadium, are general ly speaking, also employed to increase the 

strength. Titanium already partial ly precipitates at high temperatures 

in the l iquid phase as very coarse ti tanium nitride. Niobium forms 

niobium (C, N) precipitates at lower temperatures. With further 30 

decreasing temperature, vanadium accumulates with carbon and 

nitrogen in form of carbo-nitrides, and in case of VC-particles it  leads 

to material embrit t lement.  
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Nevertheless exceedingly coarse precipitates of these micro-

alloying elements frequently impede the ducti l i ty. Accordingly, the 

concentration of these al loying elements is generally l imited. In 

addition, the concentration of carbon and nitrogen required for the 

formation of the precipitates must be taken into account, making the 5 

whole chemical composition definit ion complex.  

Those well  known concepts could therefore lead to the ducti l i ty 

or toughness deterioration of the steels. 

In order to overcome these aforementioned drawbacks, new 

alloying concepts based on the addit ion of elements suitable to 10 

increase strengths by solution hardening in combination with micro-

alloying techniques have been duly investigated. 

However, the seamless pipes obtained with said steels do not 

exhibit stable mechanical properties and a satisfying ducti l i ty or 

toughness behavior at very low service temperatures, especially at 15 

subzero temperatures, which make them difficult  and tedious to be 

used for arctic applications. 

Indeed, the hardness of these seamless pipes significantly 

decreases with their wall  thickness which implies that their  

microstructure, especially the martensit ic transformation occurring 20 

during the quenching step, is uneven, especially in mid-wall  posit ion. 

It  means that the hardness varies upon the thickness of the seamless 

pipes which wil l  severely impede their use in offshore applications 

under stringent conditions. 

In addition, according to the Charpy impact tests ASTM E23 – 25 

Type A on a full  size sample (10x10 mm), the toughness values of 

seamless pipes obtained with aforementioned steels significantly drop 

at subzero temperatures which also hamper their potential  use for 

arctic applications. 

For example, the toughness values of such steels with wal l 30 

thickness of about 40 to 50mm decrease by almost 43% between 0°C 

and -40°C according to the Charpy impact tests ASTM E23 – Type A 

on a full size sample (10x10 mm) which means that the toughness 
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behavior of seamless pipes obtained with such steels is not steady at 

subzero temperatures. 

Therefore there is a real need to provide steels suitable for 

arctic applications which exhibit good and stable mechanical 

properties and excellent toughness behavior at subzero service 5 

temperatures. 

Moreover, one of the goals of the present invention is to afford 

steels allowing the manufacture of seamless pipes, that can be used in 

offshore appl ications, l ine process pipes and mechanical applications, 

where subzero service temperatures occur. 10 

In particular, one of the purposes of the present invention is to 

provide steels having high yield and ult imate tensile strengths, 

excellent impact properties at service temperatures down to -60°C (in 

transversal directions) across the entire wal l thickness, and which are 

able to improve the hardness properties of seamless pipes. 15 

More particularly, one of the purposes of the present invention 

is to provide grade steel products having higher yield strengths than 

P110 or Q125 grade steel products (respectively corresponding to yield 

strength of at least 758 and 862 MPa) with good and uniform 

mechanical properties and a high toughness at low temperatures 20 

allowing them to be used in Arctic regions. 

Even more specif ically, the present invention namely aims at 

providing steel for seamless pipe having high tensile and high 

toughness properties at subzero service temperatures. 

Hence the present invention relates to a steel for seamless pipe 25 

having chemical composition consist ing in (the fol lowing elements 

being in weight percent):  

C: from 0.27 to 0.30 wt%, 

Si: from 0.20 to 0.35 wt%, 

Mn: from 0.80 to 0.90 wt%, 30 

Cr: from 1.30 to 1.45 wt%, 

Mo: from 0.65 to 0.75 wt%, 

Ni: from 0.15 to 0.25 wt%, 

Cu: max 0.25 wt%, 
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Al: from 0.015 to 0.035 wt%, 

Ti: from 0.024 to 0.038 wt%, 

N: max 0.012 wt%, 

V: max 0.05 wt%, 

B: from 0.001 to 0.0025 wt%, 5 

Nb: from 0.02 to 0.03 wt%, 

wherein the balance of said steel being iron and unavoidable 

impurit ies from the industrial  processing, and having a yield strength 

(Ys) of at least 862 MPa and an ult imate tensi le strength (UTS),  

wherein a ratio between the yield strength (Ys) and the ult imate tensile 10 

strength (UTs) lower than 0.93. 

The steel of the present invention exhibits a low yield to 

ult imate tensile strength ratio combined with yield strength of at least 

862 MPa which means that such steel also has an ultimate tensile 

strength of at least 927 MPa, preferably at least 1000 MPa. 15 

Consequently, such steel leads to seamless pipes, having a high 

strain capacity. In other words, such steels are able to improve the 

strain capacity of seamless pipes. 

Furthermore, the steel of the present invention displays 

excellent toughness behavior at subzero service temperatures, for 20 

example for a steel grade of 125ksi,  a toughness value in the 

longitudinal direction of at least 120 Joules at -40°C and of about 100 

Joules at -60°C and a toughness value in the transverse direction of at 

least 100 Joules at -40°C and of about 80 Joules at -60°C according to 

the Charpy impact tests ASTM E23 – Type A on a full size sample 25 

(10x10 mm). 

More particularly, the toughness values are steady between 0°C 

and -40°C in the transversal direct ions according to the Charpy impact 

tests ASTM E23 – Type A on a ful l size sample (10x10 mm) which 

means that the toughness behavior is steady at subzero temperatures. 30 

In addit ion, such steel leads to seamless pipes, exhibit ing 

uniform hardness throughout their thickness. 

Indeed, the steel of the present invention presents a 

substantial ly uniform microstructure, i .e. wherein the amount of 
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martensite phase is at least 95% related to the entire microstructure,  

preferably 99%, which ensures the uniformity of the mechanical 

properties of seamless pipes based on such steels. 

It  means that the steel of the present invention has higher yield 

strengths than P110 or Q125 grade steel products, at least 125 Ksi 5 

(862 MPa), preferably at least 930 MPa (135 Ksi) with high ult imate 

tensile strength and high toughness behavior at low temperatures. 

It  also means that the steel of the present invention is able to 

improve the hardness and hardenabil i ty of seamless pipe. 

Therefore, the steel of the present invention is particularly 10 

suitable for subzero arctic applications. 

As a result , the steel of the present invention is able to lead to 

seamless pipes having high yield and tensi le strengths, a high strain 

capacity, a high and uniform hardness, namely throughout their entire 

length and wall thickness, and exhibit ing a high and steady toughness 15 

performance at subzero temperatures. 

In particular, the steel according to the present invention is 

advantageously used to obtain seamless pipe, preferably having a wall  

thickness above 12.5 mm, more preferably above 20 mm and even 

more preferably ranging from 38 mm to 78 mm. 20 

Hence, the steel can be used to obtain seamless pipe with high 

wal l thicknesses whose mechanical propert ies are stable, whether on 

the outside, inside, or at mid-wall . That means that the mechanical 

properties do not depend upon the thickness of the wall  which is an 

asset where high strains are imposed under stringent conditions.  25 

Another object of the present invention deals with a method of 

production of steel seamless pipe comprising at least the following 

successive steps: 

(i) providing a steel having the chemical composition as 

previously defined, 30 

(i i )  hot forming the steel at a temperature ranging from 

1100°C to 1300°C through a hot forming process to obtain a pipe, then 

(i i i )  heating up the pipe to an austenit izing temperature (AT) 

above or equal to 890°C and keeping said pipe at the austenit izing 
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temperature (AT) during a time comprised between 5 and 30 minutes, 

followed by 

-  cooling the pipe to a temperature of at most 100°C in 

order to obtain a quenched pipe, and 

-  heating up and holding said quenched pipe at a tempering 5 

temperature (TT) ranging from 580°C to 720°C and 

keeping it at the tempering temperature (TT) during a 

tempering time, and then cooling it  to a temperature of at 

most 20°C, in order to obtain a quenched and tempered 

pipe, 10 

(iv)  measuring the yield strength to ult imate tensile strength 

rat io and controll ing that said ratio is lower than 0.93. 

 

The method according to the present invention enables to lead 

to steel seamless pipe having a substantially uniform microstructure 15 

mainly composed of martensite, preferably the amount of martensite is 

at least 95% related to the entire microstructure, preferably 99% 

related to the entire microstructure. The sum of ferrite, bainite and 

martensite is 100%. 

As can be seen from the method of the present invention, the 20 

yield strength to ult imate tensi le strength ratio is a control parameter 

which wil l  ensure together with the chemical composit ion of the steel 

of the present invention the stabil i ty of the mechanical properties, 

especially the hardness uniformity throughout the wall thickness of the 

steel seamless pipe, the high tensile strength values and the high 25 

toughness at subzero temperatures. 

In other words, the yield strength to ult imate tensile strength 

rat io and the chemical composit ion wil l  ensure the required 

performances of the steel.  

The invention also concerns a seamless pipe made of the steel 30 

previously defined. 

As previously mentioned the steel seamless pipe is particularly 

suitable for arctic applicat ions and may be used for accessory for oil  
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and gas and/or a mechanical component, preferably in offshore 

applications in Arct ic regions. 

The steel seamless pipe presents the advantages of having good 

and stable mechanical propert ies throughout its length and wall  

thickness, which is the distinction of a substantially uniform 5 

microstructure, and a high toughness at subzero temperatures. 

Another subject of the present invention is directed to oil and 

gas accessory and/or mechanical component comprising at least a 

seamless pipe as previously mentioned. 

Other subjects and characteristics, aspects and advantages of 10 

the invention wil l  emerge even more clearly on reading the description 

and the example that fol lows. 

In the text herein below, and unless otherwise indicated, the 

l imits of a range of values are included in that range, in particular in 

the expressions “between” and “ranges from … to …”. 15 

Moreover, the expression “at least one” used in the present 

description is equivalent to the expression “one or more”. 

According to the present invention, the yield strength to 

ult imate tensile strength ratio of the steel is lower than 0.93 which 

means that the value 0.93 is excluded. 20 

In a preferred embodiment, the steel according to the present 

invention has a yield strength to ult imate tensile strength rat io lower 

than 0.9, preferably lower than 0.88. 

Preferably, the yield strength to ult imate tensile strength ratio 

of the steel according to the present invention ranges from 0.84 to 25 

0.93, the value 0.93 not being included. 

More preferably, the yield strength to ult imate tensile strength 

rat io of the steel according to the present invention ranges from 0.84 

to 0.91, even more preferably from 0.85 to 0.90. 

In a preferred embodiment, the steel according to the present 30 

invention has yield strength (Ys) of at least 900 MPa, preferably of at  

least 930 MPa. 
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Preferably, the steel yield strength ranges from 862 MPa to 

1200 MPa, more preferably from 900 MPa to 1100 MPa, even more 

preferably from 930 MPa to 1100 MPa. 

In a preferred embodiment, the steel according to the present 

invention has an ult imate tensile strength (UTs) of at least 950 MPa, 5 

preferably of at least 1000 MPa, more preferably of at least 1035MPa. 

It  means that such steel is suitable to manufactured seamless 

pipes that are suitable to sustain a high capacity of strain. 

According to a preferred embodiment, the steel according to 

the present invention has a toughness value at -40°C in the transverse 10 

direction, according to the Charpy impact tests ASTM E23 – Type A 

on a full  size sample (10x10 mm) of at least:  

 

Yield strength (kSi) Charpy test energy (J) 

125-135 (included) 100 

135 (excluded)-155 80 

 

Especial ly, the steel according to the present invention has a 15 

toughness value at -60°C in the transverse direction according to the 

Charpy impact tests ASTM E23 – Type A on a ful l size sample (10x10 

mm) of at least:  

 

Yield strength (kSi) Charpy test energy (J) 

125-135 (included) 80 

135 (excluded)-155 64 

 20 

It  means that the steel of the present invention exhibits an 

improved toughness at subzero temperatures. 

It  means that said steel clearly adopts a ducti le behavior at 

subzero temperatures. 

Preferably, the steel according to the invention has a chemical 25 

composition that satisfies the relation below between the nickel ,  

chromium and manganese contents: 
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Σ (Ni, Cr, Mn) ≥ 2.2 

 

This means that the steel of the present invention 

advantageously satisfies the criteria DI of the ASTM A255 standard. 

Even more preferably, the steel according to the invention has 5 

a chemical composit ion that satisfies the relation below between the 

nickel, chromium, manganese and sil icium contents: 

 

Σ (Ni, Cr, Mn, Si) ≥ 2.4 

 10 

According to a preferred embodiment, the steel according to 

the invention has a microstructure comprising at least 95% of 

martensite based on the entire microstructure, preferably 99% of 

martensite based on the entire microstructure. The sum of ferri te, 

bainite and martensite is 100%. 15 

Also, within the framework of the present invention, the 

influence of chemical composit ion elements, preferable 

microstructural features and production process parameters wil l  be 

further detailed below.  

It  is reminded that the chemical composition ranges are 20 

expressed in weight percent and include upper and lower l imits.  

 

Elements of the steel chemical composition 

 

CARBON: 0.27% to 0.30% 25 

Carbon is a strong austenite former that significantly increases 

the yield strength and the hardness of the steel according to the 

invention. Below 0.27% the yield strength and the tensile strength 

decrease significantly and there is a risk to have yield strength below 

expectations. Above 0.30%, properties such as weldabil i ty,  ducti l i ty 30 

and toughness are negatively affected. 
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SILICON: 0.20% to 0.35% 

Sil icon is an element which deoxidizes l iquid steel. A content 

of at least 0.20% can produce such an effect. Sil icon also increases 

strength and elongation at levels above 0.20 % in the invention. Above 

0.35% the toughness of the steel according to the invention is 5 

negatively affected, it decreases. To avoid such detrimental effect, the 

Si content is between 0.20 and 0.35%. 

Preferably, the sil icon content ranges from 0.22 to 0.30 wt% 

based on the total weight of the steel chemical composit ion. 

 10 

 

MANGANESE: 0.80% to 0.90% 

Manganese is an element which improves the forgeabil i ty and 

hardness of steel and it contributes to the aptitude of the steel to be 

quenched. Furthermore, this element is also a strong austenite former 15 

which increases the strength of the steel. Consequently, i ts content 

should be at a minimum value of 0.80%. Above 0.90%, weldabil i ty and 

toughness may be negatively affected.  

Furthermore, above 0.90% an increase of austenit ic phase is 

expected which may lead to an uneven microstructure by decreasing 20 

the amount of martensit ic phase impeding the stabili ty of the 

mechanical properties. 

Preferably, the manganese content ranges from 0.80 to 0.85 

wt%, preferably from 0.80 to 0.83 wt% based on the total weight of 

the steel chemical composition. 25 

 

ALUMINIUM: 0.015% to 0.035% 

Aluminium is a powerful steel deoxidant and its presence also 

enhances the desulphurization of steel.  It is added in an amount of at 

least 0.015% in order to have this effect. 30 

However, beyond 0.035%, there is saturation effect with regard 

to above mentioned effect. In addition, coarse and harmful to ducti l i ty 

Al nitrides tend to be formed. For these reasons, the Al content should 

be between 0.015 and 0.035%. 
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Preferably, the aluminium content ranges from 0.017 to 0.030 

wt%, preferably from 0.020 to 0.028 wt% based on the total weight of 

the steel chemical composition. 

 

COPPER: max 0.25% 5 

Copper is an element for solution hardening but this element is 

known to generally be detrimental to toughness and weldabil i ty.  

Copper presence wil l  have the tendency to impede the toughness of the 

steel. For this reason, the amount of Cu should be l imited at most at 

0.25. 10 

Preferably, the copper content ranges from 0.1 to 0.25 wt%, 

preferably from 0.1 to 0.2 wt% based on the total weight of the steel 

chemical composition. 

 

CHROMIUM: 1.30% to 1.45% 15 

The presence of Chromium in the steel according to the 

invention creates chromium precipitates that increase especially the 

yield strength. For this reason, a minimum Cr content of 1.30% is 

needed in order to increase significantly yield strength. Above 1.45% 

the precipitation density effects negatively the toughness of the steel 20 

according to the invention. 

Preferably, the chromium content ranges from 1.30 to 1.40 

wt%, preferably from 1.35 to 1.40 wt% based on the total weight of 

the steel chemical composition. 

 25 

NICKEL: 0.15% to 0.25% 

Nickel is a very important element for solution hardening in 

the steel of the invention. Ni increases yield strength and tensile 

strength. In combination with the presence of Cu, it  improves the 

toughness properties. For this reason, its minimum content is 0.15%. 30 

Above 0.25% the surface quality of the steel according to the 

invention is negatively impacted by the hot roll ing processes.  

Preferably, the nickel content ranges from 0.15 to 0.20 wt%, 

based on the total weight of the steel chemical composit ion. 
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MOLYBDENUM: 0.65% to 0.75% 

Molybdenum increases both yield and tensile strength and 

supports the homogeneity of the mechanical propert ies, the 

microstructure and the toughness in the base material  through the 

length and thickness of the pipe. Below 0.65% the above described 5 

effects are not effect ive enough. Above 0.75% the steel behavior when 

it comes to toughness is negatively impacted. 

Preferably, the molybdenum content ranges from 0.65 to 0.70 

wt% based on the total weight of the steel chemical composition. 

 10 

NIOBIUM: 0.020% to 0.030% 

Niobium presence leads to carbide and/or nitride precipitates 

leading to a fine grain size microstructure by grain boundary pinning 

effects and improved tensile strength. For all these effects, a minimum 

of 0.020% of Nb is needed in the steel of the present invention. Above 15 

0.030%, a str ict  control of the nitrogen content is needed so as to 

avoid a britt le effect of NbC. In addition above 0.030%, a decrease of 

the toughness behavior is expected for the steel according to the 

invention. 

Preferably, the niobium content ranges from 0.020 to 0.025 20 

wt% based on the total weight of the steel chemical composition. 

 

BORON: 0.001% to 0.0025% 

Boron presence enhances the hardenabi l i ty in the seamless 

pipe.  25 

Below 0.0025% it  supports the homogeneity of the mechanical 

properties, the microstructure and the toughness in the base material  

through the length and thickness of the pipe. Below 0.001%, the 

posit ive effect disappears. 

Preferably, the boron content is comprised between 0.001 and 30 

0.0025%, more preferably between 0.001 and 0.0018% by weight based 

on the total weight of the steel chemical composition. 
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VANADIUM: ≤ 0.05% 

Above 0.05% vanadium precipitates increase the risk of having 

a scatter in toughness values at low temperatures and/ or a shift  of  

transit ion temperatures to higher temperatures. Consequently, the 

toughness properties are negatively impacted by vanadium contents 5 

above 0.05%. Preferably, the vanadium content is str ictly below 0.02% 

by weight. 

 

TITANIUM: 0,024% to 0.038% 

Ti presence leads to carbide and/or nitride precipitates. TiN are 10 

created preferentially to BN. Therefore, B is mainly in atomic form, 

thus increasing the hardenabil i ty performances. Above 0.038%, TiN 

and TiC reduce the toughness behavior. Below 0.024%, the above 

described affect is not effective enough.  

Preferably, the titanium content ranges from 0,028 to 0,038% 15 

by weight based on the total weight of the steel chemical composition. 

 

NITROGEN: ≤  0.012% 

Above 0.012% big sized nitride precipitat ions are expected and 

these precipitates wil l  negatively affect the toughness behavior by 20 

changing the transit ion temperature in the upper range.  

Preferably, the nitrogen content ranges from 0.001 to 0.010% 

by weight based on the total weight of the steel chemical composition. 

 

RESIDUAL ELEMENTS 25 

 

The balance is made of Fe and unavoidable impurit ies result ing 

from the steel production and cast ing processes. The contents of main 

impurity elements are l imited as below defined for phosphorus, sulfur 

and hydrogen: 30 

P ≤ 0.015%, preferably P ≤ 0.012%, more preferably P ≤ 

0.010%, 

S ≤ 0.003%, preferably S ≤  0.002% 

H ≤ 0.003% 
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Other elements such as Ca and REM (rare earth minerals) can 

also be present as unavoidable impurit ies.   

The sum of unavoidable impurity elements contents is lower 

than 0.1%.  

 5 

CHEMICAL COMPOSITION 

 

According to a preferred embodiment, the chemical 

composition consists in: 

C: from 0.27 to 0.30 wt%, 10 

Si: from 0.20 to 0.35 wt%, 

Mn: from 0.80 to 0.90 wt%, 

Cr: from 1.30 to 1.45 wt%, 

Mo: from 0.65 to 0.75 wt%, 

Ni: from 0.15 to 0.25 wt%, 15 

Cu: from 0.10 to 0.25 wt% 

Al: from 0.015 to 0.035 wt%, 

Ti: from 0.024 to 0.038 wt%, 

N: from 0.001 to 0.012 wt%, 

V: from 0.001 to 0.050 wt% 20 

B: from 0.001 to 0.0025 wt%, 

Nb: from 0.02 to 0.03 wt%, 

wherein the balance of said steel being iron and unavoidable 

impurit ies from the industrial processing. 

According to this embodiment, the unavoidable impurit ies are 25 

chosen among: 

P ≤ 0.015 wt%, preferably P ≤ 0.012 wt%, more preferably P ≤  

0.010 wt%, 

S ≤ 0.003 wt%, preferably S ≤ 0.002 wt% 

on the total weight of the chemical composition. 30 

 

In a more preferred embodiment, the chemical composition 

consists in: 

C: from 0.27 to 0.30 wt%, 
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Si: from 0.22 to 0.30 wt%, 

Mn: from 0.80 to 0.85 wt%, 

Cr: from 1.30 to 1.40 wt%, 

Mo: from 0.65 to 0.70 wt%, 

Ni: from 0.15 to 0.20 wt%, 5 

Cu: from 0.10 to 0.20 wt%, 

Al: from 0.017 to 0.030 wt%, 

Ti: from 0.028 to 0.038 wt%, 

N: from 0.001 to 0.010 wt%, 

V: from 0.001 to 0.020 wt% 10 

B: from 0.0010 and 0.0018%, 

Nb: from 0.020 to 0.025 wt%, 

wherein the balance of said steel being iron and unavoidable 

impurit ies from the industrial processing. 

According to this embodiment, the unavoidable impurit ies are 15 

chosen among the elements aforementioned. 

 

Method of production 

 

As previously mentioned, the method of the present invention 20 

comprises at least the following successive steps: 

(i)  providing a steel having the chemical composition 

previously disclosed, 

(i i )  a step wherein the steel is hot formed at a temperature 

ranging from 1100°C to 1300°C through a hot forming process to 25 

obtain a pipe, then 

(i i i )  a step wherein the pipe is heated up to an austenitizing 

temperature (AT) above or equal to 890°C and kept at the austenit izing 

temperature (AT) during a time comprised between 5 and 30 minutes, 

followed by 30 

(iv)  a step wherein: 

-  the pipe is cooled to a temperature of at most 100°C in 

order to obtain a quenched pipe, and 
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-  said quenched pipe is then heated up and held at a 

tempering temperature (TT) ranging from 580°C to 720°C 

and kept at the tempering temperature (TT) during a 

tempering time, and then cooled to a temperature of at 

most 20°C, in order to obtain a quenched and tempered 5 

pipe, 

(v)  a step wherein a measure of the yield strength to ult imate 

tensile strength rat io is lower than 0.93. 

 

According to this method, a seamless pipe is produced. 10 

The method of the present invention has the advantage of 

generating microstructures capable of achieving yield to ult imate 

tensile strength rat ios lower than 0.93. 

Indeed, i f the steel has a yield strength to ult imate tensi le 

strength ratio over 0.93, then the stabil i ty of the mechanical properties 15 

and the toughness at low temperatures wil l  be impeded. 

Preferably, the method according to the invention comprises 

the following successive steps l isted below. 

A steel having the chemical composition previously disclosed 

is obtained according to casting methods known in the art.  20 

Then the steel is heated at a temperature between 1100°C and 

1300°C, so that at all points the temperature reached is favorable to 

the high rates of deformation the steel wil l  undergo during hot 

forming. This temperature range is needed to be in the austenit ic 

range. Preferably the maximum temperature is lower than 1300°C.  25 

The ingot or bil let is then hot formed in at least one step with 

the common worldwide used hot forming processes e.g. forging, pilger 

process, conti  mandrel,  premium quali ty f inishing process to a pipe 

with the desired dimensions. 

The minimum deformation ratio shall be at least 2,8. 30 

The pipe is then austenit ized i.e. heated up to a temperature 

(AT) where the microstructure is austenit ic. The austenit ization 

temperature (AT) is above Ac3, preferably above 890°C, more 

preferably at 910°C.  
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The pipe made of steel according to the invention is then kept 

at the austenit izat ion temperature (AT) for an austenit ization t ime (At) 

of at least 5 minutes, the objective being that at all  points of the pipe, 

the temperature reached is at least equal to the austenit ization 

temperature, so as to make sure that the temperature is homogeneous 5 

throughout the pipe. The austenit ization time (At) shall not be above 

30 minutes because above such duration, the austenite grains grow 

undesirably large and lead to a coarser f inal structure. This would be 

detrimental to toughness. 

Preferably, the austenit ization time (At) ranges from 5 to 15 10 

minutes. 

Then, the pipe made of steel according to the invention is 

cooled to a temperature of at most 100°C, preferably using water 

quenching. In other words, the pipe is cooled to a temperature of not 

more than 100°C, preferably to a temperature of 20°C. 15 

 Then, the quenched pipe made of steel according to the 

invention is preferably tempered i.e. heated and held at a tempering 

temperature (TT) comprised between 580°C and 720°C, especially 

between 600°C and 680°C.  

Such tempering is done during a tempering time (Tt) which 20 

may be comprised between 10 and 60 minutes, especially during 15 

minutes.  

Finally, the pipe according to the invention is cooled to a 

temperature of at most 20°C, preferably 20°C, using air cooling in 

order to obtain a quenched and tempered pipe.  25 

In this manner, a quenched and tempered pipe made of steel is 

obtained which contains in area at least 95% of martensite related to 

the entire microstructure, preferably 99%. The sum of ferrite, bainite 

and martensite is 100%. 

In particular, the method of the present invention preferably 30 

comprises at least the following successive steps: 

(i)  providing a steel having the chemical composition 

previously disclosed, 
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(i i )  a step wherein the steel is hot formed at a temperature 

ranging from 1100°C to 1300°C through a hot forming process to 

obtain a pipe, then 

(i i i )  a step wherein the pipe is heated up to an austenitizing 

temperature (AT) above or equal to 890°C and kept at the austenit izing 5 

temperature (AT) during a time comprised between 5 and 30 minutes, 

followed by 

(iv)  a step wherein: 

-  the pipe is cooled to a temperature of 100°C or less to 

obtain a quenched pipe and then  10 

-  said quenched pipe is heated up and held at a tempering 

temperature (TT) ranging from 580°C to 720°C and kept at 

the tempering temperature (TT) during a tempering time, 

and then cooled to a temperature of at most 20°C, in order 

to obtain a quenched and tempered pipe, 15 

(v)  a step wherein a measure of the yield strength to ult imate 

tensile strength rat io is lower than 0.93. 

According to step (v) of the method of the present invention, 

the measure of the yield strength to ult imate tensile strength ratio is  

carried out in order to veri fy that the result is lower than 0.93. 20 

 

Microstructural features 
 
Martensite 

The martensite content in the steel according to the invention 25 

depends on cooling speed during quenching operation, in combination 

with the chemical composition. The martensite content is at least 95%, 

preferably 99%. The balance to 100% is ferrite and bainite. 

 

Ferrite 30 

In a preferred embodiment, the quenched and tempered steel 

pipe according to the invention, after final cooling, presents a 

microstructure with less than 1% of ferr ite in volume fraction. Ideally,  

there is no ferrite in the steel since it  would impact negatively the 
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yield strength (Ys) and the ult imate tensile strength (UTs) according 

to the invention. 

Furthermore, the ferrite presence may also impede the 

homogeneity of the mechanical propert ies, especially hardness, 

through the wall thickness. 5 

 

Bainite 

The bainite content in the steel according to the invention 

depends on cooling speed during quenching operation, in combination 

with the chemical composition. Its content is l imited to a maximum of 10 

1%. The balance to 100% is ferrite and martensite.  

 

Mechanical component 

 

As previously mentioned, the invention concerns a seamless 15 

pipe comprising the steel previously defined. 

Preferably, the seamless pipe is made of said steel.  

In a preferred embodiment, the present invention is directed to 

a steel seamless pipe comprising the steel as previously defined, 

preferably made of said steel.  20 

According to a preferred embodiment, the steel seamless pipe 

has a wall thickness above 12.5 mm, preferably above 20 mm and more 

preferably ranging from 38 mm (lower than 1.5 inch) and 78 mm 

(higher than 3 inches). 

Preferably, the steel seamless pipe has an outer diameter which 25 

ranges from 80 mm to 660 mm. 

As previously mentioned, the invention also concerns an oil  

and gas accessory and/or a mechanical component comprising the steel 

previously defined. 

 30 

Steel use 

 

The present invention is also directed to the use of the 

previously disclosed steel to produce a seamless pipe. 
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In particular, the invention concerns the use of said steel in 

order to improve the hardenabil i ty of a seamless pipe. 

According to the present invention, hardenabil i ty of a product 

is defined as the capacity of the product to hardening when quenched, 

and is related to the depth and distribution of hardness across a cross 5 

section. 

According to the present invention, hardenabil i ty is measured 

with the Jominy end quench test. 

The present invention is also directed to the use of the 

previously disclosed steel in the manufacturing of an oi l and gas 10 

accessory and/or a mechanical component. 

Especial ly, the invention is directed to the use of the 

previously disclosed steel in the manufacturing of an oi l and gas 

accessory.  

The examples below are given as i l lustrations of the present 15 

invention.  
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EXAMPLES 

 

I.  Steel-A (according to the invention) 

 

The upstream process i.e. from melting to hot forming, is done 5 

with commonly-known manufacturing method for seamless steel pipes. 

For example, i t is desirable that molten steel of the below 

constituent composition be melted by commonly-used melting 

practices. The common methods involved are the continuous or ingot 

casting process.  10 

Table 1 i l lustrates the chemical composition of a steel 

according to the present invention (the amounts indicated are 

calculated in weight percentage, the balance of said composition is 

made with iron). 

 15 

Table 1: Chemical composition of Steel-A 

Steel C Si Mn P S Cr Mo Ni 

 

A 

0.29 0.26 0.81 0.007 0.001 1.38 0.66 0.17 

Cu Al Ti Nb V B N  

0.14 0.025 0.033 0.024 0.007 0.0014 0.008  

 

Next, these materials are heated at a temperature between 

1100°C and 1300°C, and then manufactured into pipe e.g. by hot 

working by forging, the plug or pilger mil l  process, which are 20 

commonly-known manufacturing methods, of the above constituent  

composition into the desired dimensions.  

The composition described in Table 1 then undergoes a 

production process that can be summarized in table 2 below with the 

step features disclosed below: 25 

-  the pipe is heated up to an austenit izing temperature (AT) of 

910°C and kept at this temperature for 10 minutes (At: austenit ization 

time), then 

-  the pipe is cooled with water to a temperature of 100°C or 

lower to obtain a quenched pipe and then said quenched pipe is heated 30 
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up and held at a tempering temperature (TT) for 15 minutes, and then 

cooled to a temperature of 20°C or lower in order to obtain a quenched 

and tempered pipe, 

-  the yield strength (Ys) to ult imate tensile strength (UTs) 

rat io is controlled after the tempering step. 5 

 

The above mentioned method has been carried out to obtain 

two seamless pipes (A-1.1 and A-1.2) each having a wall thickness of 

38.1 mm (corresponding to 1.5 inch) and two seamless pipes (A-2.1 

and A-2.2) each having a wall thickness of 76.2 mm (corresponding to 10 

3 inches). 

The parameters of the above method are summarized in Table 2 

below: 

 

Table 2: process conditions of examples after hot rol l ing 15 

Steel Pipe n° AT 

(°C) 

At 

(min) 

TT 

(°C) 

Tt  

(min) 

Wall 

thickness 

(mm) 

 

A 

A-1.1 910 10’ 650 15 38.1 

A-1.2 910 10’ 650 15 38.1 

A-2.1 910 10’ 620 15 76.2 

A-2.2 910 10’ 620 15 76.2 

 

The process parameters disclosed in Table 2 are consistent 

with the present invention. 

This led to quenched and tempered steel pipes that, after final 

cooling from the tempering temperature, present a microstructure 20 

comprising at least 99% of martensite based on the microstructure. 

Furthermore, the quenched and tempered steel pipes obtained 

have an outer diameter of 304.8 mm. 



 
 
 

24 
 
 

1. Mechanical properties 

 

1.1. Hardness on the quenched seamless pipe 

 

Hardness based on the Rockwell  scale (HRC) is measured on 5 

the four quadrants (Q1, Q2, Q3 and Q4) of the quenched and tempered 

steel seamless pipe (specimen A-1.1; wall thickness corresponding to 

38.1 mm) obtained from the composition disclosed in Table 1 (steel  

composition A). Each quadrant represents an angular orientation of 

90°. 10 

For each quadrant, hardness has been measured three t imes on 

the external, inside and mid-wall of the steel seamless pipe. 

The results are summarized in Table 3: 

 

Table 3: Hardness (Rockwell scale HRC) 15 

Quadrant External Mid-wall  Internal 

Q1 49.5 49.3 48.5 51.3 52.0 51.5 50.3 48.8 49.6 

Q2 48.7 48.6 48.8 52.3 51.8 50.5 49.8 48.8 49.3 

Q3 48.7 49.3 48.7 51.6 50.8 51.3 49.6 49.3 50.2 

Q4 49.3 48.5 48.1 51.0 51.1 52.0 49.8 49.3 49.8 

 

Figure 1 i l lustrates the hardness values summarized in Table 3 

for each quadrant as a function of the location where the hardness 

measurement has been determined on the pipe wall,  i.e. external, 

internal and mid-wal l. 20 

These results show that hardness is homogeneous throughout 

the seamless pipe. 
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1.2. Determination of yield (Ys) and tensi le strengths (UTs) 

 

1.2.1. Wall thickness: 38.1 mm (1.5 inch) 

 

A set of two specimens has been taken, one at each end of the 5 

seamless pipe, from the seamless pipe A-1.1 (wall  thickness: 38.1 mm) 

and the seamless pipe A-1.2 (wall thickness: 38.1 mm). 

On each specimen, yield strength (Ys in MPa), ult imate tensi le 

strength (UTs in MPa), elongation at break (A%) and the reduction 

area (min%) have been assessed on two quadrants: 0° and 180° in the 10 

longitudinal direction. 

The results on the mechanical properties are summarized in 

Table 4: 

 

Table 4 :  Mechanical propert ies (Ys, UTs, A(%) and reduction area) 15 

Specimen  Ys 

(MPa) 

UTs 

(MPa) 

Ratio 

Ys/ 

UTs 

A 

% 

Reduction 

area 

min% 

A-1.1.a Q(0°) 911 1021  0.89 19.6 63.0 

Q(180°) 907 1016 0.89 20.4 64.2 

A-1.1.b Q(0°) 899 1002 0.90 21.7 64.1 

Q(180°) 908 1018 0.89 20.2 63.8 

A-1.2.a Q(0°) 912 1019 0.89 20.8 63.1 

Q(180°) 908 1023 0.89 19.2 63.4 

A-1.2.b Q(0°) 918 1026 0.89 19.4 63.3 

Q(180°) 900 1009 0.89 20.7 63.7 

The entire specimens exhibit a ratio between yield strength and 

ult imate tensile strength lower than 0.93. 

From these results, one can see that each specimen has high 

yield and tensile strengths, a high elongation at break and a reduction 

area of at least 60% before breaking. 20 

Therefore, it means that the specimens made of the steel of the 

present invention can withstand a high strain deformation. 
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1.2.2. Wall thickness: 76.2 mm (3 inches) 

 

A set of two specimens has been taken, one at each end of the 

seamless pipe, from the seamless pipe A-2.1 (wall  thickness: 76.2 mm) 

and the seamless pipe A-2.2 (wall thickness: 76.2 mm). 5 

On each specimen, yield strength (Ys in MPa), ult imate tensi le 

strength (UTs in MPa), elongation at break (A%) and the reduction 

area (min%) have been assessed on two quadrants: 0° and 180° in the 

longitudinal direction. 

The results on the mechanical properties are summarized in 10 

Table 5: 

 

Table 5 :  Mechanical propert ies (Ys, UTs, A(%) and reduction area) 

Specimen  Ys 

(MPa) 

UTs 

(MPa) 

Ratio 

Ys/UTs 

A 

% 

Reduction 

area 

min% 

A-2.1.a Q(0°) 937 1031 0.91 16.8 58.4 

Q(180°) 922 1018 0.91 19.4 60.4 

A-2.1.b Q(0°) 917 1021 0.90 19.7 57.4 

Q(180°) 930 1022 0.91 20.0 56.4 

A-2.2.a Q(0°) 893 1002 0.89 19.1 56.8 

Q(180°) 898 996 0.90 21.4 61.5 

A-2.2.b Q(0°) 909 1007 0.90 19.7 62.4 

Q(180°) 919 1017 0.90 18.2 59.1 

 

The entire specimens exhibit a ratio between yield strength and 15 

ult imate tensile strength lower than 0.93. 

From these results, one can see that each specimen has high 

yield and tensile strengths, a high elongation at break and a reduction 

area of about 60% before breaking. 

Therefore, it means that the specimens made of the steel of the 20 

present invention can sustain a high strain deformation. 
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2. Impact energy results (wall  thickness: 38.1 mm) 

 

The toughness at low temperatures has been assessed for each 

previous specimen having a wall thickness of 38.1 mm. 

 5 

2.2. Transverse direction 

 

For each specimen, impact energy values in Joules (Kcv) have 

been determined in the transverse direct ion according to the Charpy 

impact tests ASTM E23 – Type A on a full size sample (10x10 mm) at 10 

-20°C.  

For each specimen, those parameters have been determined 

three t imes. The average (Ave) is determined for the impact energy 

values. The results are summarized in Table 6: 

 15 

Table 6: Toughness at low temperatures (transverse) 

Specimens Orientation Temp 

(°C) 

Kcv1 

(J) 

Kcv2 

(J) 

Kcv3 

(J) 

Ave 

A-1.1.a  

transv 

 

-20°C 

134 131 133 134 

A-1.1.b 139 136 129 135 

A-1.2.a 136 136 135 136 

A-1.2.b 139 139 139 139 

 

2.3. Charpy transit ion values as a function of temperatures 

 

A specimen has been taken from the seamless pipe A-1.1 (wall  20 

thickness: 38.1 mm) in order to be standardized in dimension and 

shape for the Charpy tests. 

The impact energy values in Joules (Kcv) as a function of 

temperatures ranging from 0°C to -60°C have also been assessed for 

this specimen in the transversal direction. This parameter has been 25 

determined three t imes at each temperature. The results are 

summarized in Table 7: 
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Table 7: Charpy transit ion values 

Specimen Orientation Temp (°C) Kcv1 

(J) 

Kcv2 

(J) 

Kcv3 

(J) 

Ave 

(J) 

 

A-1.2.c 

 

 

Transv 

0 148 143 146 146 

-20 135 142 146 141 

-40 121 112 128 120 

-60 88 94 91 91 

 

Figure 2 i l lustrates the Charpy transit ion curves (Joules) as a 

function of temperatures in the transversal direction based on the 

values disclosed in Table 7 and representative of a steel seamless pipe 5 

according to the present invention with a wall thickness of 38.1 mm 

(1.5 inch). 

The results disclosed in Tables 7 clearly show that the steel 

has a ducti le behavior at subzero temperatures. Especially, the 

specimen exhibits high impact energy values above 90 Joules at -60°C 10 

and a steady behavior.  

 

3. Impact energy results (wall  thickness: 76.2 mm) 

 

The toughness at low temperatures has been assessed for the 15 

specimens A-2.1.a, A-2.1.b and A-2.2.a previously disclosed. For the 

purposes of this assessment, an additional specimen has also been 

taken out from the seamless pipe A-2 (specimen A-2.2.c). 

The measurements have been carried out in transverse 

directions.  20 

For each previous specimen, impact energy values in Joules 

(Kcv) have been determined in the transverse direction according to 

the Charpy impact tests ASTM E23 – Type A on a full size sample 

(10x10 mm) performed at -20°C.  

For each specimen, this parameter has been determined three 25 

times. The average (Ave) is determined for the impact energy values. 

The results are summarized in Table 8: 
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Table 8: Toughness at low temperatures (transverse) 

Specimens Orientation Temp 

(°C) 

Kcv1 

(J) 

Kcv2 

(J) 

Kcv3 

(J) 

Ave 

A-2.1.a  

transv 

 

-20°C 

106 104 103 104 

A-2.1.b 121 125 124 123 

A-2.2.a 119 105 121 115 

A-2.2.c 117 124 125 122 

 

From these results, one can see that high values of the impact 

energy at -20°C (higher than 100 Joules) are obtained which means 

that each specimen has a tough behavior at subzero temperatures.  5 

 

3.3. Charpy transit ion values as a function of temperatures 

 

The impact energy values in Joules (Kcv) as a function of 

temperatures ranging from 0°C to -60°C have also been assessed for 10 

the specimen A-2.2.c in the transversal direction. This parameter has 

been determined three times at each temperature. The results are 

summarized in Table 9: 

 

Table 9: Charpy transit ion values 15 

Specimen Orientation Temp 

(°C) 

Kcv1 

(J) 

Kcv2 

(J) 

Kcv3 

(J) 

Ave 

(J) 

 

A-2.2.c 

 

 

Transv 

0 127 133 138 133 

-20 117 124 125 122 

-40 107 106 111 108 

-60 75 91 83 83 

 

Figure 3 i l lustrates the Charpy transit ion curves (Joules) as a 

function of temperatures in the transversal direction based on the 

values disclosed in Table 9 and representative of a steel seamless pipe 

according to the present invention with a wal l thickness of 76.2 mm (3 20 

inches). 
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From these results, one can see that high values of the impact 

energy at -60°C (at least about 80 Joules in average) are obtained 

which means that each specimen has a tough behavior at subzero 

temperatures. 

Furthermore, the steel of the present invention displays 5 

excellent toughness behavior at subzero service temperatures, for 

example a toughness value in the longitudinal direction of at least 130 

Joules at -40°C and of at least about 100 Joules at -60°C and a 

toughness value in the traverse direction of at least 100 Joules at -

40°C and of about 80 Joules at -60°C according to the Charpy impact 10 

tests ASTM E23 – Type A on a full size sample (10x10 mm) for a 

grade 150ksi steel.  

As a consequence, specimens according to the present 

invention have a toughness and ducti le behavior at subzero 

temperatures whether the wall  thickness corresponds to 38.1 mm or 15 

76.2 mm. 

 

5. Impact energy results (wall  thickness: 50.8 mm) 

 

The previously mentioned method has been carried out to 20 

obtain a seamless pipe (A-3) having a wall thickness of 50.8 mm 

(corresponding to 2 inches) from the chemical composition disclosed 

in Table 1 (steel-A according to the present invention). 

The parameters of the above method are summarized in Table 

10 below: 25 

Table 10: Process parameters of the method 

Steel Pipe  

n° 

At  

(°C) 

At  

(min) 

TT 

(°C) 

Tt 

(min) 

Wall 

thickness 

(mm) 

A A-3 910 10’ 650 15 50.8 

 

The impact energy values in Joules (Kcv) as a function of 

temperatures ranging from 0°C to -60°C has been assessed for this 

specimen. 30 
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Figure 4 i l lustrates the Charpy transit ion curves (Joules) in the 

transverse direction for this specimen. 

From these results, one can see that high impact energy values 

at -60°C (at least about 90 Joules) are obtained which i l lustrates the 

toughness behavior of the tested specimen at subzero temperatures. 5 

 

II.  Steel-B (comparat ive steel) 

 

Table 11 i l lustrates the chemical composition of a comparative 

steel (the amounts indicated are calculated in weight percentage, the 10 

balance of said composition is made with iron). 

 

Table 11: Chemical composition of Steel-B 

Steel C Si Mn P S Cr Mo Ni 

 

B 

0.29 0.19 0.33 0.011 0.0014 0.95 0.8 0.04 

Cu Al Ti Nb V B N  

0.02 0.046 0.017 - 0.003 0.0012 0.0046  

 

 15 

The upstream process and the production process implemented 

for Steel-B are identical to those described for Steel-A. 

The implemented method has been carried out to obtain a 

seamless pipe (B-1) having a wal l thickness of 76.2 mm 

(corresponding to 3 inches). 20 

The parameters of the above method are summarized in Table 

12 below: 

 

Table 12: process conditions of examples after hot roll ing 

Steel Pipe  

n° 

At  

(°C) 

At  

(min) 

TT 

(°C) 

Tt 

(min) 

Wall 

thickness 

(mm) 

B B-1 910 10’ 650 15 76.2 

 25 
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1. Mechanical properties 

 

1.1. Yield and ult imate tensile strengths 

 

A set of three specimens has been taken from the seamless pipe 5 

B-1. 

On each specimen, yield strength (Ys in MPa), ult imate tensi le 

strength (UTs in MPa) and elongation at break (A%) have been 

assessed in the longitudinal direction. 

In particular, the assessment of these properties has been made 10 

on the external wall  of the specimens B-1.2 and B-1.3 and the internal 

wal l of the specimen B-1.5. 

The results on the mechanical properties are summarized in 

Table 13: 

 15 

Table 13: Mechanical properties (Ys, UTs and A(%)) 

Specimen Ys 

(MPa) 

UTs 

(MPa) 

A 

(%) 

B-1.2 970 1046 18.7 

B-1.3 987 1062 17.8 

B-1.5 972 1049 16.3 

 

 

2. Impact energy results 

 20 

A set of three specimens has been taken from the seamless pipe 

B-1 according to Charpy impact test ASTM E23 – Type A on a full  

size sample (10x10 mm).  

The toughness for each specimen has been assessed by 

determining the impact energy values in the transverse direction at  25 

0°C. For each specimen, impact energy values have been determined 

three times. The results are given below:  
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Table 14: Impact energy values at 0°C 

 Orientation Kcv1 

(J) 

Kcv2 

(J) 

Kcv3 

(J) 

B-1.6 transv 138 132 134 

B-1.7 134 135 138 

 

For specimen B-1.8, measurements have been determined on 

the external, internal and mid-wall of the specimen. 5 

 

Table 15: Impact energy values at 0°C 

B-1.8 Kcv1 (J) Kcv2(J) Kcv3 (J) 

external-wall  131 130 138 

mid-wall  121 126 112 

internal-wall  137 146 152 

 

3. Charpy transit ion values as a function of temperatures 

 10 

The impact energy values in Joules (Kcv) as a function of 

temperatures ranging from 20°C to -40°C have been assessed for the 

specimen B-1.6 in the transverse direct ion. This parameter has been 

determined three t imes at each temperature. The results are 

summarized in Table 16: 15 

 

Table 16: Charpy transit ion values 

Specimen Orientation Temp 

(°C) 

Kcv1 

(J) 

Kcv2 

(J) 

Kcv3 

(J) 

Ave 

(J) 

 

B-1.6 

 

 

transv 

20 114 123 119 119 

0 138 132 134 135 

-20 110 107 91 103 

-40 79 64 82 75 

 

Figure 5 i l lustrates the Charpy transit ion curves (Joules) in the 

transverse direction for this specimen. 20 
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According to these results, one can see that the impact energy 

values are higher than 110 Joules at 20°C but then significantly drop 

at subzero temperatures, especially at -40°C. Indeed, the impact 

energy is about 75 Joules at -40°C. 

Therefore the toughness of the tested specimen significantly 5 

decreases at very low temperatures. 

 

IV. Steel D according to the invention 

 

Table 17 i l lustrates the chemical composition of a steel 10 

according to the present invention (the amounts indicated are 

calculated in weight percentage, the balance of said composition is 

made with iron). 

 

Table 17: Chemical composition of Steel-D 15 

Steel C Si Mn P S Cr Mo Ni 

 

D 

0.28 0.32 0.87 0.011 0.001 1.45 0.71 0.18 

Cu Al Ti Nb V B N  

0.15 0.022 0.038 0.02 0.024 0.0017 0.005  

 

The upstream process and the production process implemented 

for Steel-D are identical to those described for Steel-A. 

In particular, the implemented method has been carried out to 

obtain a seamless pipe (D-1) having a wall thickness of 38.1 mm 20 

(corresponding to 1.5 inch). 

The parameters of the above method are summarized in Table 

18 below: 

 

Table 18: process conditions of examples after hot roll ing 25 

Steel Pipe  

n° 

At  

(°C) 

At  

(min) 

TT 

(°C) 

Tt 

(min) 

Wall 

thickness 

(mm) 

D D-1 910 10’ 650 15 38.1 
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The method led to a quenched and tempered steel pipe that, 

after f inal cooling from the tempering temperature, presents a 

microstructure comprising 99% of martensite, balance is ferrite and 

bainite. 

Furthermore, the quenched and tempered steel pipe obtained 5 

has an outer diameter of 374.65 mm. 

 

1. Determination of yield (Ys) and tensile strengths (UTs) 

 

A specimen has been taken from the seamless pipe D-1. Yield 10 

strength (Ys in MPa), ul t imate tensile strength (UTs in MPa) and 

elongation at break (A in %) have been assessed in the longitudinal 

direction. 

The results on the mechanical properties are summarized in 

Table 19: 15 

 

Table 19: Mechanical properties (Ys, UTs and A(%)) 

Specimen Ys 

(MPa) 

UTs 

(MPa) 

Ratio 

Ys/UTs 

A 

(%) 

D-1.1 996 1134 0.88 17.6 

 

2. Hardenabil i ty according to Jominy tests 

 20 

Hardenabi l i ty (based on the Rockwell  scale) of a specimen 

obtained from the composition disclosed in Table 17 has been studied 

according to the Jominy tests. 

 

2.1. Procedure 25 

 

The shape and dimension of the specimen have been 

standardized according to the requirements of the Jominy test (ASTM 

A255). 
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The Jominy test ing was performed after austenization at an 

austenit izing temperature (AT) of 910°C and kept at this temperature 

for 10 minutes (At: austenit ization time). 

These tests were performed by quenching one end of the 

specimen with a water quench, measuring the hardness of the specimen 5 

at 1.5 mm (approximately one-sixteenth inch) increments from the 

quenched end and then preparing a plot of the hardness measurements 

versus distance from the quenched end. 

A rapid drop-off in hardness with increasing distance from the 

quenched end is indicative of low hardenabil i ty (hardness). Hence the 10 

closer the Jominy curve is to a horizontal l ine, the greater is the 

hardenabil i ty (hardness). 

Generally, the distance from the water quenched end at which 

the hardness becomes less than Rockwell  50 HRC is referred to herein 

as the Jominy depth. 15 

 

2.2. Results 

 

Figure 6 i l lustrates the Jominy curve (hardness based on the 

Rockwell scale) wherein hardness measurements versus distance from 20 

the water quenched end are plotted. 

The results on this f igure show that the Jominy curve remains 

flat, approximately around 50 HRC, up to a distance of 40 mm from 

the quenched end of the specimen. 

These results demonstrate that hardness remain stable 25 

throughout the length of the tested specimen shows a high 

hardenabil i ty. 

It  is estimated that such quenchabi l i ty could enable to obtain 

an entirely martensit ic structure (99.9%) for a pipe of 40 mm wall  

thickness quenched with water. 30 

In other words, the production of a purely martensit ic structure 

for the specimen made with the steel of the present invention was 

further corroborated by its hardenabil i ty Jominy curve. 
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3. Hardenabi l i ty comparison with comparative steels 

 

3.1. Steel composition 

 

Table 20 i l lustrates the chemical composition of a comparative 5 

steel (the amounts indicated are calculated in weight percentage, the 

balance of said composition is made with iron). 

 

Table 20: Chemical composition of Steel-F 

Steel C Si Mn P S Cr Mo Ni 

 

F 

0.29 0.19 0.33 0.011 0.0014 0.95 0.8 0.04 

Cu Al Ti Nb V B N  

0.02 0.046 0.017 - 0.003 0.0012 0.0046  

 10 

3.2. Procedure 

 

Specimen issued from steel compositions F has been 

standardized according to the requirements of the Jominy test. 

The Jominy test ing was performed after austenization at an 15 

austenit izing temperature (AT) of 910°C and kept at this temperature 

for 10 minutes (At: austenit ization time). 

 

3.3. Results 

 20 

Figure 7 i l lustrates the Jominy curves (hardness based on the 

Rockwell scale) of specimen from steel composition F wherein 

hardness measurements versus distance from the water quenched end 

are plotted. 

The results on this figure show that the Jominy curve of this 25 

specimen is not flat and significantly drops-off with increasing 

distance from the quenched end. 

In particular, the curve of the specimen obtained from steel 

composition F has an inflexion point around 15 mm before 

significantly dipping.  30 
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These results clearly show that hardness is not stable 

throughout the length of the tested specimens.  

These results also corroborate the fact that the performed 

quenchabil i ty is not capable of leading to an entirely martensit ic 

structure. Indeed, the structure of this specimen is composed of less 5 

than 90% of martensite at a distance of 40 mm from the quenched end. 

In particular, i t means that such quenchabil i ty will  not enable 

to obtain an entirely martensit ic structure (99.9%) for a pipe of 40 mm 

wall thickness quenched with water (whether measured with external 

quench or external and internal quench) but rather a structure having 10 

less than 90% of martensite. 

 

 

 

 15 
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CLAIMS  

 

1.  A seamless steel  pipe having the following chemical 

composition consisting of in weight percent:  

C: from 0.27 to 0.30 wt%,  

Si: from 0.20 to 0.35 wt%,  

Mn: from 0.80 to 0.90 wt%,  

Cr: from 1.30 to 1.45 wt%, 

Mo: from 0.65 to 0.75 wt%, 

Ni: from 0.15 to 0.25 wt%, 

Cu: max 0.25 wt%, 

Al: from 0.015 to 0.035 wt%, 

Ti: from 0.024 to 0.038 wt%,  

N: max 0.012 wt%, 

V: max 0.05 wt% 

B: from 0.001 to 0.0025 wt%, 

Nb: from 0.02 to 0.03 wt%, 

wherein the balance of said steel being iron and unavoidable 

impurities from the industrial processing including the elements P, S and 

H; the amounts of which, expressed in weight%, relative to the total  weight  

of said chemical composition being as follows :  

 P≤0.015% 

 S≤ 0.003% and  

 H≤0.003%; and  

having a yield strength (Ys) of at least  862 MPa and an ultimate 

tensile strength (UTS), wherein a ratio between the yield strength (Ys) and 

the ultimate tensile strength (UTs) is  lower than 0.93 , wherein the 

microstructure comprises at least  95% of martensite related to the entire 

microstructure.  

 

2.  The seamless steel pipe according to Claim 1, wherein the 

chemical composition consisting of in weight percent:  

C: from 0.27 to 0.30 wt%,  

Si: from 0.22 to 0.30 wt% ,  

Mn: from 0.80 to 0.85  wt%, 

Cr: from 1.30 to 1.40 wt%,  

Mo: from 0.65 to 0.70 wt%,  

Ni: from 0.15 to 0.20 wt%,  
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Cu: from 0.10 to 0.20 wt%,  

Al: from 0.017 to 0.030 wt%,  

Ti: from 0.028 to 0.038 wt%,  

N: from 0.001 to 0.010 wt%,  

V: from 0.001 to 0.020 wt%,  

B: from 0.0010 and 0.0018% ,  

Nb: from 0.020 to 0.025 wt%,  

wherein the balance of said steel being iron and unavoidable 

impurities from the industrial processing . 

 

3.  The seamless steel  pipe  according to Claim 1 or 2,  wherein the 

ratio between the yield strength (Ys) and the ultimate yield strength (UTs) 

is lower than 0.90.  

 

4.  The seamless steel  pipe according to any one of claims 1 to 3, 

wherein the yield strength (Ys) is of at  least 900 MPa. 

 

5.  The seamless steel  pipeaccording to any one of claims 1 to 3, 

wherein the ultimate tensile strength (UTs) is at least  950 MPa, preferably 

at least  1035 MPa.  

 

6.  The seamless steel  pipe according to any of the preceding 

claims, wherein the steel has a toughness value Kcv according to ASTM 

E23 – Type A on a full size sample (10x10 mm) in the transverse direction 

at -40°C is at least:  

  

Yield strength (kSi)  Charpy test energy (J) 

125-135 (included)  100 

135 (excluded)-155 80 

125 kSi corresponds to 862 MPa, 135 kSi corresponds to 930 MPa 

and 155kSi corresponds to  1068 MPa.  

 

7.  The seamless steel  pipe according to any of the preceding 

claims, wherein the steel has a toughness value Kcv according to ASTM 

E23 – Type A on a full size sample (10x10 mm) in the transverse direction 

at -60°C is at least:  
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Yield strength (kSi)  Charpy test energy (J) 

125-135 (included)  80 

135 (excluded)-155 64 

125 kSi corresponds to 862 MPa, 135 kSi corresponds to 930 MPa 

and 155 kSi corresponds to 1068 MPa.  

 

8.  The seamless steel  pipe according to any of the preceding 

claims, wherein the composition satisfies the relation below between the 

nickel, chromium and manganese contents:  

Σ (Ni, Cr, Mn) ≥ 2.2 

 

9.  The seamless steel pipe according to any of the preceding claims, 

wherein the composition satisfies the relation below between the nickel, 

chromium and manganese and si licium contents:  

Σ (Ni, Cr, Mn, Si) ≥ 2.4 

 

10.  The seamless steel  pipe according to any of the preceding 

claims, wherein  its microstructure comprises 99% of martensite  related to 

the entire microstructure .  

 

11.  Method of production of steel  seamless pipe according to any 

of Claims 1-10 comprising at least  the following successive steps:  

(i) providing a steel  having the chemical composition as defined 

according to any one of Claims 1 to 10,  

(ii)a step wherein the steel  is hot formed at  a temperature ranging 

from 1100°C to 1300°C through a hot forming process to obtain a 

pipe and wherein the minimum deformation ratio of the steel being 

at least 2.8 , then 

(iii)a step wherein the pipe is heated up to an austenitizing 

temperature (AT) above or equal to 890°C and kept at  at the 

austenitizing temperature (AT) during a t ime comprised between 5 

and 30 minutes, followed by 

 (vi) a step wherein:  

-  the pipe is  cooled to a temperature of at most 100°C in order 

to obtain a quenched pipe,  and 

said quenched pipe is then heated up and held at  a tempering 

temperature (TT) ranging from 580°C to 720°C and kept at  
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the tempering temperature (TT) during a tempering time, and  

then cooled to a temperature of at  most 20°C, in order to 

obtain a quenched and tempered pipe ,  

 (v) a step wherein a measure of the yield strength to ultimate 

tensile strength ratio is lower than 0.93.  

 

12.  The seamless steel  pipe according to any of Claims 1-10, 

wherein the steel  seamless pipe having a wall thickness which ranges from 

38 to 78 millimeters.  

 

13.  Oil and gas accessory and/or mechanical  component comprising 

at least a seamless steel pipe according to any of Claims 1 to 10. 

 

14.  Use of a seamless steel pipe according to  any one of Claims 1 

to 10 in the manufacturing of an oil  and gas accessory and/or a mechanical  

component.  

 

 


