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ABSTRACT 

 

The effects of test temperature on the tensile properties of four line pipe steels were evaluated. 

The four materials include a ferrite-pearlite line pipe steel with a yield strength specification of 359 MPa 

(52 ksi) and three 485 MPa (70 ksi) yield strength acicular ferrite line pipe steels. 

Deformation behavior, ductility, strength, strain hardening rate, strain rate sensitivity, and fracture 

behavior were characterized at room temperature and in the temperature range of 200-350 °C, the 

potential operating range for steels used in oil production by the steam assisted gravity drainage process. 

Elevated temperature tensile testing was conducted on commercially produced as-received plates at 

engineering strain rates of 1.67 x 10-4, 8.33 x 10-4, and 1.67 x 10-3 s-1. The acicular ferrite (X70) line pipe 

steels were also tested at elevated temperatures after aging at 200, 275, and 350 °C for 100 h under a 

tensile load of 419 MPa.   

The presence of serrated yielding depended on temperature and strain rate, and the upper bound 

of the temperature range where serrated yielding was observed was independent of microstructure 

between the ferrite-pearlite (X52) steel and the X70 steels. Serrated yielding was observed at intermediate 

temperatures and continuous plastic deformation was observed at room temperature and high 

temperatures. All steels exhibited a minimum in ductility as a function of temperature at testing 

conditions where serrated yielding was observed. At the higher temperatures (>275 °C) the X52 steel 

exhibited an increase in ductility with an increase in temperature and the X70 steels exhibited a maximum 

in ductility as a function of temperature. All steels exhibited a maximum in flow strength and average 

strain hardening rate as a function of temperature. The X52 steel exhibited maxima in flow strength and 

average strain hardening rate at lower temperatures than observed for the X70 steels. For all steels, the 

temperature where the maximum in both flow strength and strain hardening occurred increased with 

increasing strain rate. Strain rate sensitivities were measured using flow stress data from multiple tensile 

tests and strain rate jump tests on single tensile samples. In flow stress strain rate sensitivity 

measurements, a transition from negative to positive strain rate sensitivity was observed in the X52 steel 

at approximately 275-300 °C, and negative strain rate sensitivity was observed at all elevated temperature 

testing conditions in the X70 steels. In jump test strain rate sensitivity measurements, all four steels 

exhibited a transition from negative to positive strain rate sensitivity at approximately 250-275 °C. 

Anisotropic deformation in the X70 steels was observed by measuring the geometry of the fracture 

surfaces of the tensile samples. The degree of anisotropy changed as a function of temperature and 

minima in the degree of anisotropy was observed at approximately 300 °C for all three X70 steels.  

DSA was verified as an active strengthening mechanism at elevated temperatures for all line pipe 

steels tested resulting in serrated yielding, a minimum in ductility as a function of temperature, a 
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maximum in flow strength as a function of temperature, a maximum in average strain hardening rate as a 

function of temperature, and negative strain rate sensitivities. Mechanical properties of the X70 steels 

exhibited different functionality with respect to temperature compared to the X52 steels at temperatures 

greater than 250 ºC. Changes in the acicular ferrite microstructure during deformation such as precipitate 

coarsening, dynamic precipitation, tempering of martensite in martensite-austenite islands, or 

transformation of retained austenite could account for differences in tensile property functionality 

between the X52 and X70 steels.  

Long term aging under load (LTA) testing of the X70 steels resulted in increased yield strength 

compared to standard elevated temperature tensile tests at all temperatures as a result of static strain 

aging. LTA specimen ultimate tensile strengths (UTS) increased slightly at 200 °C, were comparable at 

275 °C, and decreased significantly at 350 °C when compared to as-received (standard) tests at 350 °C. 

Observed reductions in UTS were a result of decreased strain hardening in the LTA specimens compared 

to standard tensile specimens. 

Ideal elevated temperature operating conditions (based on tensile properties) for the X70 line pipe 

steels in the temperature range relevant to the steam assisted gravity drainage process are around 275-

325 °C at the strain rates tested. In the temperature range of 275-325 °C the X70 steels exhibited 

continuous plastic deformation, a maximum in ductility, a maximum in flow stress, improved strain 

hardening compared to intermediate temperatures, reduced anisotropic deformation, and after extended 

use at elevated temperatures, yield strength increases with little change in UTS. 
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CHAPTER 1 

INTRODUCTION 

 

Steam Assisted Gravity Drainage (SAGD) is an extraction method for the recovery of bitumen 

(heavy oil). Bitumen is found in naturally occurring mixtures of sand or clay and water and has essentially 

no mobility in its natural state due to high viscosity (typically around 106 cP) [1, 2]. A factor which 

promotes the use of thermal recovery processes, such as SAGD, is that many of the deposits of heavy 

crude oils are large, rich, and often well-known [3]. Figure 1.1 shows a schematic representation of the 

SAGD process. A well pair (two parallel pipelines placed in the same oil seam) containing one injector 

well (pumps steam) and one producer well (withdraws bitumen) is positioned in the bitumen deposit, and 

secured with cement. Steam is injected into the bitumen at high pressure (3000-5000 kPa), at a rate of 

about 4 x 105 cm3/hr, reducing the viscosity by more than five orders of magnitude at temperatures above 

200 °C [1–4]. Once the bitumen is at the extraction temperature, it is pumped to the surface through the 

producer well. 

 

Figure 1.1 Schematic representation of the SAGD process. A well pair is used to inject steam into 
the oil seam and extract the bitumen to the surface (unpublished diagram from Evraz, 
provided in the project proposal). 

 

Line pipe material is exposed to thermal cycles while steam is injected into the well and bitumen 

is recovered. Thermal expansion and contraction in the pipeline due to heating and cooling associated 

with steam injection cause additional stress on the pipeline material. Figure 1.2 shows the hoop stress 

applied on a pipeline due to heating and cooling cycles during the SAGD extraction process. As 

temperature increases from steam injection, thermal expansion causes a compressive hoop stress on the 
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pipeline due to pipe constraint. The pipeline material undergoes stress relaxation when held at a constant 

temperature. During bitumen extraction, the well cools, causing a shift from compressive hoop stress to 

tensile hoop stress exhibited on the pipeline. During heating (or reheating) and cooling cycles, the stress 

included in the pipeline material exhibits a hysteresis loop. 

 

Figure 1.2 Stress vs temperature plot showing the hoop stress exhibited on a pipeline during 
thermal cycles caused by steam injection for the SAGD process (unpublished figure 
provided via private communication from Laurie Collins at Evraz). 

 

It is important to understand the mechanical behavior of line pipe steels used for high temperature 

extraction operations in order to safely extract the bitumen and ensure there is no contamination of 

aquifers or substantial ground movement between the surface and the oil rich zone. Operating 

temperatures of the SAGD process are between 200 and 350 °C. Typical working conditions for line pipe 

steels are considered to be high pressures and low ambient temperatures [5]. There has been significant 

research concerning the strength, ductility, and toughness of line pipe steels at low operating temperatures 

[5–8], but little work has been done to study elevated temperature properties of these steels. The aim of 

the present research is to provide insight on the tensile deformation behavior under operating conditions 

of line pipe steels commonly used in the heavy oil extraction process. 

The goals of the present research are to characterize the elevated temperature mechanical 

properties of line pipe steels and evaluate short and long term effects of elevated temperature and stress in 

the temperature range of 200-350 °C. 
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CHAPTER 2 

LITERATURE REVIEW 

The following chapter includes a literature review of line pipe steels and dynamic strain aging. 

2.1 Line Pipe Steels 

Due to significant economic advantages, there is increased demand for the high pressure 

transportation of crude oil and gas over a range of operating temperatures. To accommodate demand, high 

strength-high toughness steels classified by The American Petroleum Institute (API) are used for large 

diameter line pipe. Use of high strength material such as API X70 (485 MPa yield strength) and X80 

(550 MPa yield strength) facilitate pipeline design with significantly decreased wall thicknesses, allowing 

for economic benefit due to weight reduction during the transportation to remote locations, larger 

diameters for increased pressures, and manipulation of the pipe during construction and welding [5, 9]. 

Line pipe steels typically contain low carbon contents to maintain good weldability [7, 10]. Due 

to low carbon concentrations, additional alloying elements are important in order to achieve the strength 

requirements of X70 and X80 steels, but alloying is limited to low quantities in order to maintain cost 

efficiency. Manganese is a common alloying element added to most steels because it is an austenite 

stabilizer and it increases strength through solid solution strengthening. However increasing manganese 

content also increases centerline segregation. Microalloying elements (vanadium, niobium, and titanium) 

are added in small concentrations (less than 0.2 wt pct.) to increase strengthening through grain size 

refinement achieved by thermomechanical processing, solid solution strengthening, and precipitation 

strengthening [11].  

2.1.1 Thermomechanically Processed Microstructures 

In order to meet demand for high strength and toughness, material processing, chemical 

compositions, and steel microstructures are constantly evolving. Initial line pipe steel microstructures 

consisted of ferrite and pearlite with alloys based on C and Mn additions [12]. Line pipe steels with 

ferrite-pearlite microstructures cannot meet strength and toughness requirements for X70 and X80 steels. 

The addition of thermomechanical processing (TMP), accelerated cooling, and microalloying to line pipe 

steels has significantly improved the mechanical properties [7, 9, 10, 12–14]. Processing parameters for 

TMP such as soaking temperature, rolling temperature, deformation schedule, finishing temperature, and 

cooling rate play an important role in the final microstructure of the line pipe. TMP microstructures may 

be comprised of multiple constituents including ferrite-pearlite, acicular ferrite, polygonal ferrite, quasi-

polygonal ferrite or (massive ferrite), granular bainite, bainitic ferrite, martensite-austenite (MA) islands, 

retained austenite (RA) islands, and degenerated pearlite [7, 10, 15–17]. The range of cooling rates and 

temperatures required to achieve various TMP microstructures can be predicted using Figure 2.1, which 
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shows the temperatures which correspond to transformation of austenite as a function of cooling rate and 

the time-temperature transformation (TTT) diagram of iron containing 0.011 wt pct C [18] which 

correspondingly identifies the transformation products. Light optical micrographs of microstructures 

defined in Figure 2.1 are shown in Figure 2.2 [17].  

Polygonal ferrite (Figure 2.2a) is the ferritic microstructure which forms at the highest 

temperatures and slowest cooling rates seen in Figure 2.1 and is nucleated as grain-boundary 

allotriomorphs and grows into equiaxed grains. Polygonal ferrite is characterized by low dislocation 

densities and has no defined substructure when viewed in transmission electron microscopy (TEM).  

Quasi-polygonal or massive ferrite (Figure 2.2b) is observed in low to ultra-low carbon steels and 

forms by rapid cooling to go from single-phase austenite to single phase ferrite without a composition 

change. Cooling must be fast enough to minimize partitioning of alloying elements in the two-phase 

austenite-ferrite field. Quasi-polygonal grains typically show etching substructure and grain boundaries 

are typically irregular when compared to polygonal ferrite microstructures. 

 

 (a) (b) 

Figure 2.1 (a) The temperatures which correspond to transformation products of austenite as a 
function of cooling rate and (b) associated time-temperature transformation (TTT) 
diagram for various TMP microstructures in an iron containing 0.011 wt pct C [18]. 

 

Bainitic or acicular ferrite (Figure 2.2c) is also observed in low and ultralow carbon steels at high 

cooling rates, but the transformation temperature is lower, and the final microstructure is much finer than 

polygonal and quasi-polygonal ferrite. Acicular ferrite microstructures consist of non-equiaxed ferrite 

grains with low angle grain boundaries (misorientation angles between 5 and 10°) [19]. MA islands, that 

have an equiaxed grain morphology, are also common in the acicular ferrite microstructure. It is also 

common in line pipe steel that acicular ferrite microstructures have RA islands present. A light optical 

micrograph etched with LaPera’s color etchant (to distinguish austenite, ferrite and martensite) of an X70 
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steel is shown in Figure 2.3. MA (black regions) and RA (white regions) islands are present in the 

acicular ferrite (brown) microstructure [20]. Acicular ferrite grain substructures when viewed in TEM, 

show fine, elongated ferrite crystals with high dislocation densities [19]. Grain boundaries are low angle 

grain boundaries and do not respond to etching. 

 

(a) 

 

(b) 

 

(c)  
 

(d) 

Figure 2.2 Light optical micrographs of (a) polygonal ferrite (light grains) formed in HSLA-80 
steel isothermally transformed at 675 °C for 500 s, (b) quasi-polygonal ferrite formed 
in an ultralow-carbon steel containing 0.005 C and 3 Mn cooled at 50 °C/s, (c) acicular 
ferrite formed in HSLA-80 steel by isothermal transformation at 500 °C for 5000 s, 
and (d) granular ferrite formed in a modified-A710 steel continuously cooled at a rate 
of 1 °C/s [17]. 
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Figure 2.3 Light optical micrograph, etched with LaPera’s color etchant, of an API X70 steel with 
an acicular ferrite microstructure containing MA (black) and RA islands (white) [20]. 

 

Granular ferrite or granular bainitic ferrite (Figure 2.2d) has many similarities to acicular ferrite, 

but there is a difference in microstructural morphology. Granular ferrite forms in the intermediate 

austenite transformation range (shown in Figure 2.1) and has a high dislocation denstiy, but the cooling 

rate to form granular ferrite is slower than that of acicular ferrite. Martensitic microstructures are formed 

at lower transformation temperatures than granular or acicular ferrite (shown in Figure 2.1). 

Microstructures consisting of acicular ferrite with dispersed MA islands are considered to have 

optimum strength, toughness, and weldability as well as a low ductile to brittle transition temperature [7, 

10, 12, 14, 19]. The properties of acicular ferrite are mainly due to a relatively high dislocation density, 

and fine grained nature of the acicular ferrite structure [19]. Increasing volume fraction of polygonal 

ferrite or bainitic microstructures within an acicular matrix will reduce strength and toughness [14]. 

Line pipe steels with bainitic microstructures have anisotropic mechanical properties (differences 

in strength, ductility, and toughness in different orientations within the plate) that can be related to 

crystallographic texture [19–21]. Crystallographic texture is defined as a condition in which the 

distribution of crystal orientations is nonrandom [22], and is caused by deformation, recrystallization, and 

phase transformations during steel processing [21]. 

2.2 Dynamic Strain Aging 

The SAGD process operates at temperatures between 200 and 350 °C. In this temperature range, 

a solid solution strengthening mechanism, known as dynamic strain aging (DSA), is commonly observed 

in most steels. DSA is defined by Leslie [23–25] as the changes in properties of a metal that occur when 

point defects (interstitial solute atoms) and dislocations interact during plastic deformation. Static strain 

aging is similar to DSA and occurs when point defects interact with dislocations before plastic 
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deformation. Carbon, nitrogen, boron, hydrogen, and oxygen are atoms that have been considered as 

interstitial elements that could contribute to DSA, however carbon and nitrogen are the most dominant in 

steel systems [26, 27]. 

In 1949 Cottrell and Bilby [28] developed a model that describes the strain aging phenomena that 

is considered correct and outlined in further detail by Reed-Hill [29] and Leslie [23, 24]. The Cottrell and 

Bilby model deals with time and temperature dependence on growth of solute atmospheres near 

dislocations. In order for the solute atoms to interact with dislocations during deformation, there has to be 

enough thermal energy and time for solute atoms to diffuse to dislocation cores. For DSA to occur, solute 

atoms must be mobile enough to make at least one diffusive jump while deformation takes place. 

Figure 2.4 shows a comparison of the diffusivities of interstitial and substitutional elements in BCC iron 

as a function of temperature. Carbon and nitrogen exhibit similar temperature dependent functions, with 

diffusivity between room temperature and 900 °C that are much higher than for substitutional elements. 

Also, at all temperatures, the diffusivity of nitrogen is higher than the diffusivity of carbon. Figure 2.4 

also can be used to describe why substitutional elements do not contribute to DSA in steels until very 

high temperatures are achieved.  

 

Figure 2.4 Temperature dependence on the diffusivities of interstitial (carbon, nitrogen, and 
hydrogen) and substitutional elements in ferrite (BCC iron) (adapted by Leslie [23] 
from an unpublished diagram by L. S. Darken). 
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Figure 2.5 is a schematic representation of how flow stress changes as a function of deformation 

temperature for an ideal pure material and a material which exhibits dynamic strain aging. A pure metal 

that has no solute atoms present shows a decreasing trend in flow stress as temperature is increased. At 

elevated temperatures, where DSA is an active strengthening mechanism in real materials, the flow stress 

increases compared to the ideal case. An increase in the number of solute atoms that is available to 

interact with dislocations will result in a greater increase in strength (curve (a) in Figure 2.5 shows more 

effective strengthening than curve (c)).  

When the temperature of the specimen is in the range where DSA is active, dislocations generated 

during deformation are quickly pinned so that others must be generated in order for deformation to 

continue [24]. Figure 2.6 is a plot of dislocation density as a function of strain for a 0.03 wt pct C rimmed 

steel, strained at room temperature and at 200 °C (where DSA is active). For all instances of strain, the 

material tested in the DSA regime had a higher dislocation density than the material tested at room 

temperature.  

 

Figure 2.5 Schematic of flow stress (σ) versus deformation temperature for ideal pure metal 
(dashed) and a material which exhibits dynamic strain aging (solid) of various 
effectiveness (a-c) [30]. 

 

Based on analysis of yield and flow stresses of various types of carbon steels at elevated 

temperatures, Leslie et al. have identified four distinctive characteristics in a stress strain curve for 

uniaxial tensile testing that accompany DSA [23, 24]: 

1. The stress strain curve exhibits serrated yielding. 

2. DSA is accompanied by a high work hardening rate.  
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3. The flow stress at a given plastic strain and constant strain rate exhibits a maximum as a 

function of temperature.  

4. During DSA the flow stress has a negative strain rate sensitivity. 

Rodriguez [31] developed a similar, but more detailed list of manifestations in uniaxial tension 

data that are caused by DSA. Figure 2.7 shows a schematic representation of the features described 

below. 

1. The stress strain curve exhibits serrated yielding. 

2. A peak in the variation of flow stress (�) with temperature.  

3. A peak in the variation of work hardening (� = ∆� ∆�⁄  with temperature. 

4. A peak in the variation of the Hall-Petch (��) slope with temperature.  

5. A minimum in the variation of the ductility with temperature.  

6. A minimum in the strain rate sensitivity (� = ∆� ∆ �̇⁄ ), with strain rate sensitivity going 

negative in the temperature region of serrated flow. 

 

Figure 2.6 Dislocation density versus plastic strain for a 0.03 wt pct C rimmed steel tested in 
tension at a strain rate of 3.3 x 10-4 s-1 at room temperature and 200 °C [24]. 

 

Rodriguez [31] added the loss of ductility, a grain size relationship, and an analysis of strain rate 

sensitivity as a function of strain at different temperatures, to the list of properties that are impacted by 

DSA. Leslie [24] acknowledges the loss in ductility associated with DSA in high nitrogen steels, but does 

not go into much detail regarding DSA as a mechanism that causes a loss in ductility.  

The Hall-Petch relationship (Equation 2.1) relates flow stress and grain size [32] 

 σ = �� + − /  (2.1) 
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where �  is flow stress, �� is the “friction stress,” representing the overall resistance of the crystal lattice 

to dislocation movement,  (or �� in Figure 2.7) is the “locking parameter,” which measures the relative 

hardening contribution of the grain boundaries, and  is the grain diameter. A maximum in the locking 

parameter as a function of temperature in the DSA regime indicates that DSA increases the effect of work 

hardening due to dislocation pile-ups at the grain boundaries. 

 

Figure 2.7 Schematic illustration of the various manifestations of dynamic strain aging as 
described by Rodriguez, where � is flow stress, � is strain hardening, �� is the slope of 
the Hall-Petch relationship, � is strain rate sensitivity (with zero marked by the dashed 
line). Strain rate sensitivity as a function of strain (�) is displayed at various 
temperatures, and the types of serrated yielding expected at relative temperatures is 
outlined as well [31]. 

 

Strain rate sensitivity (more commonly identified as  in the literature) is the strain rate exponent 

of the general relationship between flow stress and strain rate, at a constant strain and temperature 
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 σ = �̇ |�,  (2.2) 

where  is a constant and �̇ is the strain rate. When temperature and strain are held constant and a change 

in strain rate occurs the flow stress will either increase or decrease and strain rate sensitivity can be 

calculated using 

 = log � �⁄log �̇ �̇⁄  (2.3) 

if flow stress increases when strain rate increases, strain rate sensitivity is positive. When DSA is an 

active strengthening mechanism flow stress decreases with increased strain rate. 

2.2.1 Temperature and Strain Rate Effects on Dynamic Strain Aging 

As stated in Section 2.2, a solute atom must be mobile enough to achieve at least one diffusive 

jump to pin a dislocation during deformation for DSA to be an active strengthening mechanism. In order 

for a solute atom to achieve at least one diffusive jump during deformation the solute atom jump rate 

(temperature controlled) and dislocation velocity (strain rate controlled) must be similar in magnitude 

compared to each other. Increasing temperature increases solute atmosphere diffusivity, and increasing 

strain rate increases dislocation glide velocity. Thus, increasing strain rate will cause the temperature 

range where DSA is active to shift to higher temperatures [23, 31, 33–36]. 

Figure 2.8 is a schematic representation that shows the effect of temperature on flow stress for 

three different strain rates (low, medium, and high), the effect of temperature on the strain rate sensitivity 

between two strain rates, and the effect of strain rate on strain rate sensitivity at constant temperature [37]. 

The flow stress for an ideal pure metal (Figure 2.8a) is shown to decrease continuously with increasing 

temperature with a positive strain rate sensitivity at all temperatures. A metal which exhibits DSA 

(Figure 2.8b) shows similar trends in flow stress and strain rate sensitivity as the ideal metal at relatively 

low and high temperature conditions (i.e. outside the DSA range). For conditions where DSA operates, all 

three strain rate conditions exhibit a maximum in flow stress as a function of temperature, with the peak 

for the low strain rate condition occurring at the lowest temperature and the peak for the highest strain 

rate condition occurring at the highest temperature. Figure 2.8b shows that it is possible for a material to 

exhibit positive strain rate sensitivity under testing conditions where DSA affects material strength. The 

temperature/strain rate testing conditions where positive strain rate sensitivity is observed in the DSA 

regime depend on the difference between strain rates when calculating strain rate sensitivity  

The maximum effect of strengthening from DSA corresponds to conditions where the average 

diffusion rates of solute atmospheres coincide with dislocation gliding rates, and occurs at the temperature 

where maximum flow stress is achieved at a given strain rate [38]. Figure 2.9 shows lower yield stress 

and 5% flow stress as a function of temperature for an AISI 1035 steel tested at three different strain 
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rates [23]. The temperature range where serrated yielding was observed is also identified. The 

temperature where the maximum effect of strengthening from DSA occurs is 200 °C in the low strain rate 

condition (1.75 x 10-4 s-1) and 300 °C in the high strain rate condition (1.75 x 10-2 s-1). Negative strain rate 

sensitivity is observed in the temperature range of around 50-275 °C. Serrated yielding is identified to 

occur in the temperature range of 100-250 °C, however it is uncertain from the information presented in 

the paper if serrated yielding occurs in the indicated temperature range for all tested strain rates. Yield 

strength tends to have little to no strengthening from DSA. Some studies show identifiable increases in 

yield strength [23, 37, 39, 40], while other studies observe only a decreasing trend in yield strength with 

increasing temperature [33, 34, 41].  

 

Figure 2.8 Schematic of the effect of temperature and strain rate on the flow stress (��  and strain 
rate sensitivity ( ) for (a) “ideal pure” metals and (b) metals that exhibit dynamic 
strain aging [42]. 

 

Figure 2.9 shows how the manifestations of DSA (except for a clear indication of high strain 

hardening rates) identified by Leslie [23, 24], appear in flow stress measurements plotted as a function of 

testing temperature. It is important to note that the temperature range of each individual manifestation 

described in Figures 2.7 and 2.8 does not fully define the temperature range where DSA is an active 

strengthening mechanism. 



 13 

Serrated yielding is easily observable in the stress-strain curve and is often used to define 

temperature/strain rate conditions where DSA is active using a serration map. A serration map is a plot of 

either strain rate or shear strain rate as a function of inverse temperature. Points plotted on a serration map 

only identify if serrated yielding was observed. Figure 2.10 shows a serration map of a 0.03 wt pct C 

steel. A “1” on the serration map indicates serrated yielding was observed and a “0” indicates continuous 

flow behavior [31]. A serration map can be used to estimate where serrated yielding will occur at any 

temperature/strain rate condition and is useful when comparing DSA results from different studies.  

 

Figure 2.9 Yield stress and flow stress as a function of temperature of an AISI 1035 steel tested at 
strain rates of 1.75 x 10-4, 1.75 x 10-3, and 1.75 x 10-2 s-1. Temperature range where 
serrated yielding occurs is indicated by the arrows. Negative strain rate sensitivity is 
shown in the presence of serrated yielding as well as flow stress exhibiting a maximum 
as a function of temperature (two characteristics of DSA). Temperature where 
maximum flow stress occurs increases with increased strain rate (figure adapted from 
Leslie’s work on DSA) [23]. 

 

The presence of serrated yielding is dependent on having the correct combination of both 

temperature and strain rate. At high temperatures, serrated yielding is not observed due to the effects of 

recovery, causing fewer dislocations to be available for interaction with interstitial solute atoms. High 

temperatures could also cause the diffusion rate of solute atmospheres to be faster than mobile dislocation 

velocity, resulting in the absence of DSA. Low temperatures do not allow interstitial solute atoms to be 

mobile enough to diffuse to dislocation cores during deformation. High strain rates cause dislocations to 

move too fast for solute atoms to pin dislocations during deformation.  

There are two possible reasons why DSA would be inactive at low strain rates. One is that the 

dislocations move too slow for solute atoms to continuously pin dislocations during deformation, creating 
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more of a solute drag effect than a DSA effect on mechanical properties. Okamoto [43] describes another 

mechanism that occurs at low strain rates near temperatures where DSA is typically active called dynamic 

precipitation. Figure 2.11 shows TEM thin foil micrographs of a martensitic steel tested at 150 °C and 

strain rates of 8.3 x 10-4 and 8.3 x 10-6 s-1. The flow curve of the higher strain rate condition exhibited 

serrated yielding, and the flow curve of the lower strain rate exhibited continuous yielding behavior, but 

still exhibited a high strain hardening rate compared to other testing conditions in the study. The 

dislocation substructure of the low strain rate condition was a much finer cell structure than observed in 

the high strain rate condition. 

 

Figure 2.10 Serration map of a 0.03 wt pct C steel as a function of shear strain rate and inverse 
temperature. 1 indicates serrated yielding present, 0 indicates no serrated yielding 
present [31]. 

 

At elevated temperatures where DSA would be expected, carbon and nitrogen atoms diffuse to 

dislocation cores as expected. At low strain rates the waiting time for dislocations arrested at obstacles to 

be thermally activated is increased [43]. As a result, at lower strain rates, dynamically precipitated 

carbides form and segregation of solute atoms to dislocations is reduced. Dynamically precipitated 

carbides act as effective anchoring points for dislocations to tangle, resulting in the change in dislocation 

substructure seen in Figure 2.11 and reduced or eliminated the presence of serrated yielding. The dynamic 

precipitation phenomenon is typically observed in martensitic steels since a high dislocation density 

increases the mobility of substitutional solute atoms to aid in the formation of carbides and nitrides [43]. 
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(a) (b) 
Figure 2.11 TEM images of dislocation substructure formed at 150 °C at 8.3 x 10-4 s-1 (a) and 

8.3 x 10-6 s-1 (b) of a 0.14 C, 1.48 Mn, 0.27 Si, 0.04 Al, and 0.004 N (wt pct) 
martensitic steel. Serrated yielding was observed at the higher strain rate, and was 
absent due to dynamic precipitation for the lower strain rate [43]. 

 

2.2.2 Metallurgical Factors that Impact Dynamic Strain Aging 

In steels, carbon and nitrogen solute atoms are considered the most dominant contributors to 

DSA. Steels that have nitrogen as the primary contributor to DSA have a lower temperature/strain rate 

regime for DSA than steels that have carbon as the primary contributor, since nitrogen is more mobile 

than carbon at all temperatures (see Figure 2.4). Figure 2.12 shows flow stress as a function of 

temperature for various low to medium carbon steels [23]. For plain carbon steels (1008, 1020, and 1035 

in Figure 2.12) the maximum flow stress at 5% strain occurs at temperatures around 200 °C. The 1522 

steel (a manganese alloyed steel) shows decreased strengthening from DSA when compared to the plain 

carbon steels of similar carbon contents. Baird [44] shows that strengthening from static strain aging 

decreases with increasing levels of manganese.  The manganese effect on static strain aging is shown in 

Figure 2.13 for rimmed steels with various concentrations of manganese in solid solution. Figures 2.12 

and 2.13 indicate that manganese can have a significant impact on retarding the aging process even at low 

temperatures. Manganese likely has such a significant impact on strain aging because it holds nitrogen in 

close association, limiting the diffusive jumps nitrogen is able to make to pin dislocations. 

Figure 2.12 also includes a renitrogenized 1010 steel (should have higher levels of free nitrogen 

than the other plain carbon steels) that has a maximum flow stress at 5% strain that occurs around 175 °C, 

a 25 °C shift to lower temperature compared to the plain carbon steels [23]. The decrease in the 

temperature for maximum flow stress in the renitrogenized steel compared to the plain carbon steels 

suggests that increased free nitrogen content causes the temperature where DSA has a maximum effect on 

mechanical properties to shift to lower temperatures since nitrogen has a greater diffusivity than carbon.  
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Certain alloying elements, particularly carbide and nitride forming elements such as aluminum, 

silicon, boron, chromium, vanadium, niobium, and titanium, can influence dynamic strain aging in steels. 

Baird [26, 27] cites numerous studies where strain aging was reduced or eliminated in the presence of 

carbide and nitride forming alloying elements due to the reduction of interstitial solute atoms to contribute 

to dislocation pinning. 

One alloying element that is more common in modern steels compared to the steels researched by 

Baird, Leslie, and Rodriguez [25–27 31, 45, 46] is aluminum. Aluminum is added to a melt during the 

steelmaking process (to make aluminum killed steels) in order to remove the majority of the oxygen from 

the melt, in the form of oxides [9]. As a result of aluminum additions to most modern steels, aluminum 

will form aluminum nitrides, potentially removing a significant amount of free nitrogen available for 

DSA. As a result, carbon is typically the more dominant element that contributes to DSA in aluminum 

killed steels, which results in a general increase in the temperature/strain rate regime where DSA is active 

[38, 40, 47]. Depending on processing it is possible to have significant amounts of free nitrogen in 

aluminum killed steels [36, 48, 49]. Therefore, nitrogen should still be considered when studying DSA in 

aluminum containing steels, but carbon will likely contribute to strength more effectively than nitrogen. 

 

Figure 2.12 Effect of temperature on the flow stress of three plain carbon steels, a renitrogenized 
1010 steel, and a Mn alloyed 1522 steel at 5% strain, tested at a strain rate of 10-4 s-1. 
Dynamic strain aging is the cause of the increasing flow stress with increasing 
temperature up to around 200 °C [23]. 
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Microalloying elements (titanium, vanadium, and niobium) are also carbide and nitride forming 

elements which can impact DSA. Figure 2.14 is a plot of 3% flow stress as a function of tensile testing 

temperature for three alloys with 0.38 C and 1.28 Mn (wt pct) and different levels of vanadium 

microalloying (0, 0.08, and 0.14 wt pct V) [40]. The overall strength increased with increasing 

concentrations of vanadium, an observation attributed to precipitation strengthening. Strengthening from 

DSA as evidenced by a temperature region where strength increases with temperature was reduced or 

eliminated with increasing concentrations of vanadium. It can be assumed that similar effects can be 

observed with additions of other carbide and nitride forming elements [35].  

 

Figure 2.13 The effect of level of manganese in solid solution on the strain aging of commercial 
rimmed steels [44]. 

 

 

Figure 2.14 The effect of vanadium addition on the temperature dependence of flow stress at 3% 
strain on a 0.38 C, 1.28 Mn (wt pct) microalloyed steel [40]. The addition of vanadium 
reduces or eliminates the strength increase caused by dynamic strain aging. 
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Rodriguez [31] measured the effect of grain size on DSA by studying strain hardening as a 

function of temperature of 316 stainless steels with various grain sizes. It is important to note that 

comparing solute interactions in austenitic stainless steels (FCC crystal structure) to ferrite containing 

steels (BCC crystal structure) could cause discrepancies regarding solid solution strengthening due to the 

different crystal structures. Figure 2.15 shows strain hardening from 0.005 to 0.5 true strain (normalized 

with the elastic modulus) as a function of temperature for 316 stainless steel with various grain sizes [31]. 

Finer grain materials show greater increases in strain hardening due to DSA compared to the room 

temperature conditions. It has been speculated that DSA occurs preferentially at grain boundaries, which 

would explain why smaller grain sized materials have enhanced DSA properties [35]. Smaller grain sizes 

have also been shown to increase the critical strain required for serrated yielding as well as more 

pronounced localized deformation bands (two properties that are explained further in Section 2.2.3) [35]. 

 

Figure 2.15 Variation in work hardening with temperature for 316 strainless steel with grain sizes 
varying from 0.025 mm to 0.65 mm.  is the elastic modulus, � is strain hardening 
measured over a strain interval of 0.005 to 0.5 true strain. Strain rate for the tensile 
tests was 3 x 10-4 s-1 [31].  

 

DSA has traditionally been studied in steels with ferrite, or ferrite-pearlite microstructures [23–

27, 44–46], and there has been little work done on directly comparing how microstructure affects DSA. 

Richards [39] evaluated the effects of temperature on the tensile properties of three medium carbon bar 

steels, which include a martensitic steel (4140), a non-traditional bainite (NTB) steel which had 

approximately 14% retained austenite, and a ferrite-pearlite steel identified as C38M. The 4140 chemical 
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composition (in wt pct) was 0.41 C, 0.82 Mn, 0.03 Al, 0.10 Ti, and 0.008 N, the NTB composition was 

0.34 C, 1.21 Mn, 0.09 V, 0.10 Al, 0.02 Ti, and 0.01 N, and the C38M composition was 0.36 C, 1.37 Mn, 

0.10 V, 0.10 Nb, 0.03 Al, 0.01 Ti, and 0.016 N. Plots of the yield stress, flow stress, and ultimate tensile 

stress (UTS) as a function of testing temperature from Richards study are presented in Figure 2.16. The 

flow stress of the 4140 and C38M materials changed as a function of temperature in a manner that is 

similar to what is reported in most DSA literature, with a maximum in flow stress occurring at 200 °C for 

the 4140, and 250 °C for the C38M. The NTB material at high strains exhibited two flow stress peaks at 

elevated temperatures. One peak occurred at 200 °C and the other at approximately 300 °C. At low strains 

the NTB material exhibited the same characteristic strengthening at elevated temperatures as the 4140 and 

C38M materials, with a peak at 200 °C. The 200 °C peak was assumed to be due to strengthening from 

DSA. The additional peak at 300 °C indicated activation of a strengthening mechanism at elevated 

temperatures, which contributed to strengthening in addition to DSA. Richards speculated that dynamic 

precipitation could be the cause of the additional strengthening in the bainitic steel due to the 

supersaturation of carbon in the microstructure due to processing and the high vanadium concentration.  

Figure 2.17 compares the temperature ranges where maximum stress due to DSA occurred 

(TDSA, Max) in steels from various studies in the literature, organized by steel microstructure [25, 33, 37–39, 

44, 48, 49]. The data presented in Figure 2.17 are limited to studies where elevated temperature tensile 

tests were performed in the strain rate range of 1.0 x 10-4 to 2.5 x 10-4 s-1. The studies that consisted of 

steels with a ferrite-pearlite microstructure tended to have a lower TDSA, Max than the steels with a 

martensitic or bainitic microstructure, however, the temperature range for TDSA, Max for the three general 

steel microstructures overlaps from 225-250 °C. DSA studies on steels containing bainitic microstructures 

exhibited the largest variation in TDSA, Max.  

Kim and Kang [36] evaluated the effects of temperature and strain rate on the observation of DSA 

in a SA508-Class 3 pressure vessel steel processed to produce different microstructures. The as received 

condition of the pressure vessel steel contained a tempered martensite microstructure, and the heat treated 

(furnace cooled) condition resulted in a ferrite-pearlite final microstructure. Figure 2.18 shows a serration 

map of the as received and furnace cooled conditions from Kim and Kang’s study. For all strain rates, the 

temperature range where serrated yielding was observed occurred at higher temperatures for the 

martensitic microstructure compared to the ferrite-pearlite microstructure.  

Data presented in Figure 2.17 and 2.18 indicate that there might be a slight microstructural 

dependence on DSA properties, but chemical composition likely contributes more to DSA properties. 
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Figure 2.16 Flow stress at indicated plastic strain versus testing temperature for (a) 4140 
martensitic steel, (b) Nontraditional bainite (NTB) steel, and (C) a ferrite pearlite steel 
labeled C38M. NTB steel microstructure consists of elongated ferrite grains with 
martensite-austenite islands present. Samples tested at a constant engineering strain 
rate of 10-4 s-1 [39]. 

 

 

Figure 2.17 Temperature range where maximum stress occurs due to dynamic strain aging (at a 
strain rate in the range of 1.0 x 10-4-2.5 x 10-4 s-1) for steels containing ferrite-pearlite, 
bainite, and martensite microstructures according to the literature [25, 33, 37–39, 44, 
48, 49]. 
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Figure 2.18 Serration map for SA508-Class 3 pressure vessel steel. Tensile tests of the as received 
condition are indicated with dashed lines and open circles, and tensile tests of the 
furnace cooled condition are indicated with solid lines and closed circles. The as-
received condition contained a tempered martensite microstructure and the furnace-
cooled condition contained a ferrite-pearlite microstructure [36]. 

2.2.3 Causes and Types of Serrated Yielding 

There are seven physical processes identified by Rodriguez [31] that can lead to serrations in 

tensile stress-strain curves.  

1. The plastic strain rate under dislocation glide is given by �̇ = � ��̅ (2.4) 

where �̇  is the plastic strain rate, �  is the mobile dislocation density, � is the Burgers 

vector, and �̅ is the average velocity of mobile dislocations. Serrations will occur whenever 

there is an instantaneous increase in � , or in, �̅, or in both. 

2. Interactions of moving dislocations with solute atoms (DSA) can lead to sudden increases in � , in �̅, or in both, resulting in serrated flow. 

3. In alloys undergoing order-disorder transformations, gradients or modulations in order 

encountered by moving dislocations can cause serrated flow.  

4. Continual mechanical twinning can lead to load drops in the stress-strain curve. Mechanical 

twinning is characterized by a positive temperature dependence and a negative strain rate 

sensitivity for the flow stress which are also obtained under conditions of DSA. 
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5. A sudden increase in the specimen temperature due to adiabatic heating is another possibility 

(generally when testing a material at cryogenic temperatures).  

6. Phase transformations induced by stress and strain (depending on the phase transformation) 

can result in serrations in the stress strain curve.  

7. Yielding across fracture surfaces in brittle materials when tested under both hydrostatic 

pressure and triaxial non-hydrostatic stresses can also cause serrations. 

For bainitic line pipe steels used in the SAGD process, DSA is likely the only phenomena that 

can cause significant serrations in the stress-strain curve in elevated temperature uniaxial testing 

conditions. While DSA is active, deformation occurs locally in deformation bands along the gauge length 

of the specimen. When the deformation bands are visible on the tensile sample they are often referred to 

as stretcher strain markings, and sometimes Luders Bands [35]. The term “deformation band” is not 

related to any one type of serrated yielding observed in stress-strain curves. There are multiple ways for 

local deformation bands to form and propagate through a material, resulting in different responses in the 

flow curve. Each response is characterized as a different type of serrated yielding. Figure 2.19 

schematically shows stress-strain curves that exhibit the five most common types of serrated yielding 

associated with DSA (labeled Types A, B, C, D, and E serrations) [31, 35]. 

 

Figure 2.19 Schematic stress strain curves demonstrating the different types of serrated yielding 
associated with dynamic strain aging and the relative critical strain associated with 
each type [31]. 

 

Serrated yielding generally occurs after a critical strain (� ) is reached, although it is possible for 

serrated yielding to occur at the onset of yielding. �  is defined as the point at which stress instabilities are 

evident in the stress-strain curve. Examples of �  for Types A, B, and C serrated yielding can be seen in 

Figure 2.19. Plastic deformation that occurs at strains below �  is uniform and strain rate sensitivity is 



 23 

positive. Another method used to define critical strain is by plotting strain rate sensitivity as a function of 

strain, and measuring the value of strain where strain rate sensitivity goes from a positive value to a 

negative value. For Types A and B serrations, �  increases with increasing strain rate and decreasing 

temperature. For Type C serrations, �  increases with decreasing strain rate and increasing temperature 

[31, 35].  

Type A serrations form from a smooth propagation of a deformation band that causes a load drop 

and are periodic serrations that initially form at one end of the specimen and propagate in the same 

direction along the gauge length (similar to Luders bands that form during yield point elongation). Each 

load drop represents nucleation of a new deformation band. Type A serrations are considered to be 

locking serrations that occur in the low temperature (high strain rate) part of the DSA regime [31]. The 

aging process in Type A serrated yielding occurs in dislocations left behind the deformation band front 

[50]. 

Type B serrations (also considered locking serrations) are oscillations about the general level of 

the stress strain curve that occur in quick succession due to discontinuous deformation band propagation 

from the DSA of the moving dislocations within the band. Type B serrations can occur with Type A and 

Type D serrations, or can occur without the presence of other types of serrations. Observation of Type B 

serrations occur in the upper end of the DSA temperature range or at low strain rates [31]. 

Type C serrations are yield drops that occur due to dislocation unlocking and are typically found 

in the highest temperature (lowest strain rate) testing conditions where DSA is an active strengthening 

mechanism. Type C serrations also have a higher critical strain (i.e. uniform strain before serrated 

yielding occurs in a stress-strain curve) than Type A, B, or D serrations [31]. Deformation with Type C 

serrations occurs through the formation of localized non-propagating bands that appear randomly along 

the specimen. Type C serrations typically have a larger amplitude compared to Type A, or Type B 

serrations. Type B and C serrations are related to aging of moving dislocations within the deformation 

band [50]. 

Type D serrations are plateaus in the stress-strain curve that form similar to Luders bands with no 

work hardening or strain gradient ahead of the moving band front [31].  

Type E serrations occur at high strains, and generally cancel out other types of serrations (most 

commonly Type A). Type E deformation bands are similar to Type A deformation bands, but with little or 

no work hardening during band propagation [31, 35]. 

2.3 Summary of Literature Review 

High strength-high toughness pipeline steels (such as API X70 grade) are commonly used by the 

petroleum industry for the recovery of heavy oil. Thermomechanical processing and microalloying are 
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used to achieve bainitic microstructures (such as acicular ferrite) with sufficient strength and toughness 

required for the transportation of petroleum products. The present study focuses on characterizing the 

mechanical properties of line pipe steels at elevated temperatures industrially relevant to the SAGD 

process (200-350 °C). There has been little research on the mechanical properties of bainitic line pipe 

steels at elevated temperatures.  

DSA is an active strengthening mechanism in steel systems industrially relevant to the SAGD 

process. In steels, DSA is a solid solution strengthening mechanism that occurs when dislocations and 

interstitial solute atoms (primarily carbon and nitrogen) interact with dislocations during deformation. In 

tensile testing, DSA manifests as serrations in the stress-strain curve, a minimum in ductility as a function 

of temperature, a maximum in flow stress as a function of temperature, a maximum in strain hardening 

rate as a function of temperature, and negative strain rate sensitivity. Testing conditions where DSA is an 

active strengthening mechanism changes as a function of both temperature and strain rate. Metallurgical 

factors that affect DSA include: free nitrogen and carbon contents, processing, alloying, grain size, and 

microstructure.  
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

The following chapter includes details of experimental methods used in the present research. 

3.1 Research Objectives 

The goals of the present research are to characterize the elevated temperature mechanical 

properties of line pipe steels and evaluate short and long term effects of elevated temperature and stress in 

the temperature range of 200-350 °C. 

3.2 Material Selection 

Four materials commonly used in the steam assisted gravity drainage (SAGD) process were used 

in the present study. An API X52 steel with a ferrite-pearlite microstructure, and three X70 steels with 

acicular ferrite microstructures and with different carbon contents and alloy additions. An X80 material 

was studied as well, but due to inconsistencies in the mechanical properties and microstructure throughout 

the plate, the data analysis is limited and only presented in Appendix A. 

The X52 steel was selected to provide comparison to literature regarding mechanical behavior at 

elevated temperatures where dynamic strain aging (DSA) is an active strengthening mechanism, since 

most traditional DSA steel studies evaluated ferrite-pearlite steels. The three X70 steels were selected to 

provide a comparison of alloying in materials with similar microstructures and strengths. 

Table 3.1 shows the chemical compositions (in wt pct) and thicknesses of the five alloys studied. 

The steel designations in column 1 of Table 3.1 were selected to facilitate comparison of some of the 

important material differences considered in the present study. Steel designations indicate the API grade 

(X52, or X70) and the Ti/N ratio. Ti/N ratio may provide an approximation of the potential impact of free 

nitrogen on strengthening from DSA. Titanium is often added to steels to preferentially precipitate 

titanium nitrides (TiN) in order to prevent the formation of nitrides from other nitride forming elements 

(such as boron). As a result, if the titanium addition is high enough, effectively all of the free nitrogen can 

be removed, causing carbon to be the primary element capable of providing strengthening from DSA. A 

low Ti/N will have a higher possibility of having free nitrogen available for DSA. It should be noted that 

Ti/N ratio does not account for other nitride forming elements.  

Niobium, vanadium, and aluminum are significant nitride forming elements that must also be 

considered when discussing free nitrogen content. Processing and final microstructure are also important 

considerations. Since the processing conditions are unknown for most of the alloys studied (discussed 

below) and acicular ferrite is a non-equilibrium microstructure, assumptions were made in order to 

estimate free nitrogen content in each steel. Table 3.2 shows the chemical compositions (in at pct) of 

nitrogen and the nitride forming elements of the line pipe steels. Calculations of the equilibrium amount 
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of free nitrogen available assuming the formation of only titanium nitrides and the formation of titanium, 

niobium and vanadium nitrides is also included in Table 3.2. Calculations of free nitrogen remaining after 

nitride formation were done by taking the difference between the at pct of nitrogen and the nitride 

forming elements of interest. 

 

Table 3.1 Chemical Composition and Plate Thicknesses of Line Pipe Steels 

wt pct Thickness (mm) C Mn Si Ni Cr Mo Ti 
X52 0.3Ti/N 13.5 0.048 1.19 0.17 0.14 0.10 0.040 0.003 
X70 3.1Ti/N 12.7 0.045 1.57 0.30 0.29 0.25 0.094 0.015 
X70 1.8Ti/N 11.7 0.060 1.71 0.30 0.11 0.23 0.130 0.016 
X70 1.5Ti/N 15.2 0.038 1.55 0.24 0.09 0.06 0.196 0.016 

 
wt pct Nb V Al  N S P Cu B Ti/N 

X52 0.3Ti/N 0.001 0.046 0.035 0.0109 0.0034 0.010 0.28 0.0002 0.27 
X70 3.1Ti/N 0.065 0.005 0.026 0.0049 0.0015 0.007 0.13 - 3.14 
X70 1.8Ti/N 0.080 0.001 0.040 0.0087 0.0011 0.009 0.30 0.0001 1.83 
X70 1.5Ti/N 0.068 0.001 0.043 0.0110 0.0009 0.007 0.21 0.0001 1.45 

 

 

Assuming complete titanium nitride formation without the formation of any other nitrides, all 

steels except for X70 3.1Ti/N have enough free nitrogen available for solid solution strengthening. 

Titanium and nitrogen content in X70 3.1Ti/N is nearly stoichiometric indicating that there is very little 

free nitrogen available for solid solution strengthening. When all microalloying elements are assumed to 

form nitrides under equilibrium conditions all the nitrogen would be consumed for every steel. Along 

with all the microalloying elements potentially forming nitrides, aluminum nitride formation is also 

possible, which suggests that most of the free nitrogen is tied up and not able to contribute to solid 

solution strengthening. Again it is important to note that the microstructures of the X70 steels are 

non-equilibrium, therefore nitride formation cannot be assumed to form under equilibrium conditions. 

Carbon is most likely the primary contributor for solid solution strengthening due to interstitial atoms in 

the line pipe steels, however nitrogen should still be considered until free nitrogen content is measured. 

Internal friction testing could be used to quantify the amount of free nitrogen and carbon available for 

solid solution strengthening. 

The X70 3.1Ti/N steel was provided by Essar Algoma Steel and was used in a previous study 

which includes details of the processing history [20]. The X70 1.8Ti/N and X70 1.5Ti/N steels were 

produced by Evraz, and the X52 0.3Ti/N steel was produced by SSAB. 
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Table 3.2 Equilibrium Free Nitrogen Content After Indicated Nitride Formation 

 Chemical Composition (at pct) Free N Remaining (at pct) 
Steel N Ti Nb V Al  TiN (Ti, Nb, V)N 

X52 0.3Ti/N 0.0433 0.004 0.001 0.050 0.072 0.033 -0.020 
X70 3.1Ti/N 0.0194 0.018 0.039 0.005 0.054 0.001 -0.043 
X70 1.8Ti/N 0.0345 0.019 0.048 0.001 0.082 0.016 -0.033 
X70 1.5Ti/N 0.0437 0.019 0.041 0.001 0.089 0.025 -0.017 

 

3.3 Experimental Procedures 

To provide an in-depth characterization of line pipe steel mechanical properties, elevated 

temperature tensile testing was used to assess plastic flow behavior, strength, ductility, strain hardening 

behavior, strain rate sensitivity, and fracture characteristics. Strain rate jump tests (see Section 3.3.3) were 

performed at elevated temperatures to determine strain rate sensitivities. Long term aging under load 

testing was performed in conjunction with elevated temperature tensile testing to simulate extended use of 

the line pipe material in the SAGD process.  

3.3.1 Metallography 

Metallography was performed on the as-received material. Figure 3.1 shows a schematic 

representation of an as-received plate with labels showing the orientations of the transverse, longitudinal, 

and normal surfaces of the plate relative to the rolling direction. Transverse, longitudinal, and normal 

cross sections from all alloys were mounted and polished to 1 µm diamond finish. Samples were etched 

with a 2% nitric acid, 98% ethanol solution (2% nital). Light optical microscopy (LOM) and scanning 

electron microscopy (SEM) were used to image microstructures. An Olympus PMG3 LOM was used to 

image characteristic microstructures, and a field emission scanning electron microscope (FESEM) was 

used to image microconstituents too fine to be resolved in LOM.  

 

Figure 3.1 Schematic drawing of a plate showing the different orientations of the metallographic 
samples with respect to the rolling direction (RD), transverse direction (TD), and the 
normal direction (ND) of the plate.  
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3.3.2 Elevated Temperature Tensile Testing 

Elevated temperature tensile testing procedures were based on methodologies previously 

developed by the ASPPRC [51–53] and follow the Japanese Industrial Standard (JIS) for elevated 

temperature tensile testing [54]. All test specimens were machined longitudinally with respect to the 

rolling direction to the dimensions specified in Figure 3.2. The diameter of the male thread in the tensile 

specimens was 12.7 mm (0.5 in), which for one steel (X70 1.8Ti/N) was slightly larger than the plate 

thickness. For this steel flats were present in the threads, identifying the normal surfaces of the plate. 

However the presence of flats did not affect subsequent testing. 

 

Figure 3.2 Round test specimen geometry for elevated temperature tensile testing. Specimen 
geometry is consistent with previous sample geometries tested at elevated temperatures 
at the ASPPRC [51–53]. 

 

The elevated temperature testing apparatus is shown schematically in Figure 3.3. An 89 kN 

(20,000 lb) Instru-Met screw driven electromechanical tensile frame was used for elevated temperature 

tensile testing. High temperature grip inserts were machined from Inconel 718 and aged to peak hardness 

for high temperature performance and creep resistance [51–53]. Threaded grips (½”-13 female thread to 

match tensile specimens), designed to slide into grip inserts at testing temperature, were machined from 

A2 tool steel and INCONEL® alloy HX, a high temperature nickel alloy. The selection of the test frame 

and grip configuration produced a rigid test system that optimized the appearance of serrations in the 

stress-strain curve during DSA.  

Sample temperature was maintained with an ATS 3210 clamshell furnace with associated ATS 

3XWatlow/3XSSR temperature controller. The three-zone clamshell furnace is capable of heating at a 

maximum rate of 1200 °C/h to a peak temperature of 1200 °C. Type K thermocouples were used to 

provide the necessary feedback to the control system to ensure uniform heating within the furnace as well 

as to monitor tensile specimen temperature during testing. The control thermocouple was spot welded to 

the surface of the specimen. Table 3.3 shows the temperature settings for each of the three zones on the 
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clamshell furnace used to achieve each desired tensile testing temperature. The target temperature was 

calibrated using a tensile sample with multiple thermocouples spot welded along the length of the tensile 

specimen. After testing, constant sample temperature along the gauge length was verified by the 

uniformity of the oxide color along each tensile specimen. The allowable temperature variation of the 

tensile specimen was ±3 ºC. 

 

Figure 3.3 Modified schematic of the elevated temperature tensile testing apparatus (not to scale) 
from Regier’s work [53]. 

 

Table 3.3 Furnace Zone Temperatures for Desired Tensile Test Temperature 

TTarget (°C) TUpper Zone (°C) TMiddle Zone (°C) TLower Zone (°C) 
25 0 0 0 
200 125 225 375 
225 150 250 400 
250 180 280 430 
275 210 310 460 
300 235 335 485 
325 255 355 505 
350 285 385 530 

 

 

Sample displacement was measured using a modified MTS 632.51C-71 elevated temperature 

extensometer with a gauge length of 20.96 mm (0.825 in). Figure 3.4 shows a schematic of the 

extensometer setup. The extensometer positioned outside the furnace, was initially configured with 

alumina arms connected to the sample using stainless steel loading wires and springs. The alumina arms 
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were replaced with invar rods for tensile testing at relatively low testing temperatures (below 400 °C). 

Invar exhibits a very low coefficient of thermal expansion. 

 

Figure 3.4 Schematic illustration of an MTS elevated temperature extensometer configuration (not 
to scale) used to measure strain during elevated temperature tensile testing [53].  

 

Tensile testing in air was conducted at room temperature and in the temperature range of 200-

350 °C in 25 °C increments, at engineering strain rates of 1.67 x 10-4, 8.33 x 10-4, and 1.67 x 10-3 s-1. 

Strain rates were calculated using  

 �̇ = �
 (3.1) 

where �̇ was the engineering strain rate, �  was the crosshead speed of the tensile frame, and  was 

the effective gauge length of the tensile specimen. Engineering strain rates were calculated using an 

 equal to the specified gauge length of the tensile specimens, (25.4 mm, refer to Figure 3.2). Prior 

to testing at elevated temperatures the grips and extensometer were attached to a room temperature 

sample. Surfaces that come into contact between the sample, grips, and grip inserts were lubricated using 

a boron nitride spray. The sample assembly was placed into the preheated furnace and loaded to 445 N 

(100 lbs) to maintain system alignment and heated for 20 min to achieve a constant temperature prior to 

testing.  

The elevated temperature extensometer was not able to accurately measure strain at low strains in 

the elastic region during elevated temperature tensile testing. Thus published temperature dependent 

modulus of elasticity data were used to correct measured tensile data in the elastic range [55, 56]. It 

should be noted that measurements of the plastic portion of the stress-strain curve, the critical data for this 

study, were essentially unaffected by the adjustments to the elastic strain measurements.  

3.3.3 Strain Rate Jump Testing 

Strain rate jump tests with the Instru-Met frame were used to measure strain rate sensitivity. Tests 

were conducted at room temperature and in the temperature range of 200-350 °C in 25 °C increments. 

During each jump test, the imposed engineering strain rate was manually cycled between 1.67 x 10-4 and 
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1.67 x 10-3 s-1 during plastic deformation. Enough time was allowed at each strain rate for the specimen to 

reach steady state plastic flow before cycling the strain rate. As described in Section 2.2, strain rate 

sensitivity was calculated at a constant temperature and strain using 

 = log � �⁄log �̇ �̇⁄  (3.2) 

where  is strain rate sensitivity, � is flow stress, and �̇ is strain rate. Figure 3.5 is a schematic of two 

parts of a jump test tensile curve showing how data were extrapolated to obtain two load-strain rate pairs 

at each specific strain value for both a down jump (high strain rate to low strain rate) and an up jump (low 

strain rate to high strain rate). The extrapolation procedure removed the transient effects associated with 

the physical characteristics of the testing frame on changing strain rate (the acceleration effect). A linear 

extrapolation method was selected to measure flow stress because the stress-strain curve at very small 

strains is approximately linear. For the strain rate jump tests 0.005-0.007 � was sufficient deformation to 

achieve steady state plastic deformation (no acceleration effect) at all testing temperatures. For tests 

where serrated yielding was present, a linear fit was drawn through the general level of the stress-strain 

curve and extrapolated back to where the change in strain rate occurred. The extrapolation method used is 

based on Wagoner’s [57] 0.02 � extrapolation method for measuring strain rate sensitivity in zinc sheet 

metal.  

 

Figure 3.5 Schematic of two portions of a true stress-strain curve during a jump test, showing the 
extrapolation method used to measure flow stress during a strain rate change during a 
down jump (high strain rate to low strain rate) and an up jump (low strain rate to high 
strain rate). 

 

There are advantages and disadvantages of measuring strain rate sensitivity using the jump test 

compared to flow stress measurements of individual tensile specimens. The advantages of using the jump 
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test are: the elimination of statistical variation between individual tensile samples (since only one sample 

is required to obtain strain rate sensitivity measurements); and jump tests measure strain rate sensitivity 

instantaneously at a given strain value. The disadvantages of using the jump test to measure strain rate 

sensitivity are: strain rate sensitivity can only be measured at the point on the stress-strain curve where the 

strain rate changed; the use of an extrapolation method is required to measure flow stress for one strain 

rate condition at the point where the strain rate changed due to the acceleration effect in the stress-strain 

curve, and strain rate sensitivity measured in the up jump and down jump conditions can vary 

significantly. Strain rate sensitivity can be measured at any strain when using flow stress measurements 

from individual tensile tests. 

3.3.4 Long Term Aging Under Load Testing 

In order to simulate the extended use of line pipe steels in the SAGD process, long term aging 

under load (LTA) testing was performed using modified Satec Corporation creep rupture testing frames. 

Figure 3.6 shows a schematic of the LTA test setup. Three elevated temperature tensile samples (see 

Figure 3.2 for sample geometry) were loaded into a creep rupture frame using nickel pull rods and 

stainless steel sample connectors. Samples were heated with a Satec Corporation F6-1 cylindrical furnace 

capable of 1200 °C/h heating rate and a maximum temperature of 1100 °C. 

 

Figure 3.6 Schematic diagram of long term aging under load testing apparatus (not to scale) using 
a modified creep rupture frame.  

 



 33 

Furnace temperature was controlled with an Omega CN77000 series controller with one Type K 

thermocouple mounted on the furnace in the center of the heating zone for temperature control. Test 

temperature of the samples was monitored during aging using a spot welded Type K thermocouple 

located on the gauge length of the tensile sample near the fillet. 

LTA testing was performed on the X70 steels at temperatures of 200, 275, and 350 °C. Samples 

were stressed to 419 MPa (83, 81, and 73% of the room temperature 0.2% YS of X70 1.5Ti/N, 

X70 3.1Ti/N, and X70 1.8Ti/N respectively) at the testing temperature for 100 h. After the 100 h heat 

treatment, tensile samples were tested using the elevated temperature tensile testing procedures described 

in Section 3.3.2. All LTA tensile tests were performed at the same testing temperature used for aging. The 

strain rate of LTA specimens in elevated temperature tensile testing was 8.33 x 10-4 s-1. 

3.3.5 Fractography 

Images of every fracture surface (fractographs) from elevated temperature tensile testing and 

LTA tensile testing were taken using a Nikon D70 digital camera with a bellows and a Nikon Kikkor-S-

Auto 50 mm lens. Images were taken parallel to the tensile axis (i.e. along the longitudinal direction of 

the plate. Image J imaging software was used to measure fracture surface geometry as recorded on the 

fractographs.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

The following chapter includes the results and discussion of the data generated in this study. 

4.1 Metallography  

Light optical microscopy (LOM) and scanning electron microscopy (SEM) micrographs of the 

line pipe steels were taken in the as received condition from the normal, longitudinal, and transverse 

planes of the plate. Figure 4.1 shows light optical micrographs of the X52 0.3Ti/N plate of the three 

orientations taken at a 500x magnification. The microstructure consisted of ferrite and pearlite with an 

equiaxed morphology where the lightly etched grains were ferrite and the dark grains were pearlite 

colonies. A fine dark-etching phase was observed located at the grain boundaries. The dark etching 

behavior indicates that the second phase is likely a carbide.  

  
(a) 

  

(b) (c) 
Figure 4.1 Light optical micrographs of X52 0.3Ti/N showing a ferrite-pearlite microstructure 

in the (a) normal plane, (b) longitudinal plane, and (c) transverse plane. Samples 
were etched with 2% nital.  

 

 

Figure 4.2 shows the pearlite colonies and grain boundary carbides observed in X52 0.3Ti/N 

imaged using SEM. Figure 4.2a shows a pearlite colony with lamellar structure of ferrite and Fe3C. The 
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carbides located at grain boundaries, shown in Figure 4.2b have an elongated morphology along the grain 

boundaries, except at the triple points where the carbides have a more equiaxed morphology. Carbides 

were not observed within ferrite grains. 

  

(a) (b) 
Figure 4.2 X52 0.3Ti/N SEM micrographs of (a) pearlite colony and (b) second phase located 

along the grain boundaries. Samples etched with 2% nital. 
 

 

Figure 4.3 shows light optical micrographs of X70 3.1 Ti/N. The microstructure of X70 3.1Ti/N 

appears similar to acicular ferrite microstructures observed by Al-Jabr [20]. It was difficult to distinguish 

acicular ferrite grain boundaries in LOM since acicular ferrite consists of mostly low angle grain 

boundaries [19]. Fine, dark etched microconstituents and lightly etched equiaxed grains were observed in 

LOM of X70 3.1Ti/N. Figure 4.4 shows longitudinal SEM micrographs of X70 3.1Ti/N, which was used 

to identify the microconstituents in the acicular ferrite microstructure. Acicular ferrite grains were easier 

to distinguish in SEM (Figure 4.4a) compared to LOM (Figure 4.3). The microconstituent shown in 

Figure 4.4b consists of two phases, evident by the different etching responses observed within the 

microconstituent and was identified as martensite-austenite (MA) islands. MA islands have been 

commonly observed in acicular ferrite microstructures [7, 10, 12, 14, 19, 20]. The microconstituent shown 

in Figure 4.4c consists of a single phase unetched grain, which was identified as retained austenite (RA). 

Due to the smooth unetched appearance in SEM, the retained austenite islands (Figure 4.4c) were 

identified as the lightly etched or unetched grains observed in LOM (Figure 4.3). MA islands 

(Figure 4.4b) were then identified as the dark etching microconstituents observed in LOM (Figure 4.3). 

Examples of the RA islands in LOM are indicated by arrows in Figure 4.3. 

Figure 4.5 shows light optical micrographs of X70 1.5Ti/N. The microstructure of X70 1.5Ti/N 

appeared to be similar to the X70 3.1Ti/N microstructure and was characterized as acicular ferrite with 

MA islands (dark etched microconstituents) and a small volume fraction of RA grains (lightly etched or 

unetched grains). Titanium nitride formation was also observed in the acicular ferrite microstructure of 
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X70 1.5Ti/N. Titanium nitrides were identified in LOM as small microconstituents with sharp cornered 

boundaries and having an orange appearance in the microscope. Arrows in Figure 4.5 identify titanium 

nitride particles in the acicular ferrite matrix. Figure 4.6 shows an SEM micrograph of X70 1.5Ti/N in the 

longitudinal orientation. The acicular ferrite grain boundaries were easier to distinguish in the SEM 

(Figure 4.6) compared to LOM (Figure 4.5). Both MA islands and RA grains were identified in the 

Figure 4.6 and had a similar appearance compared to the microconstituents observed in X70 3.1Ti/N 

(Figure 4.4). Examples of each are indicated with arrows in Figure 4.6. 

 

 
 

(a) 

  

(b) (c) 
Figure 4.3 Light optical micrographs of X70 3.1Ti/N in the (a) normal plane, (b) longitudinal 

plane, and (c) transverse plane. Samples were etched with 2% nital.  
 

 

Figure 4.7 shows light optical micrographs of X70 1.8Ti/N. The microstructure for X70 1.8Ti/N 

appeared to be similar to the other two X70 steel microstructures and was characterized as acicular ferrite 

with MA islands (dark etched microconstituents) and a small volume fraction of RA grains (lightly etched 

or unetched grains). Figure 4.8 shows an SEM micrograph of X70 1.8Ti/N in the longitudinal orientation. 

Acicular ferrite grains were easier to distinguish in the SEM micrograph (Figure 4.8) compared to the 

RA Islands 
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light optical micrograph (Figure 4.7). Examples of MA islands and RA grains are indicated with arrows 

in Figure 4.8. 

 

(a) 

  

(b) (c) 
Figure 4.4 X70 3.1 Ti/N SEM micrograph of (a) the acicular ferrite microstructure, (b) a MA 

island, and (c) a RA island. Samples etched with 2% nital.  
 

 

The microstructures of all three X70 steels were characterized as acicular ferrite with MA islands 

and small volume fractions of RA islands. X70 1.8Ti/N appeared to have the greatest volume fraction of 

MA islands and X70 1.5Ti/N had the lowest volume fraction of MA islands of the three X70 steels. It is 

possible that the volume fraction of MA islands is related to carbon content since X70 1.8Ti/N had the 

highest carbon content (0.060 wt pct C) and X70 1.5Ti/N had the lowest carbon content (0.038 wt pct C) 

of the three X70 steels (X70 3.1Ti/N having 0.045 wt pct C). Both X70 3.1Ti/N and X70 1.8Ti/N have 

fewer RA grains compared to X70 1.5Ti/N.  

The presence of titanium nitrides was only observed in X70 1.5Ti/N. Titanium nitride formation 

causes a depletion of free nitrogen in the matrix, meaning carbon will likely be the primary interstitial 

atom contributing to DSA. 
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(a) 

  

(b) (c) 
Figure 4.5 Light optical micrographs of X70 1.5Ti/N in the (a) normal plane, (b) longitudinal 

plane, and (c) transverse plane. Samples were etched with 2% nital.  
 

 

 

Figure 4.6 SEM micrograph of X70 1.5Ti/N in the longitudinal plane. Samples were etched with 
2% nital.  

 

Titanium Nitrides 

MA Island 
RA Island 
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(a) 

  

(b) (c) 
Figure 4.7 Light optical micrographs of X70 1.8Ti/N in the (a) normal plane, (b) longitudinal 

plane, and (c) transverse plane. Samples were etched with 2% nital.  
 

 

 

Figure 4.8 SEM micrograph of X70 1.8Ti/N in the longitudinal plane. Samples were etched with 
2% nital.  

Grain size and volume fraction of ferrite measurements were performed using ASTM E112 [63] 

and ASTM E562-11 [64] respectively and are presented in Appendix E. 

RA Island 

MA Island 
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4.2 Elevated Temperature Tensile Testing 

Elevated temperature tensile testing was selected to provide data for an in-depth characterization 

of the mechanical properties of line pipe steels under conditions relevant to the steam assisted gravity 

drainage (SAGD) process. Figures 4.9 and 4.10 show the engineering and true stress strain curves for 

X70 1.5Ti/N at 205 and 250 °C respectively, and both specimens were tested at an engineering strain rate 

of 1.67 x 10-4 s-1. The data in Figures 4.9 and 4.10 were selected to illustrate the two different 

functionalities of stress strain behavior at elevated temperatures observed in complete stress-strain curves 

of the line pipe steels studied. Note that in Figures 4.9-4.10 the strain differ significantly for engineering 

and true stress-strain curves. X70 1.5Ti/N in Figure 4.9 shows a tensile curve that exhibits serrated 

yielding, and Figure 4.10 shows a tensile curve that exhibits continuous plastic deformation. All four 

materials tested at elevated temperatures exhibit similar functionality as the stress-strain data presented in 

Figures 4.9 and 4.10. Some tensile tests performed at room temperature and elevated temperatures 

exhibited the presence of yield point elongation (YPE), but otherwise exhibited similar functionality to 

the elevated temperature tests where continuous deformation was observed. Mechanical properties 

measured from the engineering stress-strain data were: 0.2% yield strength (YS), ultimate tensile strength 

(UTS), uniform elongation, and total elongation. Mechanical properties measured from the true stress-

strain data were: Flow stress at 0.002 true strain (or 0.2% YS; at very low strains true stress-strain and 

engineering stress-strain data are approximately the same), flow stress at 0.03 true strain (� . ), flow 

stress at 0.05 true strain (� . 5), and the flow stress measured at the point of instability (�� � � , point 

on a stress-strain curve where a neck forms). �� � �  values were measured to provide a measure 

similar to the UTS from the true stress-strain data. Methods for measuring the mechanical properties of 

line pipe steels for all testing conditions are displayed schematically in Figures 4.9-4.10.  

Figures 4.11-4.22 show partial engineering stress-strain and true stress-strain curves as a function 

of temperature for engineering strain rates of 1.67 x 10-4 (low), 8.33 x 10-4 (medium), and 1.67 x 10-3 s-1 

(high) for the four line pipe steels studied. Data were obtained at room temperature (25 °C) and in the 

temperature range of 200-350 °C. In each figure, tensile data are plotted to a total engineering strain of 

0.05 and the low stress portion of the elastic region was removed to focus on plastic deformation 

behavior. In each figure, data are shown as a function of temperature for a fixed strain rate. Deformation 

behavior, ductility, strength, strain hardening, and strain rate sensitivity were determined as a function of 

testing temperature from the engineering and true stress-strain curves and the results are discussed below. 
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Figure 4.9 Engineering and true stress strain curves for X70 1.5Ti/N tested at 205 °C and 
1.67 x 10-4 s-1, which demonstrates the general functionality of a tensile curve that 
exhibited serrated yielding. Plots demonstrate how mechanical properties were 
measured in all tensile tests that exhibited either serrated yielding or continuous 
deformation. Note that the strain axes have different strain ranges for the two figures. 

 

X52 0.3Ti/N (Figures 4.11-4.13) exhibited yield point elongation, resulting from static strain 

aging, at room temperature and at elevated temperatures up to 275 °C. For testing conditions where YPE 

was observed, as temperature increased the relative size of the elongated yield point decreased until 

continuous yielding was observed. X70 1.5Ti/N (Figures 4.14-4.16) also exhibited YPE at room 

temperature and potentially exhibited YPE at elevated temperatures. The presence of serrated yielding at 

low strains made it difficult to distinguish YPE from serrated yielding. X70 3.1Ti/N (Figures 4.17-4.19) 

exhibited continuous yielding for all testing conditions. X70 1.8Ti/N (Figures 4.20-4.22) exhibited 

continuous yielding for the low strain rate condition, but YPE was observed in the medium and high 

strain rate conditions. It was unclear why YPE was observed for only some conditions at room 

temperature, and duplicate tests run at the same conditions are needed to verify the yielding behavior of 

X70 1.8Ti/N. Since only processing conditions for X70 3.1Ti/N were provided for the current project, it 

was unclear why only X70 1.5Ti/N and X70 1.8Ti/N exhibited YPE of the three X70 steels. 
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Figure 4.10 Engineering and true stress strain curves for X70 1.5Ti/N tested at 250 °C and 
1.67 x 10-4 s-1, which demonstrates the general functionality observed for all tensile 
curves that exhibited continuous deformation. Plots demonstrate how mechanical 
properties were measured for all materials and testing conditions that exhibit either 
serrated yielding or continuous deformation. Note that the strain axes have different 
strain ranges for the two figures. 

 

Serrated yielding resulting from dynamic strain aging (DSA) was observed in all materials. 

Serrations were present around 200-225 °C testing temperatures for the low strain rate conditions. The 

temperature range where serrated yielding was observed shifted to higher temperatures with increasing 

strain rate. In the high strain rate conditions, serrated yielding was observed in the temperature range of 

200-250 °C for all materials. 

Qualitatively, for each strain rate all materials exhibit higher strain hardening rates (i.e. the slopes 

of the true stress versus true strain curves) at elevated temperatures compared to the room temperature 

tensile tests. Leslie and Rodriguez [25, 31] have shown that testing conditions where DSA was observed 

results in increased strain hardening rates (see Section 2.2) compared to testing conditions where DSA 

does not contribute to strength. For X52 0.3Ti/N, strain hardening rate began to decrease with increasing 

temperature at temperatures above 300 °C for all strain rate conditions. The X70 steels exhibited 

increased strain hardening rates at elevated temperatures in the range of 200-350 °C. 
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Figure 4.11 X52 0.3Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (up to 0.05 strain), tested at elevated temperatures and a strain rate of 
1.67 x 10-4 s-1. 

 

 

Figure 4.12 X52 0.3Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (up to 0.05 strain), tested at elevated temperatures and a strain rate of 
8.33 x 10-4 s-1. 
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Figure 4.13 X52 0.3Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (to 0.05 strain), tested at elevated temperatures and a strain rate of 
1.67 x 10-3 s-1.  

 

 

Figure 4.14 X70 1.5Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (to 0.05 strain), tested at elevated temperatures and a strain rate of 
1.67 x 10-4 s-1.  
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Figure 4.15 X70 1.5Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (to 0.05 strain), tested at elevated temperatures and a strain rate of 
8.33 x 10-4 s-1.  

 

 

Figure 4.16 X70 1.5Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (to 0.05 strain), tested at elevated temperatures and a strain rate of 
1.67 x 10-3 s-1.  
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Figure 4.17 X70 3.1Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (to 0.05 strain), tested at elevated temperatures and a strain rate of 
1.67 x 10-4 s-1.  

 

 

Figure 4.18 X70 3.1Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (to 0.05 strain), tested at elevated temperatures and a strain rate of 
8.33 x 10-4 s-1.  
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Figure 4.19 X70 3.1Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (to 0.05 strain), tested at elevated temperatures and a strain rate of 
1.67 x 10-3 s-1. 

 

 

Figure 4.20 X70 1.8Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (to 0.05 strain), tested at elevated temperatures and a strain rate of 
1.67 x 10-4 s-1. 
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Figure 4.21 X70 1.8Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (to 0.05 strain), tested at elevated temperatures and a strain rate of 
8.33 x 10-4 s-1. 

 

 

Figure 4.22 X70 1.8Ti/N partial engineering stress-strain (solid lines) and true stress-strain (dashed 
lines) curves (to 0.05 strain), tested at elevated temperatures and a strain rate of 
1.67 x 10-3 s-1.  
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Quantitative analysis of the mechanical properties measured in elevated temperature tensile 

testing is included in the following sub-sections. Discussion of flow behavior, ductility, strength, strain 

hardening, and strain rate sensitivity of line pipe steels is compared to characteristics of DSA. 

It is important to note that only one tensile specimen per testing condition was tested for all 

alloys. In order to account for some degree of uncertainty, trends in the mechanical properties data 

presented in the current section are discussed considering data from multiple alloys and/or testing 

conditions as a set. Table 4.1 shows the engineering mechanical properties for all testing conditions of the 

line pipe steels, including 0.2% YS, UTS, uniform elongation (euniform), and total elongation (etotal). 

 

Table 4.1 Elevated Temperature Engineering Mechanical Properties of Line Pipe Steels 

X52 0.3Ti/N 

Temperature (°C) Strain Rate (s-1) 0.2% YS (MPa) UTS (MPa) euniform etotal 

25 1.67 x 10-4 385 487 14.4 35.5 
205 1.67 x 10-4 351 495 10.0 23.2 
228 1.67 x 10-4 338 495 10.9 23.1 
254 1.67 x 10-4 331 501 9.2 23.7 
275 1.67 x 10-4 319 504 12.3 27.8 
299 1.67 x 10-4 315 490 11.7 30.0 
327 1.67 x 10-4 310 477 13.2 31.2 
355 1.67 x 10-4 301 463 13.6 31.6 
25 8.33 x 10-4 381 491 14.0 35.4 
204 8.33 x 10-4 349 487 9.2 23.2 
227 8.33 x 10-4 335 486 9.7 23.3 
251 8.33 x 10-4 327 491 10.0 23.0 
276 8.33 x 10-4 322 494 9.8 23.3 
298 8.33 x 10-4 316 491 10.2 25.8 
313 8.33 x 10-4 311 485 12.0 31.3 
326 8.33 x 10-4 313 477 12.0 30.5 
345 8.33 x 10-4 308 467 12.6 33.4 
25 1.67 x 10-3 394 494 14.2 35.0 
204 1.67 x 10-3 368 480 8.4 23.0 
226 1.67 x 10-3 311 482 9.6 22.2 
249 1.67 x 10-3 337 489 9.4 22.8 
274 1.67 x 10-3 324 489 8.5 23.2 
302 1.67 x 10-3 312 485 10.5 26.0 
312 1.67 x 10-3 310 485 10.7 26.7 
325 1.67 x 10-3 309 480 11.4 29.0 
350 1.67 x 10-3 304 464 11.7 32.0 
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X70 1.5Ti/N 

Temperature (°C) Strain Rate (s-1) 0.2% YS (MPa) UTS (MPa) euniform etotal 

25 1.67 x 10-4 503 586 11.8 31.4 
205 1.67 x 10-4 472 602 8.5 23.2 
224 1.67 x 10-4 490 613 11.0 25.4 
250 1.67 x 10-4 462 636 10.5 24.7 
273 1.67 x 10-4 456 648 12.2 26.7 
300 1.67 x 10-4 442 658 13.1 28.9 
327 1.67 x 10-4 438 641 10.6 25.8 
358 1.67 x 10-4 455 616 9.6 26.0 
25 8.33 x 10-4 520 599 10.9 30.6 
203 8.33 x 10-4 498 600 5.2 22.1 
222 8.33 x 10-4 478 589 8.3 22.1 
250 8.33 x 10-4 494 617 8.1 22.8 
270 8.33 x 10-4 460 619 9.6 24.1 
296 8.33 x 10-4 446 632 12.5 28.0 
326 8.33 x 10-4 451 632 12.5 31.3 
358 8.33 x 10-4 452 627 10.9 28.4 
25 1.67 x 10-3 514 592 11.9 31.4 
203 1.67 x 10-3 488 595 7.8 21.6 
221 1.67 x 10-3 481 599 9.0 23.0 
251 1.67 x 10-3 490 610 8.3 22.7 
270 1.67 x 10-3 479 619 8.8 23.2 
300 1.67 x 10-3 481 636 11.4 27.6 
326 1.67 x 10-3 476 620 10.4 29.7 
354 1.67 x 10-3 435 616 12.2 29.9 

X70 3.1Ti/N 

Temperature (°C) Strain Rate (s-1) 0.2% YS (MPa) UTS (MPa) euniform etotal 

25 1.67 x 10-4 515 616 9.3 28.5 
202 1.67 x 10-4 517 618 7.1 21.5 
236 1.67 x 10-4 498 641 7.4 20.7 
249 1.67 x 10-4 504 666 9.5 23.4 
275 1.67 x 10-4 511 703 12.2 25.3 
299 1.67 x 10-4 492 711 10.8 26.2 
326 1.67 x 10-4 497 708 9.8 25.6 
355 1.67 x 10-4 473 675 7.4 23.6 
25 8.33 x 10-4 518 616 9.1 28.7 
200 8.33 x 10-4 500 603 6.1 21.6 
221 8.33 x 10-4 498 609 6.2 21.5 
250 8.33 x 10-4 502 630 8.3 22.9 
273 8.33 x 10-4 501 652 8.4 22.6 
300 8.33 x 10-4 483 671 11.5 26.2 
327 8.33 x 10-4 486 690 12.1 26.5 

Table 4.1 Continued 
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X70 3.1Ti/N (continued) 

Temperature (°C) Strain Rate (s-1) 0.2% YS (MPa) UTS (MPa) euniform etotal 

358 8.33 x 10-4 475 677 9.1 24.9 
25 1.67 x 10-3 515 619 9.6 28.4 
202 1.67 x 10-3 491 598 6.6 20.5 
226 1.67 x 10-3 517 606 5.6 21.4 
249 1.67 x 10-3 502 618 7.3 22.0 
274 1.67 x 10-3 498 639 7.3 21.4 
300 1.67 x 10-3 493 655 10.7 25.1 
326 1.67 x 10-3 485 676 13.0 30.1 
327 1.67 x 10-3 493 679 12.3 29.3 
358 1.67 x 10-3 481 678 10.2 26.0 

X70 1.8Ti/N 

Temperature (°C) Strain Rate (s-1) 0.2% YS (MPa) UTS (MPa) euniform etotal 

25 1.67 x 10-4 575 668 8.3 27.0 
215 1.67 x 10-4 582 685 7.7 20.4 
238 1.67 x 10-4 537 718 10.4 23.1 
251 1.67 x 10-4 549 754 14.8 27.0 
274 1.67 x 10-4 531 750 14.1 26.4 
302 1.67 x 10-4 562 780 11.6 26.3 
332 1.67 x 10-4 511 761 10.2 25.5 
356 1.67 x 10-4 515 729 8.4 24.9 
25 8.33 x 10-4 582 670 10.5 29.6 
207 8.33 x 10-4 529 649 6.3 19.6 
229 8.33 x 10-4 551 677 9.3 22.0 
249 8.33 x 10-4 595 689 6.5 20.1 
276 8.33 x 10-4 528 707 12.3 25.8 
301 8.33 x 10-4 546 744 12.6 25.8 
331 8.33 x 10-4 517 749 12.5 27.7 
359 8.33 x 10-4 511 733 10.9 26.1 
25 1.67 x 10-3 584 674 10.7 28.8 
207 1.67 x 10-3 542 641 6.6 20.0 
220 1.67 x 10-3 533 659 9.6 23.4 
252 1.67 x 10-3 553 668 8.3 21.0 
276 1.67 x 10-3 563 703 9.3 22.0 
296 1.67 x 10-3 524 702 13.6 29.5 
332 1.67 x 10-3 518 732 12.2 28.0 
353 1.67 x 10-3 506 734 11.9 28.6 

 

4.2.1 Discontinuous Plastic Flow Behavior 

The stress strain curves in Figures 4.11-4.22 illustrated that all steels at all strain rates evaluated 

in the current study, exhibited DSA (evident by stress fluctuations or serrations in the stress strain curve) 

at intermediate test temperatures, and continuous deformation (i.e. smooth stress strain curve) at higher 

Table 4.1 Continued 
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test temperatures. Serrations in the stress strain curves were observed to have varying morphologies under 

different strain rate/temperature testing conditions. Identification and analysis of the types of serrated 

flow exhibited by line pipe steels is based on true stress-strain data presented in Section 4.2. The complete 

temperature range where serrated yielding was expected in the flow curve, based on the literature [25, 31, 

44], is greater than the temperature range relevant to the SAGD process (200-350 °C). Analysis on the 

types of serrations present is therefore limited to medium to high temperature-strain rate conditions in the 

DSA regime.  

All general types of serrated yielding identified by Rodriguez [31] were observed at least once in 

the line pipe steels tested. Figure 4.23 shows example segments of true stress-strain curves selected to 

illustrate the various types of serrated yielding observed in the present study. Types A, B, C, and D 

serrations were observed at low strains and almost all testing conditions that exhibited serrated yielding 

transitioned from Types A, B, C, or D to Type E serrated yielding at high strains. The transition strains 

between Types A, B, C, or D serrations, Type E serrations, and continuous plastic deformation, are 

indicated by dashed lines in Figure 4.23. All tensile tests that exhibited serrated yielding had a transition 

from discontinuous plastic deformation to continuous plastic deformation before the point of instability. 

A complete set of figures identifying all the serrations observed in the present study is presented in 

Appendix B.  

Type A serrations, identified by relatively large periodic single load drops in the flow curve 

(Figure 4.23a), were only observed in conjunction with Type B serrations. Type A+B serrated yielding is 

typically observed at intermediate temperatures and strain rates on a serration map. Type A serrations 

(without the presence of Type B) generally occur in the low temperature-strain rate regime of the 

serration map [35]. Due to the presence of Type A+B serrations in the line pipe steels, it is likely that the 

line pipe steels exhibit Type A serrated yielding at lower temperatures on the serration map. 

Type B serrations (Figure 4.23b) were identified as relatively small serrations (compared to 

Types A or C), that were either found in conjunction with Types A, D, and possibly E serrations, or found 

singularly in the flow curve.  

Type C serrations (Figure 4.23c) initiated in the flow curve at higher critical strains (i.e. the point 

on the flow curve where localized yielding due to serrations is initiated after uniform deformation) than 

Types A, B, or D. Type C serrations typically had the highest serration amplitude when compared to 

Type A and B serrations.  

In some cases, Type D serrations (Figure 4.23d) were difficult to distinguish from Type A 

serrations. Classic Type D serrated yielding has little to no strain hardening during deformation band 

propagation, making the stress-strain curve appear to behave like a step function [31]. Type D serrations 

observed in Figure 4.23d had more of a rounded appearance (resulting in significant strain hardening 
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between Type D serrations) compared to the step function like behavior described by Rodriguez. Type D 

serrations (like Type A serrations) were only observed in conjunction with Type B serrations. The 

presence of Type B serrations could explain the strain hardening observed in Figure 4.23d. Steel systems 

in the literature [35] have exhibited similar rounded Type D serrations compared to the line pipe steels in 

the current study.  

  

(a) (b) 

  

(c) (d) 
Figure 4.23 True stress-strain curves (plotted to the point of instability) identifying examples of 

(a) Type A, (b) Type B, (c) Type C, and (d) Type D serrated yielding observed at 
low strains during elevated temperature tensile testing. Type E serrations were 
observed in most flow curves that exhibited serrated yielding. Vertical dashed lines 
indicate a transition between types of serrated yielding or serrated yielding and 
continuous plastic flow.  

 

 

Type E serrations (Figures 4.23a-4.23d) were observed at high strains as fluctuations in the flow 

curve without distinct load drops. A transition from Types A, B, C, or D serrations to Type E serrations 

was observed in all tests that exhibited serrated yielding. In some instances, Type E serrations appeared 

similar to Type D serrations with significantly more strain hardening, or Type E serrations appeared to be 
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continuous deformation for as much as 0.03 strain. Type E serrations were considered to end after a final 

gradual load drop in the stress-strain curve before continuous deformation continued until material failure. 

With the general description of serrations summarized in Figure 4.23 as a basis, each stress-strain 

curve was evaluated and the types of observed serrations were characterized. Partial serration maps (plots 

of the relationship between the presence of serrated yielding with respect to both temperature and strain 

rate) for each material tested are presented in Figure 4.24 for the experimental steels in the present study. 

The first type of serrated yielding observed in the flow curve for each testing condition is indicated by the 

letters on the serration map. Type A+B serrations are indicated by an A and Type D+B serrations are 

indicated by a D on the serration map. Tests where only Type E serrated yielding was observed are 

indicated with an E on the serration map (where only uniform deformation was observed at low strains). 

An X on the serration map indicates testing conditions where continuous plastic deformation was present 

throughout the entire flow curve. 

The high temperature boundary of each serration map (transition from serrated yielding to 

continuous plastic flow) was indicated by the solid line in Figure 4.24. The dashed lines are included to 

compare serration maps of a 0.03 wt pct C steel [35] with the line pipe steels in the present study. Serrated 

yielding in the line pipe steels occurs at slightly greater temperatures (up to 25 °C greater) at all strain 

rates tested compared to the 0.03 wt pct C steel. The overlaid serration map includes both the high and 

low temperature boundaries of the 0.03 wt pct C steel. Assuming that the low temperature boundary for 

serrated yielding of the line pipe steels are similar to the low temperature boundary of the 0.03 wt pct C 

steel, the dashed lines can be used to approximate the complete temperature-strain rate regimes where 

serrated yielding could be observed in the line pipe steels. More elevated temperature tensile testing in the 

temperature range of 25-200 °C is required to define a complete serration map for the line pipe steels.  

X52 0.3Ti/N (Figure 4.24a) only exhibited Types A, B, and E serrations. Type B serrations were 

only observed in the high strain rate and intermediate temperature conditions. Type A+B serrations were 

observed at all tested strain rates in the high temperature condition, up to the high temperature boundary 

on the serration map. For select testing conditions X52 0.3Ti/N was the only line pipe steel tested that 

exhibited serrated yielding with the absence of Type E serrations at high strains. The serration map of 

X52 0.3Ti/N also had the closest high temperature boundary compared to the serration map presented by 

Robinson and Shaw, which is to be expected since the two steels have similar chemistries (with the 

exception of the vanadium, and aluminum additions in X52 0.3Ti/N) and microstructures.  

X70 1.5Ti/N (Figure 4.24b) exhibits Type A, B, C, and E serrations. Type B serrations were 

present under the lowest temperature conditions tested, followed by Type A+B serrations at slightly 

higher temperatures. Type C serrations and Type E serrations (observed without any other type) were 

only present when approaching the high temperature boundary on the serration map.  
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(a) (b) 

  

(c) (d) 
Figure 4.24 Serration maps of (a) X52 0.3Ti/N, (b) X70 1.5Ti/N, (c) X70 3.1Ti/N, and 

(d) X70 1.8Ti/N. The first type of serrated yielding observed in the flow curve is 
indicated by the letter plotted on the serration map. An X indicates that no serrated 
yielding was observed. The solid line indicates the high temperature serration 
boundary for the tested material, and the dashed lines indicate the serration 
boundaries from the 0.03 wt pct C steel Robinson and Shaw [35] studied.  

 

 

X70 3.1Ti/N (Figure 4.24c) and X70 1.8Ti/N (Figure 4.24d) exhibited all types of serrated 

yielding. Types A, B, and D were observed at intermediate temperature conditions on the serration maps 

(relative to the upper and lower temperature boundaries for serrated yielding) and Type D serrations were 
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only present in the high strain rate conditions. Similar to X70 1.5Ti/N, Types C, and E serrations only 

occurred at temperatures and strain rates near the high temperature boundary on the serration map. 

There was slight microstructural dependence on the types of serrations observed in the present 

study. The types of serrations present in X52 0.3Ti/N are different from the X70 steels. All three acicular 

ferrite X70 steels exhibited Type C or E serrations near the high temperature boundary, where the ferrite-

pearlite X52 steel exhibited Type A serrations near the high temperature boundary. The location of the 

high temperature boundary was within 25 °C at all strain rates for all four line pipe steels tested, however 

the difference in serration morphology indicated different elevated temperature deformation behavior 

between the two microstructures. Near the high temperature boundary of the serration map, Type A 

serrations in X52 0.3Ti/N caused the material to deform via propagating deformation bands, where 

Type C serrations the X70 steels caused the material to deform via a series of random non-propagating 

band nucleation to allow for deformation (phenomena described by Rodriguez) [31]. Rodriguez [31] 

describes the deformation mode for Type E serrations to be similar to the deformation mode for Type A 

serrations, indicating that the X70 materials deform by propagating deformation bands at intermediate 

temperatures, then transitions to non-propagating band nucleation at slightly higher temperatures, and 

then transitions back to propagating band deformation at the highest temperatures in the serrated yielding 

regime. More analysis on deformation behavior of Type E serrations is needed to verify the local 

deformation characteristics. Deformation behaviors of Types D and E are not well studied. Thermal 

imaging or digital image correlation during tensile testing could help better define the deformation 

behavior for all types of serrated yielding. 

Determination of how deformation bands propagated during defrmation while under the influence 

of serrated yielding was based only on serrated yielding response in the tensile curves. More 

characterization of the deformation behavior related to each “type” of serrated yielding is required. 

Digital image correlation (DIC) during tensile testing could be useful in determining how deformation 

band propagation and nucleation changes with each “type” of serrated yielding in the line pipe steels.  

4.2.2 Mechanical Properties 

Figures 4.25-4.27 summarizes the effects of temperature for the low (Figure 4.25), medium 

(Figure 4.26), and high (Figure 4.27) strain rates on the uniform elongation, total elongation, and UTS for 

the experimental steels. Also included in each figure is a vertical line which indicates for each steel the 

upper bound of the temperature range where serrated yielding was observed as summarized in 

Figure 4.24. 

The elevated temperature mechanical properties of line pipe steels are impacted by DSA under 

intermediate temperature testing conditions (200-250 ºC). DSA was first evident in the line pipe steels of 
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interest by the presence of serrated yielding in stress-strain curves (presented in Section 4.2.1). Typically, 

material strength exhibits a maximum, and ductility exhibits a minimum as a function of temperature 

when DSA is an active strengthening mechanism [25, 31].  

 

  

(a) (b) 

  

(c) (d) 

Figure 4.25 Uniform elongation, total elongation, and ultimate tensile strength as a function of 
testing temperature for (a) X52 0.3Ti/N, (b) X70 1.5Ti/N, (c) X70 3.1Ti/N, and 
(d) X70 1.8Ti/N tested at a strain rate of 1.67 x 10-4 s-1. The vertical dashed line 
indicates the highest temperature where serrated yielding is observed at 
1.67 x 10-4 s-1 according to each material’s serration map. 
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(a) (b) 

  

(c) (d) 
Figure 4.26 Uniform elongation, total elongation, and ultimate tensile strength as a function of 

testing temperature for (a) X52 0.3Ti/N, (b) X70 1.5Ti/N, (c) X70 3.1Ti/N, and 
(d) X70 1.8Ti/N tested at a strain rate of 8.33 x 10-4 s-1. The vertical dashed line 
indicates the highest temperature where serrated yielding is observed at 
8.33 x 10-4 s-1 according to each material’s serration map. 

 

 

For each steel, uniform and total elongations follow similar trends to each other for all testing 

conditions. Therefore total elongation was considered to analyze ductility of the line pipe steels. Ductility 

of X52 0.3Ti/N showed characteristic trends that would be expected of a material influenced by DSA. 

Ductility in the temperature ranges of 200-250 °C for the low strain rate condition (Figure 4.25a) and 

200-275 °C for the medium and high strain rate conditions (Figures 4.26a and 4.27a) was significantly 

less than the 33-35% total elongation at room temperature and approximately constant with a total 

elongation of about 23% for all strain rate conditions. At temperatures greater than 250 °C for the low 
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strain rate condition and 275 °C for the medium and high strain rate conditions, ductility of X52 0.3Ti/N 

increases with increasing temperature. The temperature ranges where there was a ductility minima was 

larger than the temperature range where serrated yielding was observed, indicating that DSA could have 

an effect on the mechanical properties of X52 0.3Ti/N under testing conditions where plastic deformation 

appears to be uniform. 

  

(a) (b) 

  

(c) (d) 
Figure 4.27 Uniform elongation, total elongation, and ultimate tensile strength as a function of 

testing temperature for (a) X52 0.3Ti/N, (b) X70 1.5Ti/N, (c) X70 3.1Ti/N, and 
(d) X70 1.8Ti/N tested at a strain rate of 1.67 x 10-3 s-1. The vertical dashed line 
indicates the highest temperature where serrated yielding is observed at 
1.67 x 10-3 s-1 according to each material’s serration map. 

 

 

Ductility measurements for the three X70 steels exhibited similar functionality with respect to 

temperature, compared to each other, and most of the ductility discussion is based on X70 3.1Ti/N 
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(Figures 4.25c, 4.26c, and 4.27c). Decreased ductility was observed in X70 3.1Ti/N at similar temperature 

ranges as the decreased ductility observed in X52 0.3Ti/N. For all strain rates, X70 3.1Ti/N exhibited a 

total elongation of about 28-29% at room temperature. At or near temperatures where serrated yielding 

was observed, total elongation of X70 3.1Ti/N decreased to around 20-22%. The decrease in ductility for 

testing conditions where serrated yielding was observed was likely a result of DSA. 

A maximum in ductility was observed at elevated temperatures greater than the upper bound of 

the temperature range where serrated yielding was observed (indicated by the dashed lines in 

Figures 4.25-4.27) for the X70 steels. The maximum in ductility for X70 3.1Ti/N occurred around 300 °C 

for the low strain rate condition (Figure 4.25) and 325 °C for the high strain rate condition (Figure 4.27), 

indicating that the temperature where maximum in ductility occurred shifts to greater temperatures with 

increasing strain rate. The upper bound of the temperature range where serrated yielding was observed, 

which also shifts to greater temperatures with increasing strain rate, was used as a reference so the 

functionality of ductility resulting in a maximum could be verified using multiple testing conditions. For 

all strain rates, the maximum in ductility for X70 3.1Ti/N occurred at temperatures about 75 °C greater 

than the upper bound of the temperature range where serrated yielding was observed. 

For all strain rates, the maximum in ductility for X70 1.5Ti/N and X70 1.8Ti/N occurred at 

temperatures about 75 °C and 30 °C greater than the upper bound of the temperature range where serrated 

yielding was observed, respectively. It was unclear why the maximum in ductility for X70 1.8Ti/N 

occurred at lower temperatures compared to the other X70 steels. More materials characterization work 

on the line pipe steels is required to determine the cause of the functionality difference in ductility with 

respect to temperature between X52 0.3Ti/N and the three X70 steels.  

All four line pipe steels exhibited UTS maxima at temperatures greater than the upper bound of 

the temperature where serrated yielding was observed. DSA likely contributed significantly to the 

strength increase observed at elevated temperatures in the line pipe steels. To quantify how much elevated 

temperature strengthening each material exhibited, the difference in maximum UTS (UTSMax) and the 

UTS measured around 200 °C (UTS200 °C) was calculated and expressed as ΔUTS. Table 4.2 compares 

calculated ΔUTS values for each steel at all strain rates tested. X52 0.3Ti/N experienced the least amount 

of strengthening at elevated temperatures with a ΔUTS ranging between 7-17 MPa where the maximum 

ΔUTS occurred in the low strain rate condition. All three X70 steels experienced significantly more 

strengthening at elevated temperatures compared to X52 0.3Ti/N. Of the X70 steels, X70 1.5Ti/N 

exhibited the least amount of strengthening at elevated temperatures with a ΔUTS ranging between 31-

56 MPa, X70 1.8Ti/N exhibited 80-93 MPa of strengthening at elevated temperatures, and X70 3.1Ti/N 

exhibited the greatest amount of strengthening at elevated temperatures with a ΔUTS ranging between 93-

100 MPa. X70 1.5Ti/N and X70 1.8Ti/N had the maximum ΔUTS occur in the low strain rate condition 
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(similar to X52 0.3Ti/N), and X70 3.1Ti/N had the maximum ΔUTS occur in the medium strain rate 

condition. The differences in ΔUTS for the X70 alloys are likely due to differences in the amount of 

interstitial carbon atoms available to contribute to strengthening from DSA. 

The temperatures where the maxima in UTS occurs (� ,� ) are also included in Table 4.2. � ,�  values for X52 0.3Ti/N and X70 1.5Ti/N are approximately 275 °C and 300 °C respectively for 

all strain rates. For X70 3.1Ti/N and X70 1.8Ti/N, � ,�  values increase with increasing strain rate. In 

the low and high strain rate conditions, � ,�  values were approximately 300 °C and 350 °C 

respectively for both X70 3.1Ti/N and X70 1.8Ti/N. For all line pipe steels, � ,�  occurs at higher 

temperatures than the upper bound for serrated yielding, but � ,�  values were observed to have some 

microstructural dependence. The ferrite and pearlite X52 0.3Ti/N exhibited � ,�  at lower 

temperatures compared to all X70 steels for all strain rate conditions. 

Table 4.2 Maximum Strengthening of Line Pipe Steels at Elevated Temperatures 

Material Strain Rate (s-1) TUTS, Max (°C) UTS200°C (MPa) UTSMax (MPa) ΔUTS (MPa) 
X52 0.3Ti/N 1.67 x 10-4 275 487 504 17 
X52 0.3Ti/N 8.33 x 10-4 275 487 494 7 
X52 0.3Ti/N 1.67 x 10-3 275 480 489 9 
X70 1.5Ti/N 1.67 x 10-4 300 602 658 56 
X70 1.5Ti/N 8.33 x 10-4 300 600 631 31 
X70 1.5Ti/N 1.67 x 10-3 300 595 636 41 
X70 3.1Ti/N 1.67 x 10-4 300 685 780 95 
X70 3.1Ti/N 8.33 x 10-4 325 649 749 100 
X70 3.1Ti/N 1.67 x 10-3 350 641 734 93 
X70 1.8Ti/N 1.67 x 10-4 300 618 711 93 
X70 1.8Ti/N 8.33 x 10-4 325 603 690 87 
X70 1.8Ti/N 1.67 x 10-3 350 598 678 80 

 

 

In order to provide a more in-depth characterization of strength at elevated temperatures, flow 

stress values were measured at true strains of 0.002, 0.03, 0.05, and the point of instability (US point on 

the engineering stress-strain curves), and plotted as a function of temperature in Figures 4.28-4.31. All 

stress strain data were obtained from the true stress-strain curves in Section 4.2. For all materials, flow 

stress measured at true strains of 0.03 and 0.05 were similar to each other, and flow stress values 

measured at 0.05 true strain were used as a basis for discussion of both stress values.  

Leslie [25] and Rodriguez [31] define that the maximum in strength associated with DSA is based 

on flow stress data measured at a constant strain. Therefore it is important to evaluate flow stress data 

instead of UTS or �� � �  when considering the temperature-strain rate conditions where DSA 

directly affects the mechanical properties. Flow stress measured at a constant strain and UTS could 
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exhibit different functionalities with respect to testing temperature compared to each other because UTS 

occurs at different strains depending on the ductility of the specimen.  

 

(a) 

  

(b) (c) 
Figure 4.28 True flow stress as a function of testing temperature for X52 0.3Ti/N, tested at strain 

rates of (a) 1.67 x 10-4, (b) 8.33 x 10-4, and (c) 1.67 x 10-3 s-1. Flow stress was 
measured at 0.002, 0.03, 0.05 true strain, and at the point on the true stress-strain 
curve where a neck formed (σInstability). The vertical dashed line indicates the highest 
temperature where serrated yielding is observed at 1.67 x 10-4 s-1 according to each 
material’s serration map. 

 

 

Flow stress data for X52 0.3Ti/N are plotted in Figure 4.28 for all strain rate conditions. The 

0.002 flow stress of X52 0.3Ti/N decreased with increasing temperature for all strain rate conditions 

tested, indicating that DSA has a negligible effect on the yield strength for the ferrite-pearlite line pipe 

steel. The 0.05 flow stress data exhibited a maxima at approximately 250 °C for the low strain rate 
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condition and 275 °C for the medium and high strain rate conditions. At temperatures greater than the 

temperature where the maxima peaks were observed, the 0.05 flow stress values decreased with 

increasing temperature at a similar rate as the 0.002 flow stress data. The temperatures at which the 

maxima in flow stress were observed for all strain rate conditions differ from the temperature at which the 

maxima in �� � �  were observed. Maximum �� � �  occurred at 275 °C in the low strain rate 

condition, 300 °C in the medium strain rate condition (Figure 4.28b), and 325 °C in the high strain rate 

condition (Figure 4.28c). 

Flow stress data measured at all strain rates tested for X70 1.5Ti/N, X70 3.1Ti/N, and 

X70 1.8Ti/N steels are plotted in Figures 4.29-4.31, respectively. Flow stress measured at 0.002 true 

strain exhibited slightly different functionalities for the three X70 steels. X70 1.5Ti/N (Figure 4.29) 

exhibited a generally decreasing trend in flow stress measured at 0.002 true strain; however, a relatively 

small maxima peak was observed in the form of a single data point for each strain rate condition around 

the upper bound of the temperature range where serrated yielding was observed. Duplicate tests are 

required to fully identify the maxima peaks in flow stress measured at 0.002 true strain for X70 1.5Ti/N. 

However, there likely are maxima peaks in 0.002 true stress as a function of temperature considering all 

three strain rate conditions for X70 1.5Ti/N as a set because the maxima occurred around the upper bound 

of the temperature range where serrated yielding was observed at all strain rates.  

Flow stress measured at 0.002 true strain for X70 3.1Ti/N (Figure 4.30) exhibited similar 

functionality compared to X70 1.5Ti/N, having a decrease in 0.002 flow stress with increasing 

temperature. Relatively small maxima peaks in 0.002 flow stress were observed in X70 3.1Ti/N, however 

there was no correlation between the temperature where each maxima peak occurred and the strain rate 

tested. Any maxima peaks in X70 3.1Ti/N were likely a result of variability in the flow stress 

measurements resulting from a single tensile test per test condition. 

X70 1.8Ti/N (Figure 4.31) exhibited more distinct maxima peaks in flow stress measured at 

0.002 true strain compared to X70 1.5Ti/N. A relatively large maxima peak was observed in the medium 

and high strain rate conditions, and a potential maxima peak was observed in the low strain rate condition 

near the upper bound of the temperature range where serrated yielding was observed (similar temperature 

and strain rate conditions where a maxima peak was observed in X70 1.5Ti/N). Tensile tests performed 

slightly below 200 °C are required to fully define the potential peak in 0.002 flow stress in the low strain 

rate condition since the peak occurred at the lowest testing temperature. A second potential maxima 

(defined by a single data point) was observed around 300 °C for the low and medium strain rate 

conditions in X70 1.8Ti/N. The higher temperature maxima peaks in 0.002 flow stress were located at the 

same temperature as the maxima peak in 0.05 flow stress (discussed below). 
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(a) 

  

(b) (c) 
Figure 4.29 True flow stress as a function of testing temperature for X70 1.5Ti/N, tested at strain 

rates of (a) 1.67 x 10-4, (b) 8.33 x 10-4, and (c) 1.67 x 10-3 s-1. Flow stress was 
measured at 0.002, 0.03, 0.05 true strain, and at the point on the true stress-strain 
curve where a neck formed (σInstability). The vertical dashed line indicates the highest 
temperature where serrated yielding is observed at 1.67 x 10-4 s-1 according to each 
material’s serration map.  

 

 

Some literature studies on DSA [37, 39, 40] show distinct peaks in yield strength (0.002 flow 

stress), while others [25, 33, 38] show little evidence of DSA affecting yield strength. X52 0.3Ti/N (and 

potentially X70 3.1Ti/N) is one example of a material that exhibits negligible strengthening from DSA at 

very low strains. X70 1.5Ti/N and X70 1.8Ti/N exhibited strengthening due to DSA at 0.002 flow stress, 

evident by the peaks located at temperatures near the high temperature boundary for serrated yielding for 

all strain rate conditions. 
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(a) 

  

(b) (c) 
Figure 4.30 True flow stress as a function of testing temperature for X70 3.1Ti/N, tested at strain 

rates of (a) 1.67 x 10-4, (b) 8.33 x 10-4, and (c) 1.67 x 10-3 s-1. Flow stress was 
measured at 0.002, 0.03, 0.05 true strain, and at the point on the true stress-strain 
curve where a neck formed (σInstability). The vertical dashed line indicates the highest 
temperature where serrated yielding is observed at 1.67 x 10-4 s-1 according to each 
material’s serration map. 

 

 

Flow stress measured at 0.05 true strain for X70 1.5Ti/N and X70 3.1Ti/N exhibited similar 

functionalities compared to each other. Distinct maxima peaks in 0.05 flow stress were only observed in 

the low strain rate condition for X70 3.1Ti/N (Figure 4.30a) and in the high strain rate condition for 

X70 1.5Ti/N (Figure 4.29c). Other strain rate conditions in the temperature range of 200-350 °C for 

X70 1.5Ti/N and X70 3.1Ti/N exhibited either an increasing trend or approximately constant trend in 

0.05 flow stress. 
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Flow stress of X70 1.8Ti/N measured at 0.05 true strain exhibited different functionality 

compared to X52 0.3Ti/N and the other X70 steels. For all strain rate conditions, X70 1.8Ti/N exhibited 

two potential (only distinct due to a single data point for each condition) maxima in 0.05 flow stress, 

similar to flow stress measured at 0.002 true strain in the low and medium strain rate conditions. The low 

temperature maxima peak in 0.05 flow stress occurred within 25 °C from the upper bound of the 

temperature where serrated yielding was observed in the flow curve for all strain rate conditions. For all 

strain rates, the higher temperature maxima peak in 0.05 flow stress was observed at 50-60 °C greater 

temperatures compared to the lower temperature maxima peaks. Even though the double peaks observed 

in X70 1.8Ti/N were only distinguishable via one single data point, the peaks were considered a real 

manifestation of the flow stress as a function of temperature since all three strain rate conditions exhibited 

the same functionalities. 

Since all three X70 steels have an acicular ferrite microstructure, it is possible that 0.05 flow 

stress of X70 1.5Ti/N and X70 3.1Ti/N exhibited similar functionalities compared to X70 1.8Ti/N 

regarding the presence of the two maxima peaks in flow stress. Two maxima peaks within 50 °C of each 

other could cause the peaks to overlap. More characterization is required to determine if the functionality 

of flow stress is the same between the three X70 steels; however, with the current data set they appear to 

have different functionalities. 

There are similarities in the maxima peaks in 0.05 flow stress in X52 0.3Ti/N and the low 

temperature maxima peaks in 0.05 flow stress observed in X70 1.8Ti/N. In the low strain rate condition, 

the maxima in 0.05 flow stress was observed around 250 °C for both materials and in the high strain rate 

condition the maxima peaks in 0.05 flow stress was observed at 275 °C for both materials. The maxima in 

0.05 flow stress observed in X52 0.3Ti/N was likely a direct result of DSA, indicating that the lower 

temperature maxima peak in 0.05 flow stress observed in X70 1.8Ti/N was also a direct result of DSA, 

since both maxima peaks occurred under the same testing conditions. More characterization work is 

required to determine why the functionality of flow stress measured at 0.002 and 0.05 true strain differed 

between the acicular ferrite steels and the ferrite-pearlite steels.  

The functionalities of flow stress measurements with respect to temperature (Figures 4.28-4.31) 

and UTS with respect to temperature (Figures 4.25-4.27) were significantly different for all line pipe 

steels. Significantly more strengthening was observed at elevated temperatures in UTS (and �� � � ) 

measurements compared to flow stress measurements. The temperature where a maxima in material 

strength was observed occurred at different temperatures between UTS and flow stress measurements as 

well. There were differences in functionality between UTS and flow stress measurements; which was 

likely due to variations in material ductility and strain hardening behavior (see Section 4.2.3) with 

increasing temperature. 
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(a) 

  

(b) (c) 
Figure 4.31 True flow stress as a function of testing temperature for X70 1.8Ti/N, tested at strain 

rates of (a) 1.67 x 10-4, (b) 8.33 x 10-4, and (c) 1.67 x 10-3 s-1. Flow stress was 
measured at 0.002, 0.03, 0.05 true strain, and at the point on the true stress-strain 
curve where a neck formed (σInstability). The vertical dashed line indicates the highest 
temperature where serrated yielding is observed at 1.67 x 10-4 s-1 according to each 
material’s serration map. 

 

4.2.3 Strain Hardening 

The effects of DSA on the average strain hardening rate between true strains of 0.002 and 0.05 

were evaluated by the application of the equation 

 θ = ∆σ ∆�⁄ = � . 5 − � . 0.05 − 0.00⁄  (4.1) 

where � is the average strain hardening rate (i.e. strain hardening), and � . 5 and � .  are the true stress 

values at the indicated true strains. Only tensile samples that exhibited continuous yielding at 0.002 true 
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strain were considered for strain hardening analysis. Figure 4.32 shows strain hardening data calculated 

according to Equation 4.1 as a function of temperature for X52 0.3Ti/N samples that exhibited continuous 

yielding for all strain rates tested. The high temperature boundary for serrated yielding (determined using 

the serration map in Figure 4.24) is indicated by the dashed line for reference. A maxima peak in strain 

hardening was observed for all strain rate conditions in X52 0.3Ti/N. The maxima in strain hardening 

occurred around 275 °C for the low strain rate condition and 300 °C for the medium and high strain rate 

conditions (Figures 4.32b and 4.32c). The maxima in 0.05 flow stress measured for X52 0.3Ti/N 

(Figure 4.28) were observed at slightly lower temperatures than the maxima in strain hardening, but the 

maxima in �� � �  occurred at similar temperatures as for the strain hardening measurements. 

Figure 4.33 shows strain hardening data as a function of temperature for X70 1.5Ti/N. A maxima 

in strain hardening was observed in the low and medium strain rate conditions around 300-325 °C and 

300 °C respectively. In the high strain rate condition strain hardening increased with increasing 

temperature in the temperature range of 200-350 °C. A maxima in strain hardening likely occurs at a 

testing temperature greater than 350 °C in the high strain rate condition, however elevated temperature 

tests at temperatures greater than 350 °C are required to fully characterize the strain hardening behavior 

of X70 1.5Ti/N. As with the X52 0.3Ti/N data, the maxima in strain hardening for X70 1.5Ti/N occurred 

at similar temperatures as the maxima in �� � �  (Figure 4.29). 

   

(a) (b) (c) 
Figure 4.32 Strain hardening as a function of testing temperature for X52 0.3Ti/N tested at a 

strain rate of (a) 1.67 x 10-4 s-1, (b) 8.33 x 10-4 s-1, and (c) 1.67 x 10-3 s-1. Strain 
hardening was measured from the true stress-strain curves from 0.002 to 0.05 true 
strain. The vertical dashed line indicates the highest temperature where serrated 
yielding is observed at the tested strain rate according to the X52 0.3Ti/N serration 
map. 

 

 

Figure 4.34 shows strain hardening data as a function of temperature for X70 3.1Ti/N for all 

strain rate conditions tested. X70 3.1Ti/N was the only line pipe steel tested that exhibited continuous 
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yielding for all testing conditions; thus, the strain hardening calculation in Figure 4.34 was the only data 

that compared elevated temperature strain hardening results to room temperature strain hardening results 

for all strain rates. Strain hardening only slightly increased from room temperature to 200 °C in 

X70 3.1Ti/N. For all testing conditions strain hardening increased with increasing temperature in the 

temperature range of 200-350 °C. For all strain rates in X70 3.1Ti/N the rate of change in strain hardening 

with temperature increased at temperatures just above the high temperature boundary for serrated yielding 

(indicated by the dashed lines). More testing is required at temperatures greater than 350 °C to fully 

define the strain hardening behavior as a function of temperature for X70 3.1Ti/N, but a maximum in 

strain hardening is anticipated at temperatures just above 350 °C.  

Figure 4.35 shows strain hardening data for X70 1.8Ti/N as a function of temperature. A maxima 

in strain hardening was observed around 325 °C for the low strain rate condition, but strain hardening 

only increased as a function of temperature in the temperature range of 250-350 °C for the medium and 

high strain rate conditions. Similarly to X70 3.1Ti/N, a maximum in strain hardening is anticipated in 

X70 1.8Ti/N at temperatures just above 350 °C, but more testing is required at higher temperatures to 

fully characterize the strain hardening behavior. The rate of change in strain hardening with temperature 

increases at temperatures just above the high temperature boundary for serrated yielding indicated by the 

dashed lines for the low and medium strain rate conditions. Some testing conditions for the X70 steels 

exhibited a slight decrease in strain hardening near the upper bound of the temperature range where 

serrated yielding was observed. Flow stress values used to calculate strain hardening were taken directly 

from the stress strain curves, even for conditions where serrated yielding was observed. The presence of 

serrated yielding could cause greater amounts of uncertainty in strain hardening calculations compared to 

specimens that exhibited continuous plastic deformation. 

The slight decrease in strain hardening observed near the high temperature boundary for serrated 

yielding in some of the X70 steels generally occurred when a tensile specimen exhibited Type C or E 

serrated yielding (see Figure 4.24). Another potential cause of the decrease in strain hardening, could be 

related to the critical strain required for serrated yielding. Critical strain is a phenomena observed in a 

flow curve that exhibits serrated yielding where there is an incubation period consisting of continuous 

plastic flow at low strains before the onset of serrated yielding [35]. At lower strains than the critical 

strain, there is minimal interaction between solute atoms and dislocations during deformation [41], [58]. 

Specimens that exhibited Type C and E serrated yielding had a larger critical strain compared to samples 

that exhibited any other type of serrated yielding; therefore, decreased strain hardening typically occurred 

in specimens that exhibited significant amounts of both continuous plastic deformation and serrated 

yielding at true strains up to 0.05. 
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(a) (b) (c) 
Figure 4.33 Strain hardening as a function of testing temperature for X70 1.5Ti/N tested at a 

strain rate of (a) 1.67 x 10-4 s-1, (b) 8.33 x 10-4 s-1, and (c) 1.67 x 10-3 s-1. Strain 
hardening was measured from the true stress-strain curves from 0.002 to 0.05 true 
strain. The vertical dashed line indicates the highest temperature where serrated 
yielding is observed at the tested strain rate according to the X70 1.5Ti/N serration 
map. 

 

 

   

(a) (b) (c) 
Figure 4.34 Strain hardening as a function of testing temperature for X70 3.1Ti/N tested at a 

strain rate of (a) 1.67 x 10-4 s-1, (b) 8.33 x 10-4 s-1, and (c) 1.67 x 10-3 s-1. Strain 
hardening was measured from the true stress-strain curves from 0.002 to 0.05 true 
strain. The vertical dashed line indicates the highest temperature where serrated 
yielding is observed at the tested strain rate according to the X70 3.1Ti/N serration 
map. 

 

 

Strain hardening as a function of temperature for all four alloys tested exhibited a functionality 

that would be expected in a material that exhibited DSA. A maximum (or general increase in strain 

hardening with an assumed maxima at temperatures above 350 °C) in strain hardening was observed at 

temperatures greater than the high temperature boundary for serrated yielding. The maxima in strain 

hardening for X52 0.3Ti/N generally occurred at lower temperatures than the maxima in strain hardening 
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measured in the X70 steels. More characterization work is required to identify why the maxima in strain 

hardening occurred at greater temperatures for the X70 steels compared to X52 0.3Ti/N and why the 

maxima observed in all the steels occurred at testing temperatures above where serrated yielding was 

observed. 

   

(a) (b) (c) 
Figure 4.35 Strain hardening as a function of testing temperature for X70 1.8Ti/N tested at a 

strain rate of (a) 1.67 x 10-4 s-1, (b) 8.33 x 10-4 s-1, and (c) 1.67 x 10-3 s-1. Strain 
hardening was measured from the true stress-strain curves from 0.002 to 0.05 true 
strain. The vertical dashed line indicates the highest temperature where serrated 
yielding is observed at the tested strain rate according to the X70 1.8Ti/N serration 
map. 

 

4.2.4 Strain Rate Sensitivity 

When DSA is an active strengthening mechanism the material may exhibit negative strain rate 

sensitivity depending on the imposed strain rates. Strain rate sensitivity was measured using the elevated 

temperature tensile data based on 0.002, 0.03, and 0.05 true flow stress data at 1.67 x 10-4 and 

1.67 x 10-3 s-1. The equation used to measure strain rate sensitivity was described in Section 3.3.3. Strain 

rate sensitivities measured using 0.03 and 0.05 flow stress exhibited similar functionalities compared to 

each other with respect to temperature for all materials; therefore, strain rate sensitivities calculated using 

0.05 flow stress measurements were used in the present discussion. It is important to note that (as 

mentioned in previous sections) only one tensile sample was tested in each testing condition. Strain rate 

sensitivity measurements based on flow stress therefore have an uncharacterized amount of uncertainty 

and the general trend of strain rate sensitivity was considered in the present section. More detailed 

analysis of strain rate sensitivity measurements including flow stress and jump test measurement methods 

is presented in Section 4.3. 

Figure 4.36 shows flow stress measurements at 0.002, 0.03, and 0.05 true strain in the high and 

low strain rate conditions, and calculated strain rate sensitivities as a function of temperature for each 

flow stress measurement for X52 0.3Ti/N. Room temperature tests exhibit positive strain rate sensitivity 
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at all strains. Strain rate sensitivity based on 0.002 flow stress was measured to be positive for most 

temperatures (negative strain rate sensitivity was measured in the temperature range of 300-325 °C). 

Negative strain rate sensitivity measured using 0.05 flow stress data was observed in X52 0.3Ti/N in the 

temperature range of 200-275 °C. As temperature increased above 275 °C, strain rate sensitivity 

transitioned from negative to positive. 

 

Figure 4.36 True flow stress and strain rate sensitivity () as a function of temperature for 
X52 0.3Ti/N.  was measured from the 0.002, 0.03, and 0.05 flow stress values 
measured at strain rates of 1.67 x 10-4 and 1.67 x 10-3 s-1. 

 

Flow stress measured at 0.002 true strain for X52 0.3Ti/N decreased with increasing temperature, 

indicating that DSA had little effect on the mechanical properties of X52 0.3Ti/N at low plastic strains. 

The conclusion that DSA had limited effect on mechanical properties at 0.002 true strain was supported 

by the positive strain rate sensitivity measurements taken at 0.002 flow stress. In contrast strain rate 

sensitivity measurements based on 0.03 and 0.05 flow stress values were interpreted to reflect DSA 

behavior. Negative strain rate sensitivity was likely a result of DSA in X52 0.3Ti/N and occurred in most 

testing conditions where serrated yielding was observed in at least one strain rate condition. Based on the 

transition from negative to positive strain rate sensitivity at higher temperatures, DSA was considered to 

become inactive at temperatures greater than 275 °C. 

Figure 4.37 shows flow stress measurements at 0.002, 0.03, and 0.05 true strain in the high and 

low strain rate conditions, and calculated strain rate sensitivities for each flow stress measurement plotted 

as a function of temperature for X70 1.5Ti/N. Similar to X52 0.3Ti/N, strain rate sensitivity of 

X70 1.5Ti/N at 0.002 true strain was positive at most temperatures, with the exception of 225 °C where a 
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negative strain rate sensitivity was measured. Strain rate sensitivities measured at 0.05 true strain were 

negative at all elevated temperatures tested except for 300 °C. 

 

Figure 4.37 True flow stress and strain rate sensitivity () as a function of temperature for 
X70 1.5Ti/N.  was measured from the 0.002, 0.03, and 0.05 flow stress values 
measured at strain rates of 1.67 x 10-4 and 1.67 x 10-3 s-1. 

 

 

Figure 4.38 True flow stress and strain rate sensitivity () as a function of temperature for 
X70 3.1Ti/N.  was measured from the 0.002, 0.03, and 0.05 flow stress values 
measured at strain rates of 1.67 x 10-4 and 1.67 x 10-3 s-1. 
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Figure 4.38 shows flow stress measurements at 0.002, 0.03, and 0.05 true strain in the high and 

low strain rate conditions, and calculated strain rate sensitivities for each flow stress measurement plotted 

as a function of temperature for X70 3.1Ti/N. Unlike X52 0.3Ti/N and X70 1.5Ti/N, strain rate 

sensitivities measured at 0.002 true strain for X70 3.1Ti/N were measured to be negative for most 

elevated temperature testing conditions, suggesting that DSA affected mechanical properties in 

X70 3.1Ti/N at lower strains than the previous two alloys discussed. Strain rate sensitivities based on 

flow stress measurements at 0.05 true strain were negative at all temperatures greater than room 

temperature suggesting that DSA contributed to observed deformation characteristics throughout the 

elevated temperature range in the present study. 

Figure 4.39 shows flow stress measurements at 0.002, 0.03, and 0.05 true strain in the high and 

low strain rate conditions, and calculated strain rate sensitivities for each flow stress measurement plotted 

as a function of temperature for X70 1.8Ti/N. Positive strain rate sensitivity was observed at room 

temperature when calculated using 0.002 true strain, but negative strain rate sensitivity was observed 

when calculated using 0.05 true strain. Negative strain rate sensitivity calculated at room temperature was 

likely a result of statistical variation in mechanical properties between tensile samples since only one test 

specimen was used for each testing condition. Strain rate sensitivities calculated at elevated temperatures 

using 0.002 flow stress measurements had a significant amount of variation as a function of temperature 

(similar to the other line pipe steels) and cycled between negative and positive strain rate sensitivity with 

increasing temperature. Similar to X70 3.1Ti/N, X70 1.8Ti/N exhibited negative strain rate sensitivity in 

the temperature range of 200-350 °C, suggesting that DSA contributed to observed deformation 

characteristics throughout the elevated temperature range in the present study. 

DSA contributed little to the mechanical properties of X52 0.3Ti/N and X70 1.5Ti/N at low 

strains near the yield strength since strain rate sensitivity was measured to be positive at most 

temperatures when calculated using 0.002 flow stress. However negative strain rate sensitivity at 

0.002 flow stress was measured at elevated temperatures in X70 3.1Ti/N and X70 1.8Ti/N suggesting that 

DSA contributed more to strength at lower strains in the latter two steels. Strain rate sensitivity data based 

on flow stress measured at 0.002 true strain exhibited significantly more variability as a function of 

temperature compared to strain rate sensitivity measured at higher strains. More tensile testing is required 

to fully characterize strain rate sensitivity at low strains. 

Strain rate sensitivity measurements based on 0.03 and 0.05 flow stress values were interpreted to 

reflect DSA behavior for all materials more appropriately than 0.002 flow stress measurements. The 

transition from negative to positive strain rate sensitivity was only observed in X52 0.3Ti/N. Negative 

strain rate sensitivity was measured for most elevated temperature testing conditions in all three X70 

steels, suggesting that DSA was active at higher temperatures in the acicular ferrite X70 steels compared 
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to the ferrite-pearlite X52 0.3Ti/N. The difference in functionality of the strain rate sensitivity data 

calculated with flow stress measurements between the X70 steels and X52 0.3Ti/N is discussed further in 

Section 4.3. 

 

Figure 4.39 True flow stress and strain rate sensitivity () as a function of temperature for 
X70 1.8Ti/N.  was measured from the 0.002, 0.03, and 0.05 flow stress values 
measured at strain rates of 1.67 x 10-4 and 1.67 x 10-3 s-1. 

4.3 Strain Rate Jump Testing 

Strain rate sensitivity measured using strain rate jump testing was performed as a supplement to 

strain rate sensitivity measurements from elevated temperature tensile testing discussed in Section 4.2.4. 

Strain rate jump tests result in two measurements of strain rate sensitivity. Up jump strain rate sensitivity 

was measured as a result of a change in strain rate from low to high during the jump test. Down jump 

strain rate sensitivity was measured as a result of a change in strain rate from high to low during the jump 

test. Up jump and down jump measurements have been shown to vary under certain testing conditions 

and material systems [57]. As a result, only up jump conditions were used for strain rate sensitivity 

analysis of line pipe steels. 

Four general shapes of the jump test stress-strain curves were observed for all materials tested. 

Figure 4.40 shows example jump test true stress-strain curves from X70 1.5Ti/N tested at room 

temperature, 208, 250, and 303 °C demonstrating four different material reactions to cycles in strain rate 

during a tensile test. After each strain rate change, the flow stress developed characteristics of the new 

strain rate and strain rate sensitivities were calculated (see Figures 4.41-4.44). At room temperature and 

temperatures above 250 °C for all line pipe steels tested, plastic flow was continuous during both strain 
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rates. At approximately 200 °C serrated yielding was observed in the high and low strain rate conditions 

for the jump test at low strains. In the temperature range of 225-250 °C serrated yielding was observed in 

the high strain rate condition at low strains and continuous deformation was observed in the low strain 

rate conditions during the jump test. 

The presence of peaks and valleys (depending on the direction of strain rate change) were 

observed immediately after each strain rate jump and were referred to as an “acceleration effect.” The 

shape of the acceleration effect differed depending on temperature and the type of plastic deformation 

observed (continuous or serrated) in the flow curve. At room temperature, peaks and valleys from the 

acceleration effect were significantly smaller than the peaks and valleys observed at elevated 

temperatures. The morphology of the peaks and valleys from the acceleration effect for testing conditions 

that exhibited serrated yielding was different compared to the peaks and valleys observed at room 

temperature and high temperature conditions. In the temperature range of 200-250 °C (where serrated 

yielding was observed in at least one strain rate condition) the peaks and valleys appeared sharp and 

similar in shape compared to serrations. For up jump conditions, a peak was observed initially (at the 

onset of the change in strain rate), followed immediately by a valley before steady state plastic 

deformation was achieved. The presence of both a peak and valley caused by a change in strain rate was 

not expected and was likely a result of DSA causing negative strain rate sensitivity (discussed below). At 

temperatures greater than 250 °C where continuous deformation was observed at both strain rates, the 

acceleration effect exhibited a similar morphology as the acceleration effect observed at room 

temperature, however the peaks and valleys were larger at elevated temperatures. A complete set of jump 

test stress strain curves for all materials and temperatures tested is presented in Appendix C. 

Methods for measuring strain rate sensitivity using the jump test for all elevated temperature 

testing conditions were discussed in detail in Section 3.3.3. A general increase in flow stress with 

increasing strain rate, resulting in positive strain rate sensitivity, was observed in the jump tests that 

exhibited continuous plastic deformation at both strain rates. The increase in flow stress for the room 

temperature condition was similar at all strains (about a 6-8 MPa change) resulting in relatively constant 

strain rate sensitivity as a function of strain. The change in flow stress increased with increasing strain 

throughout the jump test for testing conditions above 250 °C, resulting in an increase in strain rate 

sensitivity as a function of strain. 

Flow stress decreased with increasing strain rate, resulting in negative strain rate sensitivity, for 

jump test specimens that exhibited serrated yielding. Serrations in the stress-strain curve were only 

present at low strains in the temperature range of 200-250 °C; however, negative strain rate sensitivity 

was measured at all strains during the jump test. For most testing conditions that exhibited serrated 

yielding, strain rate sensitivity approached zero with increasing strain. 
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Figure 4.40 Jump test true stress-strain curves of X70 1.5Ti/N tested at 25, 208, 250, and 303 °C. 
Engineering strain rate cycled from 1.67 x 10-4 to 1.67 x 10-3 s-1. Arrows indicate the 
strain rate imposed on the tensile specimen at various strains.  

 

Strain rate sensitivity calculations using 0.03 and 0.05 flow stress measurements from elevated 

temperature tensile testing (see Section 4.2.4) were compared to strain rate sensitivity calculations from 

jump test measurements in Figures 4.41-4.44. Jump test strain rate sensitivities were calculated from jump 

tests in the up jump condition at 0.03 ± 0.01 and 0.05 ± 0.01 true strains to compare strain rate 

sensitivities at approximately the same strain between the two methods. 

Figure 4.41 compares strain rate sensitivity measurements using jump test and flow stress 

methods as a function of temperature for X52 0.3Ti/N. At room temperature, strain rate sensitivity 

measurements between the two measurement methods were comparable with  values positive and 

approximately 0.007, suggesting that both testing methods were appropriate for measuring strain rate 

sensitivity. Strain rate sensitivity measurements at elevated temperature using flow stress and jump test 

methods exhibited similar functionality compared to each other with respect to temperature. Negative 
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strain rate sensitivity was observed in the temperature range of 200-250 °C using both measurement 

methods. A transition from negative strain rate sensitivity to positive strain rate sensitivity (at the strain 

rates tested) was observed at approximately 250-275 °C for the jump test method, and approximately 275-

300 °C for the flow stress measurement method. Positive strain rate sensitivities were observed in the 

high testing temperature conditions for both test methods. Negative strain rate sensitivity was likely a 

result of DSA, and the transition from negative to positive strain rate sensitivity likely indicates the 

approximate temperature where DSA becomes inactive and no longer contributes to the mechanical 

properties of X52 0.3Ti/N. 

 

Figure 4.41 A comparison of strain rate sensitivity () of X52 0.3Ti/N measured at 0.03 and 
0.05 true strain as a function of testing temperature using the (a) jump test and (b) flow 
stress (from elevated temperature tensile testing). Jump test  was measured in the up 
jump condition within 0.01 true strain of the target true strain. 

 

Figures 4.42-4.44 shows a comparison of strain rate sensitivity measurements using jump test and 

flow stress methods as a function of temperature for X70 1.5Ti/N, X70 3.1Ti/N and X70 1.8Ti/N 

respectively. Strain rate sensitivity measurements for the X70 steels were similar to each other, and 

discussion of strain rate sensitivity primarily considers the X70 3.1Ti/N data (Figure 4.43). As discussed 

in Section 4.2.4, negative strain rate sensitivity was observed (as a result of DSA) using the flow stress 

measurement method in the range of 200-350 °C, suggesting that DSA was active in the X70 steels at 

higher temperatures than X52 0.3Ti/N. However, strain rate sensitivity measured using the jump test 
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method exhibited different functionality with respect to temperature compared to strain rate sensitivity 

measured using flow stress. Negative strain rate sensitivity was observed from 200-250 °C (the same 

temperature range as X52 0.3Ti/N) and a transition from negative to positive strain rate sensitivity was 

observed around 250-275 °C in the jump test data. Negative strain rate sensitivity observed in the jump 

test data was likely a result of DSA since strain rate sensitivity was only negative in testing conditions 

that exhibited serrated yielding in the jump test flow curves. The transition from negative to positive jump 

test strain rate sensitivity for all four line pipe steels at approximately the same temperature suggests that 

the temperature and strain rate conditions for DSA is independent of microstructure. 

 

Figure 4.42 A comparison of strain rate sensitivity () of X70 1.5Ti/N measured at 0.03 and 
0.05 true strain as a function of testing temperature using the (a) jump test and (b) flow 
stress (from elevated temperature tensile testing). Jump test  was measured in the up 
jump condition within 0.01 true strain of the target true strain. 

 

More characterization is required to determine why there is a significant difference in 

functionality of strain rate sensitivity with respect to temperature for the two measurement methods for 

the three X70 steels. Jump test strain rate sensitivity exhibited less variation as a function of temperature 

compared to flow stress strain rate sensitivity measurements. As mentioned in Section 4.2.4, only one 

tensile specimen was tested in each testing condition, which could result in significant variability in strain 

rate sensitivity calculations. One advantage of the jump test method for measuring strain rate sensitivity 

was that the jump test removes the statistical variability between tensile samples because  value was 
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calculated using one tensile sample. However, variability between tensile samples (in the flow stress 

measurement method) was not likely the cause of the difference in strain rate sensitivity functionalities 

with respect to temperature between both measurement methods since negative strain rate sensitivities 

were measured for most elevated temperature testing conditions in all three X70 steels. 

 

Figure 4.43 A comparison of strain rate sensitivity () of X70 3.1Ti/N measured at 0.03 and 
0.05 true strain as a function of testing temperature using the (a) jump test and (b) flow 
stress (from elevated temperature tensile testing). Jump test  was measured in the up 
jump condition within 0.01 true strain of the target true strain. 

 

Due to cycling between strain rates in the jump tests, metallurgical interactions that may occur at 

elevated temperatures as a result of material deformation (such as DSA, dislocation sub-structure 

formation, precipitate coarsening, dynamically precipitating carbides or nitrides, or tempering of 

martensite in MA islands) could differ compared to constant strain rate tensile tests. DSA was the only 

phenomena that was verified to be observed in line pipe steels in the current study. Further discussion on 

the differences between strain rate sensitivity measurement methods and how they compare to the serrated 

yielding regime, ductility, flow strength, and strain hardening is included in Section 4.4. 
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Figure 4.44 A comparison of strain rate sensitivity () of X70 1.8Ti/N measured at 0.03 and 
0.05 true strain as a function of testing temperature using the (a) jump test and (b) flow 
stress (from elevated temperature tensile testing). Jump test  was measured in the up 
jump condition within 0.01 true strain of the target true strain. 

4.4 Elevated Temperature Mechanical Properties of Line Pipe Steels 

Mechanical properties were evaluated at room temperature and in the temperature range of 200-

350 °C of a ferrite-pearlite X52 and three acicular ferrite X70 line pipe steels using tensile testing of 

specimens oriented in the longitudinal direction of the as-hot rolled plate. Plastic deformation 

characteristics, ductility, strength, strain hardening behavior, and strain rate sensitivity were evaluated as 

a function of temperature at various strain rates. The current section outlines the characteristics of the line 

pipe steels evaluated at elevated temperatures discussed in detail in Sections 4.2 and 4.3. Table 4.3 shows 

the temperatures where specific characteristics were observed at elevated temperatures in the four line 

pipe steels for the low (1.67 x 10-4 s-1) and high (1.67 x 10-3 s-1) strain rate conditions. The mechanical 

properties of interest include: the upper bound of the temperature range where serrated yielding was 

observed (TTSerrations, Max), the temperature where a maximum in total elongation was observed (TTE, Max), 

the temperature where a maximum in yield strength was observed (Tσ, Max (σ0.002)), the temperature where 

a maximum in flow stress measured at 0.05 true strain was observed (Tσ, Max (σ0.05)), the temperature 

where a maximum in strain hardening was observed (Tθ, Max), the temperature range where flow stress 

strain rate sensitivity calculations transitioned from negative to positive (TTSRS, σ), and the temperature 
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range where jump test strain rate sensitivity transitioned from negative to positive (TTSRS, Jump). A dash in 

Table 4.3 indicates that the material exhibited a functionality with respect to temperature that did not 

produce the maxima or transition observed in at least one other material. In some testing conditions, a 

maximum in flow stress or strain hardening was assumed to be greater than or equal to a testing 

temperature of 350 °C which was also indicated in Table 4.3. 

 

Table 4.3 Critical Temperatures for Line Pipe Steels 

TCritical X52 0.3Ti/N X70 1.5Ti/N X70 3.1Ti/N X70 1.8Ti/N 
(°C) 10-4 s-1 10-3 s-1 10-4 s-1 10-3 s-1 10-4 s-1 10-3 s-1 10-4 s-1 10-3 s-1 

TTSerrations, Max* 215 255 230 255 230 260 220 265 
TTE, Max  - - 300 325-350 300 325 250 300 

Tσ, Max (σ0.002) - - 225 - - - 200, 300 275 
Tσ, Max (σ0.05) 250 275 275 300 325 ≥350 250, 300 275, 325 

Tθ, Max 275 300 325 ≥350 ≥350 ≥350 ≥350 ≥350 
TTSRS, σ** 275-300 - - - 

TTSRS, Jump** 250-275 250-275 250-275 250-275 
*Transition temperature for serrated yielding to continuous plastic deformation. 

**Transition temperature for negative to positive strain rate sensitivity. 
 

 

All materials exhibited serrated yielding as a result of DSA at elevated temperatures. A transition 

from serrated yielding (localized plastic deformation) to continuous deformation was observed in the 

temperature range of 215-230 °C in the low strain rate condition and 255-265 °C for the high strain rate 

condition for all four line pipe steels, which suggested that testing conditions where serrated yielding was 

observed (and potentially DSA) was independent of microstructure between ferrite-pearlite steels and 

acicular ferrite steels. A minimum in ductility as a function of testing temperature was observed in all four 

line pipe steels at testing conditions where serrated yielding was observed which was further evidence 

that DSA was active in all line pipe steels.  

Mechanical properties as a function of temperature for X52 0.3Ti/N exhibited characteristics that 

would be expected of a material where DSA was an active strengthening mechanism. Important 

characteristics include: the presence of serrated yielding, a minimum in ductility as a function of 

temperature, a maximum in flow stress as a function of temperature, a maximum in strain hardening as a 

function of temperature, and negative strain rate sensitivity (calculated using both flow stress and jump 

test methods). The maxima in flow stress and strain hardening as a function of temperature occurred at 

temperatures greater than the upper bound of the temperature range where serrated yielding was observed 

for all strain rate conditions tested, which was unexpected because the literature [25, 44] shows that the 

maxima in flow stress and strain hardening should occur in a testing condition where serrated yielding 

was observed. Strain rate sensitivity transitioned from negative to positive at temperatures slightly greater 
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than the upper bound of the temperature range where serrated yielding was observed as well. It was 

possible that small serrations (damped out by mechanical characteristics of the load line in the tensile 

frame) in the stress strain curve were present at slightly higher temperatures which could explain why the 

maxima in flow stress and strain hardening, along with negative strain rate sensitivity was observed in 

some testing conditions where deformation appeared uniform. More characterization work is required to 

verify the functionalities of the mechanical properties with respect to temperature; however, DSA is the 

most likely metallurgical phenomena that would result in the mechanical properties characteristics 

observed at elevated temperatures for X52 0.3Ti/N. 

The X70 steels exhibited all of the tensile testing characteristics associated with DSA as 

described by Rodriguez [31]. Based on serrated yielding observations, reduced ductility in testing 

conditions where serrated yielding was observed, and jump test strain rate sensitivity results, DSA was 

likely active at similar temperatures for all four line pipe steels (as discussed earlier); however, the 

functionalities of the mechanical properties with respect to temperature differed compared to 

X52 0.3Ti/N. Table 4.3 outlines a maxima in total elongation measurements as a function of temperature 

that occurred at similar temperatures (within 25 °C) as the maxima in flow stress for all three X70 steels. 

When DSA is inactive in a metal, ductility is expected to increase as a function of temperature (a trend 

that was observed in X52 0.3Ti/N). Negative strain rate sensitivity (usually associated with DSA) 

calculated using flow stress measurements at 0.03 and 0.05 true strain was observed in most elevated 

temperature testing conditions for the three X70 steels, including testing conditions where continuous 

deformation was observed. At high testing temperatures where DSA becomes inactive and continuous 

plastic deformation is observed, strain rate sensitivity is expected to transition from negative to positive 

(observed in X52 0.3Ti/N) according to the literature [31, 42]. It was possible that the negative flow stress 

strain rate sensitivity measurements were a result of statistical variations between tensile specimens; 

however, since negative strain rate sensitivity was observed in all three X70 steels for most testing 

conditions, it was more likely that the negative flow stress strain rate sensitivity observed was a result of 

DSA at intermediate temperatures and another metallurgical phenomenon related to the acicular ferrite 

microstructure (currently unidentified, possibilities discussed below) at higher temperatures.  

The maxima in flow stress at 0.05 true strain were observed at greater temperatures for a given 

strain rate in the X70 steels compared to X52 0.3Ti/N. X70 1.5Ti/N and X70 3.1Ti/N exhibited similar 

functionality in flow stress compared to X52 0.3Ti/N, but the higher temperature where the maxima were 

observed suggested that either DSA was active at higher temperatures in the X70 steels, or another 

metallurgical phenomenon related to the acicular ferrite microstructure at elevated temperatures results in 

improved strength as well as ductility (hence the maxima in total elongation). Flow stress measured at 

0.05 true strain as a function of temperature for X70 1.8Ti/N exhibited slightly different functionality 
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compared to the other line pipe steels because two maximum peaks in flow stress were observed at all 

strain rates (both maxima are included in Table 4.3). The maxima in flow stress observed at lower 

temperatures for X70 1.8Ti/N occurred at similar temperatures as the maxima in flow stress observed in 

X52 0.3Ti/N, suggesting that the low temperature maxima in X70 1.8Ti/N was a result of DSA. The 

higher temperature maxima in flow stress observed in X70 1.8Ti/N was observed at temperatures 

comparable to the maxima in flow stress observed in the other X70 steels, suggesting that the 

metallurgical phenomena related to the acicular ferrite microstructure affects the strength of the material 

at greater temperatures than DSA. A metallurgical phenomena with improved strength at greater 

temperatures than DSA could also explain why the maxima in strain hardening occurred at higher 

temperatures in the X70 steels compared to X52 0.3Ti/N. 

The differences in functionality of ductility, flow stress, strain hardening, and flow stress strain 

rate sensitivity with respect to temperature between the ferrite-pearlite X52 0.3Ti/N and the acicular 

ferrite X70 steels suggested that metallurgical phenomena occurred at elevated temperatures in the 

acicular ferrite microstructure that was not present in the ferrite-pearlite microstructure. Both 

microstructures primarily consist of ferrite grains, however the acicular ferrite microstructure was 

significantly finer than the ferrite pearlite microstructure (see micrographs in Section 4.1). The acicular 

ferrite microstructure is also associated with a higher dislocation density compared to the ferrite-pearlite 

microstructure [17]. Two microconstituents were identified in each microstructure. X52 0.3Ti/N 

contained pearlite colonies and carbide formation along the grain boundaries, and the X70 steels 

contained martensite-austenite (MA) constituent, and retained austenite islands. 

Possible metallurgical phenomena that could occur during deformation at elevated temperatures 

in the acicular ferrite microstructure include: DSA, precipitate coarsening, dynamic precipitation of 

carbides or nitrides, tempering of martensite in the MA constituent, and strain induced transformation of 

RA islands. The presence of DSA was verified in the X70 steels and was discussed extensively in the 

present research. The line pipe steels contain a significant amount of microalloying elements which can 

form carbides and nitrides, and can contribute to increased mechanical properties via precipitation 

strengthening. Elevated temperatures, and strain could provide enough energy for precipitate coarsening, 

which (depending on the size of the precipitates already present) could increase the strength of the X70 

steels. Okamoto [42, 43] proposed that dynamic precipitation could be occuring in high temperaure 

testing conditions that exhibit smooth plastic flow and high strain hardening rates. Elevated temperatures 

and low strain rates could allow for tempering of martensite in the MA islands, which could impact 

material strength. Deformation could cause the retained austenite to transform to martensite; however, 

transformation of retained austenite was unlikely since the retained austenite should be more stable at 

elevated temperatures. More detailed microstructural analysis could be used to determine if dynamic 
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precipitation, tempering of martensite in MA constituent, or strain induced transformation of retained 

austenite occurred in the X70 line pipe steels. 

Of the possible metallurgical phenomena discussed above, dynamic precipitation is the most 

likely cause of the difference in functionality of the mechanical properties with respect to temperature 

between the X52 and X70 steels. Precipitation coarsening is not likely because precipitates resulting from 

microalloying in steels typically strengthen steels via Orowan bowing [62] and not shearing of carbides 

(which is what would be required to increase strength with increasing particle size). Tempering of 

martensite and transformation of retained austenite are also unlikely because of their low volume fractions 

within the acicular ferrite microstructure. Okamoto [42, 43] showed that dynamic precipitation was more 

likely to occur in steels with high dislocation densities when tested at low strain rates and elevated 

temperatures. The acicular ferrite microstructure observed in the X70 steels likely has a greater 

dislocation density than the X52 steel, and the functionality of strength with respect to temperature of the 

X70 steels was similar to Richards [39] non-traditional bainite steel which likely had dynamic 

precipitation strengthening under similar testing conditions as the present study. 

4.5 Long Term Aging Under Load Testing 

 

Figure 4.45 Partial engineering stress-strain curves taken to 0.05 engineering strain for 
X70 1.5Ti/N comparing standard elevated temperature tensile tests to LTA tensile 
tests. Testing temperatures were 200, 275, and 350 °C and the engineering strain rate 
was 8.33 x 10-4 s-1. LTA tensile specimens were aged for 100 h at the testing 
temperature while stressed (in tension) to 419 MPa prior to tensile testing. 

 

In order to simulate the extended use of line pipe steels in the SAGD process, long term aging 

under load (LTA) testing was designed using a modified creep rupture frame and elevated temperature 

tensile testing. LTA samples consisted of X70 steel tensile specimens aged for 100 h under a tensile stress 
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of 419MPa at 200, 275, and 350 °C prior to elevated temperature tensile testing. The testing temperatures 

for LTA specimens were the same as the aging temperatures. The current section compares standard 

elevated temperature tensile data (discussed in previous sections) to LTA tensile data. 

 

Figure 4.46 Partial engineering stress-strain curves taken to 0.05 engineering strain for 
X70 3.1Ti/N comparing standard elevated temperature tensile tests to LTA tensile 
tests. Testing temperatures were 200, 275, and 350 °C and the engineering strain rate 
was 8.33 x 10-4 s-1. LTA tensile specimens were aged for 100 h at the testing 
temperature while stressed (in tension) to 419 MPa prior to tensile testing. 

 

Figures 4.45-4.47 show partial engineering stress-strain curves of standard elevated temperature 

tensile tests and LTA tensile tests (up to 0.05 engineering strain) for the three X70 steels. Serrated 

yielding was observed at 200 °C and continuous yielding was observed at 275 and 350 °C in the LTA 

tensile samples for all three X70 steels. Distinct yield point elongation (YPE) and an increase in yield 

strength compared to standard tests, as a result of static strain aging, was observed in the LTA samples at 

275 and 350 °C for all three X70 steels. Based on the increase in yield strength compared to the standard 

elevated temperature specimens, static strain aging was likely present in the 200 °C LTA tensile samples 

as well, evident by the increase in yield strength compared to standard tests. Continuous yielding was 

observed in standard elevated temperature tensile specimens for all X70 steels at elevated temperatures. 

Static strain aging results in an increase in yield strength in the LTA tensile samples when 

compared to standard elevated temperature tensile samples. Most 200 and 275 °C LTA tensile tests 

exhibit increased flow stress at most strains up to the UTS. The exception is X70 1.5Ti/N at 200 °C where 

flow stress was approximately the same for LTA and standard tests. In the 350 °C LTA tensile tests, flow 

stresses measured at low strains (less than 0.01 engineering strain) were greater than flow stresses 

measured in the standard elevated temperature tensile specimens. Due to decreased strain hardening in 
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LTA specimens at 350 °C, flow stress values for standard tensile specimens were greater than flow stress 

values in LTA specimens at engineering strains greater than 0.01. 

 

Figure 4.47 Partial engineering stress-strain curves taken to 0.05 engineering strain for 
X70 1.8Ti/N comparing standard elevated temperature tensile tests to LTA tensile 
tests. Testing temperatures were 200, 275, and 350 °C and the engineering strain rate 
was 8.33 x 10-4 s-1. LTA tensile specimens were aged for 100 h at the testing 
temperature while stressed (in tension) to 419 MPa prior to tensile testing. 

4.5.1 Discontinuous Plastic Flow Behavior 

Type B serrated yielding was observed at 200 °C for both the standard and LTA elevated 

temperature tensile specimens in all three X70 steels. Even though the type of serrated yielding was 

consistent for the standard and LTA tensile tests, X70 3.1Ti/N and X70 1.8Ti/N (Figures 4.46 and 4.47) 

exhibited an increase in serration stress amplitude in LTA tensile tests. The observed stress amplitude is 

typically measured as the change in stress due to one serration in the stress strain curve and is often used 

to measure activation energy for DSA. Methods for measuring stress amplitude are described by Pink 

[59]. An increase in the magnitude of stress drops for X70 3.1Ti/N and X70 1.8Ti/N could indicate that 

solute atoms more efficiently pinned dislocations in the LTA tests compared to standard elevated 

temperature tests. Therefore DSA could contribute more to strength after long term exposure to 

temperature and stress. However, X70 1.5 Ti/N (Figure 4.45) exhibited very little change in mechanical 

properties and flow behavior at 200 °C. Serration behavior, including the magnitude of the stress 

amplitude of the Type B serrations in X70 1.5Ti/N was similar in the LTA and standard tensile data. It 

was unclear why X70 1.5Ti/N 200 °C LTA specimens exhibited different characteristics compared to the 

other two X70 steels. More testing is required to fully characterize the change in discontinuous flow 

behavior after the material has been aged under stress. 
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4.5.2 Mechanical Properties after Extended Exposure to Temperature and Stress 

Both yield strength and UTS in the LTA tensile tests differed from corresponding values in 

standard elevated temperature tensile tests for all LTA testing conditions. Figure 4.48 shows a comparison 

of 0.2% YS and UTS of the three X70 steels tested using the LTA tensile tests and the standard elevated 

temperature tensile tests. The LTA yield strengths were higher for most testing conditions for all three 

X70 steels. At 200 °C, higher UTS values were observed in X70 3.1Ti/N and X70 1.8Ti/N (Figures 4.48b 

and 4.48c). Both yield strength and UTS changed very little compared to the standard tensile properties at 

200 °C for X70 1.5Ti/N (Figure 4.48a). 

 

(a) 

  

(b) (c) 
Figure 4.48 0.002 yield stress and UTS measurements as a function of temperature for standard 

elevated temperature tensile test specimens and LTA tensile test specimens for (a) 
X70 1.5Ti/N, (b) X70 3.1Ti/N, and (c) X70 1.8Ti/N. The strain rate for all tensile 
tests was 8.33 x 10-4 s-1.  
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The highest yield strength and UTS for the three LTA conditions tested for each material were 

measured at 275 °C. While there was a significant increase in yield strength of LTA samples compared to 

standard samples at 275 °C, UTS was slightly higher in X70 1.5Ti/N and X70 1.8Ti/N, and UTS was 

similar for X70 3.1Ti/N compared to standard tests. At 350 °C, all LTA samples exhibited higher yield 

strengths and lower UTS values compared to standard elevated temperature tensile samples.  

Strain hardening, observed qualitatively as the slope of the engineering stress-strain curves in 

Figures 4.45-4.47 showed that as temperature increased from 200 to 350 °C, there was a significant 

difference between strain hardening in the standard elevated temperature tensile specimens and the LTA 

tensile specimens (quantitative strain hardening measurements discussed below). At 200 °C, strain 

hardening in standard and LTA tensile tests appeared to be similar compared to each other. Strain 

hardening appeared to be greater in the standard elevated temperature tensile specimens compared to the 

LTA tensile specimens when tested at 275 and 350 °C, where tests conducted at 350 °C had the greatest 

difference in strain hardening. 

In order to quantify the difference in strain hardening between LTA and standard elevated 

temperature tensile tests the equation 

 θ = ∆σ ∆�⁄ = � . 5 − � . 0.05 − 0.0⁄  (4.2) 

was used, where � is strain hardening, � is true flow stress, and � is true strain (slightly different 

from strain hardening discussed in Section 4.2.3 due to the presence of YPE in all testing conditions). 

Table 4.4 shows strain hardening based on true flow stress measurements at 0.03 and 0.05 flow stress for 

the three X70 steels tested using standard elevated temperature tensile testing and LTA tensile testing. 

Flow stress and strain hardening measurements from standard elevated temperature tensile specimens 

recorded in Table 4.4 are from individual tensile specimens, while LTA measurements are based on the 

average between two LTA tensile specimens. The difference in strain hardening between standard and 

LTA tensile tests was in the range of 0.1-0.5 GPa at 200 °C, 0.7-1.0 GPa at 275 °C, and 0.9-1.6 GPa at 

350 °C for all three X70 steels. 

The decrease in strain hardening with increasing temperature for the LTA samples was observed 

in the strength data presented in Figure 4.48. At 200 °C, where strain hardening was most similar between 

standard and LTA tests, yield strength and UTS of LTA specimens were approximately equal to 

(X70 1.5Ti/N) or greater than (X70 3.1Ti/N and X70 1.8Ti/N) yield strength and UTS measured in 

standard test specimens. The difference in strain hardening of LTA specimens compared to standard 

specimens increased at 275 °C, where there was an increase in yield strength, but very little change in 

UTS. Strain hardening in LTA specimens tested at 350 °C was significantly less than strain hardening in 

standard tensile specimens resulting in a decrease in UTS of up to 85 MPa even with an increase in yield 

strength.  
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Table 4.4 Strain Hardening Comparison of Standard and LTA Tensile Tests 

Material Test Temperature (°C) σ0.03 (MPa) σ0.05 (MPa) θ0.03-0.05 (GPa) 
X70 1.5Ti/N Standard 200 593 622 1.5 
X70 1.5Ti/N LTA 200 573 607 1.7 
X70 1.5Ti/N Standard 275 596 634 1.9 
X70 1.5Ti/N LTA 275 625 656 1.6 
X70 1.5Ti/N Standard 350 597 639 2.1 
X70 1.5Ti/N LTA 350 572 605 1.7 
X70 3.1Ti/N Standard 200 597 631 1.7 
X70 3.1Ti/N LTA 200 626 656 1.5 
X70 3.1Ti/N Standard 275 642 677 1.8 
X70 3.1Ti/N LTA 275 652 683 1.6 
X70 3.1Ti/N Standard 350 642 692 2.5 
X70 3.1Ti/N LTA 350 606 638 1.6 
X70 1.8Ti/N Standard 200 638 679 2.1 
X70 1.8Ti/N LTA 200 637 694 2.7 
X70 1.8Ti/N Standard 275 678 719 2.1 
X70 1.8Ti/N LTA 275 708 742 1.7 
X70 1.8Ti/N Standard 350 681 737 2.8 
X70 1.8Ti/N LTA 350 639 676 1.9 

 

 

Static strain aging and DSA are likely unable to account for the decrease in strain hardening 

observed in the LTA samples. Static strain aging typically only affects yield strength and yielding 

behavior, and DSA likely becomes inactive around 250-275 °C (based on elevated temperature tensile 

data). One metallurgical phenomenon that could explain the change in strain hardening in the LTA 

specimens is precipitate coarsening during the aging process. All three X70 steels have a significant 

amount of niobium and titanium microalloying elements that could contribute to strength by means of 

precipitation strengthening. If the precipitates coarsened enough over the 100 h age under a 419 MPa 

load, strengthening from precipitates could decrease resulting in decreased strain hardening and flow 

stress. Tempering of the martensite in MA islands could differ between standard and LTA test since the 

aging temperatures in the modified creep rupture frames were the same as the elevated temperature tensile 

testing temperatures. Dynamic precipitation and strain induced transformation of retained austenite 

islands did not likely change between LTA and standard tensile tests because no measureable plastic 

deformation occurred during the 100 h aging process. More microstructural characterization is required to 

determine if any or all of these metallurgical phenomena occur in the acicular ferrite line pipe steels 

during elevated temperature tensile testing or the long term aging process.  
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4.6 Fractography 

After elevated temperature tensile testing, fracture surface photographs (fractographs) of the line 

pipe steels were taken to document the change in fracture behavior with increasing temperature. Example 

fractographs of X52 0.3Ti/N, X70 3.1Ti/N, X70 1.8Ti/N and X70 1.5Ti/N tested at various temperatures 

are shown in Figures 4.49a-4.49d respectively. All tensile samples were oriented longitudinally along the 

rolling direction of the plate (refer to Section 3.3.2). Each fractograph was taken perpendicular to the 

average fracture surface (i.e. parallel to the tensile loading direction, or correspondingly along the rolling 

direction of the plate). X52 0.3Ti/N exhibited nearly isotropic deformation, evident by the near perfect 

circle shape of the fracture surface. The X70 steels exhibited greater amounts of deformation in the 

through thickness direction of the plate compared to the longitudinal direction of the plate, resulting in 

anisotropic deformation and oval shape fracture surfaces at all testing temperatures. The normal and 

transverse directions of X70 1.8Ti/N, and X70 3.1Ti/N were verified by comparing the flats in the 

threaded grips on the tensile samples (flats present since the plate thicknesses were slightly less than 

12.7 mm) to the orientation of the oval fracture surface. The through thickness (normal) direction was 

parallel to the smallest diameter across the oval shaped fracture surface (minor diameter), and the 

transverse direction was parallel to the largest diameter across the oval shaped fracture surface (major 

diameter). The X70 1.5Ti/N tensile samples were machined from 15.2 mm thick plate and thus did not 

contain the reference “flats” on the threaded ends. X70 1.5Ti/N likely had the same orientation 

relationships observed in the fracture surface as the other two X70 steels since the general shape of the 

fracture surface was the same. Normal and transverse directions of X52 0.3Ti/N were unable to be 

verified due to the nearly isotropic shape of the fracture surfaces and the absence of flats in the threaded 

grips of the tensile samples. 

There were two macroscopic fracture features observed in the tensile samples, a fibrous zone and 

shear lips. The fibrous zone and shear lips are labeled on the example fractographs in Figure 4.49. The 

ASM Handbook on Failure Analysis and Prevention defines the fibrous zone to be a gray and matte 

fracture that results in ductile materials that have undergone the crack formation mechanism of microvoid 

coalescence [60]. Fibrous zones were observed in the center of the tensile specimens, perpendicular to the 

loading direction, and indicate where failure initiated. Crack initiation in the center of a specimen resulted 

in an embedded crack. As a result of the embedded crack there was a plastic deformation zone ahead of 

the embedded crack tip as the crack grew. When the plastic deformation zone interacted with the surface 

of the tensile sample shear failure occurred, resulting in the formation of shear lips. Shear lips are defined 

as a macroscale slanting plane on a fracture surface, often found in mixed mode fractures, in which a 

central portion of the fracture surface is normal to the applied load (fibrous zone), but then the fracture 
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surface changes to a slant as it approaches the free surface perpendicular to the direction of crack 

propagation [60]. 

  

(a) (b) 

  

(c) (d) 
Figure 4.49 Light optical fractographs of (a) a nearly isotropic fracture surface of X52 0.3Ti/N 

tested at 25 °C and 1.67 x 10-3 s-1, (b) an anisotropic fracture surface of X70 3.1Ti/N 
tested at 202 °C and 1.67 x 10-3 s-1, (c) an anisotropic fracture surface of 
X70 1.8Ti/N tested at 252 °C and 1.67 x 10-3 s-1 and (d) an anisotropic fracture 
surface of X70 1.5Ti/N tested at 327 °C and 1.67 x 10-4 s-1. Arrows and circles/ovals 
indicate fibrous zones, shear lips, and the general shape of the fracture surface. 
Rolling (RD), normal (N), and transverse (T) directions were verified for all X70 
steels, but only RD was verified for X52 0.3Ti/N. Sample orientation remains 
constant for all X70 steels. The color of the fracture surface is dependent on oxide 
thickness, which varies as a function of testing temperature and the time of exposure 
to the testing temperature. 

 

 

The color of the fracture surfaces was dependent on the thickness of the oxide layer that 

developed on the steel surface at elevated temperatures. Oxide color varies as a function of testing 

temperature and the time of exposure to the testing temperature. Higher temperatures and longer exposure 

times result in increasing oxide thickness, which changes the apparent color of the fracture surfaces. 

Fractured tensile samples were removed from the elevated temperature tensile testing equipment 1-2 min 

after fracture and allowed to air cool to room temperature. The various colors observed on the fracture 
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surfaces varied mainly as a function of temperature since the time of exposure to elevated temperatures is 

similar for all specimens. The oxide color observed on the tensile specimens closely matches the oxide 

colors predicted in the temper color chart (see Appendix D) of plain carbon tool steels [61]. 

Figure 4.50 shows fracture surfaces of X52 0.3Ti/N as a function of testing temperature and strain 

rate. Figure 4.50 demonstrates that there was little change in fracture behavior as a function of strain rate 

in the range of 1.67 x 10-4 and 1.67 x 10-3 s-1 for X52 0.3Ti/N at elevated temperatures around 200, 250, 

300, and 350 °C. Negligible changes in fracture behavior as a function of strain rate were observed in the 

X70 steels as well. Fractographs of tensile specimens tested at all temperatures and a strain rate of 

8.33 x 10-4 s-1 are included in the current section and a complete collection of fractographs for all tensile 

testing conditions in the current study is included in Appendix D. 

Figure 4.51 shows fractographs for all X52 0.3Ti/N elevated temperature tensile specimens tested 

at a strain rate of 8.33 x 10-4 s-1. The general shape of the fracture surfaces at all temperatures was 

approximately a circle, indicating that X52 0.3Ti/N exhibited near isotropic deformation at all testing 

temperatures. Some testing conditions such as 204 and 345 °C in Figure 4.51 appeared to have more of an 

oval shaped fracture surface, which was due to the shape of the shear lips caused by the crack changing 

direction as it propagated through the tensile specimen. Specimens that exhibited similar shaped shear lips 

to the 204 and 345 °C were still assumed to have isotropic deformation because the shape of the fibrous 

zone was circular. 

 

X52 0.3Ti/N Standard Elevated Temperature Tensile Test (1.67 x 10-4 and 1.67 x 10-3 s-1) 
205 °C (10-4 s-1) 254 °C (10-4 s-1) 299 °C (10-4 s-1) 355 °C (10-4 s-1) 

    

204 °C (10-3 s-1) 249 °C (10-3 s-1) 302 °C (10-3 s-1) 350 °C (10-3 s-1) 

    

Figure 4.50 Light optical fractographs of X52 0.3Ti/N standard elevated temperature tensile 
specimens tested at strain rates of 1.67 x 10-4 and 1.67 x 10-3 s-1 and various 
temperatures. 
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X52 0.3Ti/N Standard Elevated Temperature Tensile Test (8.33 x 10-4 s-1) 
25 °C 204 °C 229 °C 251 °C 

    

276 °C 298 °C 326 °C 345 °C 

    

Figure 4.51 Light optical fractographs of X52 0.3Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 8.33 x 10-4 s-1 and various temperatures. 

 

 

Figure 4.52 shows fractographs of X70 1.5Ti/N of standard and LTA elevated temperature tensile 

specimens tested at a strain rate of 8.33 x 10-4 s-1. An oval fracture surface that was a result of anisotropic 

deformation was observed at all testing temperatures. Anisotropic deformation in the bainitic line pipe 

steels was interpreted to reflect material texture. The shapes of the fibrous zone and shear lips was 

affected by the anisotropic deformation of the plate. Fibrous zones had an elongated appearance in the 

transverse direction and shear lips initiated closer to the surface of the tensile sample in the transverse 

direction (compared to the normal direction). The plane along the transverse direction of the plate was 

often a location for the crack to change directions during final failure, causing the tip of the shear lip to 

point in a different direction. LTA tensile samples exhibited similar fracture behavior as the standard 

elevated temperature tensile samples for all three LTA testing conditions, an observation which suggests 

that the crystallographic texture was unchanged by the exposure under load at temperature. 

Figures 4.53 and 4.54 show fractographs of X70 3.1Ti/N and X70 1.8Ti/N respectively, of 

standard and LTA elevated temperature tensile specimens tested at a strain rate of 8.33 x 10-4 s-1. The 

fracture behaviors of X70 3.1Ti/N and X70 1.8Ti/N were very similar to X70 1.5Ti/N. Anisotropic 

deformation was observed at all testing conditions and LTA tensile tests exhibited little change in fracture 

appearance compared to standard elevated temperature tensile tests. 
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X70 1.5Ti/N Standard Elevated Temperature Tensile Test (8.33 x 10-4 s-1) 
25 °C 203 °C 222 °C 250 °C 

    

270 °C 296 °C 326 °C 358 °C 

    

X70 1.5Ti/N LTA Tensile Test (8.33 x 10-4 s-1) 
200 °C 275 °C 350 °C 

   

Figure 4.52 Light optical fractographs of X70 1.5Ti/N standard and LTA elevated temperature 
tensile specimens tested at a strain rate of 8.33 x 10-4 s-1 and various temperatures. 

 

 

A dimension change in the oval shape of the fracture surfaces as a function of temperature was 

observed in the X70 steels. In order to provide a quantitative analysis of the anisotropic deformation 

observed in the X70 line pipe steels, the fracture surfaces were assumed to be perfect ovals and the ratio 

of the minor diameter (DMinor) to major diameter (DMajor) was measured directly from the fractographs. 

The shape of a fracture surface from a material that exhibited nearly isotropic deformation was 

approximately a perfect circle (observed in X52 0.3Ti/N) and had a minor to major diameter ratio equal or 

close to 1.0. Materials that exhibited anisotropic deformation, resulted in an oval shaped fracture surface 

and had a minor to major diameter ratio less than 1.0. Higher degrees of anisotropic deformation resulted 

in a lower minor to major diameter ratio. Figure 4.55 shows schematically how the minor diameter and 

major diameter of the oval shaped fracture surfaces were measured directly from the fractograph for each 

X70 steel. Measuring the dimensions of the fracture surface from the fractograph is a systematic 

approximation of the deformation behavior of the line pipe steels and does not account for the three 

dimensional shape of the fracture surface. 

 



 96 

X70 3.1Ti/N Standard Elevated Temperature Tensile Test (8.33 x 10-4 s-1) 
25 °C 200 °C 221 °C 250 °C 

    

273 °C 300 °C 327 °C 358 °C 

    

X70 3.1Ti/N LTA Tensile Test (8.33 x 10-4 s-1) 
200 °C 275 °C 350 °C 

   

Figure 4.53 Light optical fractographs of X70 3.1Ti/N standard and LTA elevated temperature 
tensile specimens tested at a strain rate of 8.33 x 10-4 s-1 and various temperatures. 

 

  

Figure 4.56 correlates the minor to major diameter ratio with test temperature for the three X70 

line pipe steels. Each steel exhibited diameter ratios that increased with test temperature, a well defined 

maximum, and data independent of strain rate or prior thermal history under load. The functionality of the 

change in anisotropic deformation as a function of temperature for the three X70 steels were similar to 

each other and the discussion of anisotropic deformation is based on X70 3.1Ti/N (Figure 4.56b). Room 

temperature tensile testing conditions resulted in the highest degrees of anisotropic deformation, having a 

minor to major diameter ratio around 0.55-0.59. As temperature increased from 200 to 300 °C the minor 

to major diameter ratio increased (the shape fracture surface becomes more circular) to around 0.82-0.84 

and formed a maxima around 300 °C. A general decrease in minor to major diameter ratio was observed 

at temperatures greater than 300 °C. 
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X70 1.8Ti/N Standard Elevated Temperature Tensile Test (8.33 x 10-4 s-1) 
25 °C 207 °C 229 °C 249 °C 

    

276 °C 301 °C 331 °C 353 °C 

    

X70 1.8Ti/N LTA Tensile Test (8.33 x 10-4 s-1) 
200 °C 275 °C 350 °C 

   

Figure 4.54 Light optical fractographs of X70 1.8Ti/N standard and LTA elevated temperature 
tensile specimens tested at a strain rate of 8.33 x 10-4 s-1 and various temperatures. 

 

 

 

 

Figure 4.55 Fractograph of X70 3.1Ti/N tested at 358 °C and 1.67 x 10-4 s-1. The minor diameter 
(parallel to the through thickness direction on the plate) and major diameter (parallel to 
the transverse direction on the plate) are labeled and measured directly from the 
fractograph. Sample orientation and method for measuring minor and major diameters 
remain constant for all X70 fractographs. 
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For each steel the effect of temperature on the degree of anisotropy (Figure 4.56) was similar to 

the corresponding effect on strength (Figures 4.25-4.31) with both anisotropy and strength data exhibiting 

maxima at elevated temperatures around 300 °C. A maxima in minor to major diameter ratio was related 

to a minima in anisotropic deformation of the line pipe steels. The variation of anisotropic deformation at 

elevated temperatures suggested that the ductility of the plate in the through thickness direction as a 

function of temperature decreased at a greater rate compared to the ductility of the plate in the transverse 

direction as a function of temperature in the temperature range of 200-300 °C (individual measurements 

of fracture surface minor and major diameters are included in Appendix D). 

One possible cause of the maxima in minor to major diameter ratio at elevated temperatures in the 

X70 line pipe steels was DSA. DSA was confirmed as an active strengthening mechanism at elevated 

temperatures in the X70 steels and likely contributed significantly to the strength increase observed at 

elevated temperatures (refer to Sections 4.2 and 4.3). Assuming the decrease in ductility in the through 

thickness direction of the plate was a result of increased strength in the same orientation, the elevated 

temperature strengthening mechanisms (such as DSA) could be preferentially strengthening the material 

along certain crystallographic orientations. In such a situation, the minor to major diameter ratio of the 

X70 line pipe steels tested at temperatures greater than 300 °C would be expected to decrease as a 

function of temperature, at least to the ratio associated with the room temperature tests. More testing at 

temperatures greater than 350 °C is required to verify the observed trend in minor to major diameter ratio. 

Anisotropy is typically undesirable in line pipe steels due to variations in strength and toughness 

in different orientations in the plate [19–21]. The decrease in anisotropic deformation at elevated 

temperatures compared to room temperature tests could be beneficial for line pipe steels exposed to 

elevated temperatures. Operating conditions around 300 °C exhibited optimal mechanical properties due 

to the maximum in strength and ductility (Section 4.2), as well as a minimum in anisotropic deformation. 

Long term exposure to elevated temperatures and stress had little effect on the anisotropic deformation 

behavior of line pipe steels. 
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(a) 

  

(b) (c) 
Figure 4.56 Degree of anisotropic deformation (minor to major diameter ratio) as a function of 

temperature of (a) X70 1.5Ti/N, (b) X70 3.1Ti/N, and (c) X70 1.8Ti/N. Minor to 
major diameter ratio was measured directly from fractographs of tensile samples 
tested under all temperature and strain rate conditions related to the current study for 
standard and LTA tensile testing. 
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CHAPTER 6 

CONCLUSIONS 

 

1. A time efficient elevated temperature tensile testing procedure was designed to test the mechanical 

properties of line pipe steels. Elevated temperature tensile tests (of as-received and aged tensile 

specimens) and jump testing were performed with the designed apparatus. Tensile tests were 

conducted at room temperature and in the temperature range of 200-350 °C and strain rates of 

1.67 x 10-4, 8.33 x 10-4, and 1.67 x 10-3 s-1. 

2. The microstructures of the line pipe steels were evaluated using light optical microscopy (LOM) and 

scanning electron microscopy (SEM). The microstructure of the X52 steel was characterized as 

ferrite-pearlite with carbides observed along the grain boundaries. The microstructures of the three 

X70 steels were characterized as acicular ferrite with martensite-austenite (MA) constituents and 

retained austenite (RA) islands. 

3. Two types of tensile deformation behavior were observed in the line pipe steels: continuous plastic 

deformation was observed at room temperature and at high testing temperatures; and Serrated 

yielding, which was a direct result of dynamic strain aging (DSA), was observed at intermediate 

testing temperatures. The upper bound of the temperature range where serrated yielding was observed 

shifted to greater temperatures with increasing strain rate. All four line pipe steels exhibited serrated 

yielding under similar temperature/strain rate conditions compared to each other, suggesting that the 

temperature range where DSA was active was independent of microstructure for ferrite-pearlite and 

acicular ferrite line pipe steels. 

4. Dynamic strain aging observed in X52 0.3Ti/N was evident by: serrated flow, a minimum in ductility 

as a function of temperature, a maximum in flow stress as a function of temperature, a maximum in 

average strain hardening rate as a function of temperature, and negative strain rate sensitivity that 

transitions to positive strain rate sensitivity when DSA became inactive.  

5. A minima in ductility and a transition from negative to positive jump test strain rate sensitivity as a 

function of temperature was observed for all four line pipe steels. In comparison to the X52 steel, the 

X70 steels exhibited a maxima in flow stress occurred at greater temperatures, two maxima peaks in 

flow stress (for X70 1.8Ti/N only), a maximum in ductility observed at elevated temperatures, and 

negative flow stress strain rate sensitivity in the temperature range of 200-350 °C. The most likely 

cause of the differences in mechanical properties between the X70 and X52 steels was dynamic 

precipitation which could occur at temperatures greater than the DSA strengthening regime.  

6. A specialized low temperature aging test (LTA) was developed to simulate the mechanical properties 

of the line pipe steels after extended use in the steam assisted gravity drainage process. Extended 
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exposure to temperature and stress of the X70 steels resulted in increased yield strength (compared to 

standard elevated temperature tensile tests) as a result of static strain aging at all temperatures tested. 

All X70 steels exhibited increased UTS at 200 °C, no difference in UTS at 275 °C, and decreased 

UTS at 350 °C in the LTA testing conditions compared to the standard testing conditions.  

7. The degree of anisotropic deformation changed as a function of temperature for the X70 line pipe 

steels, which was observed by the change in shape of the tensile specimen fracture surfaces. A 

minimum in anisotropic deformation was observed around 300 °C at all strain rates tested for the X70 

steels.  

8. Considering the tensile properties, ideal elevated temperature operating conditions in the temperature 

range relevant to the steam assisted gravity drainage process for the X70 line pipe steels was around 

275-325 °C due to continuous plastic deformation, maximum ductility, maximum flow stress, 

improved strain hardening, reduced anisotropic deformation, and after extended use at elevated 

temperatures, the yield strength increases with little change in UTS.  
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CHAPTER 7 

FUTURE WORK 

 

Elevated temperature mechanical properties of the acicular ferrite X70 steels exhibited strength, 

ductility, and strain rate sensitivity functionalities that were different than the functionalities observed in 

the literature on steels tested at similar temperature and strain rate ranges [23, 25, 26, 31, 35, 44]. More 

mechanical property and microstructural characterization could be beneficial to determine if precipitate 

coarsening, dynamic precipitation, tempering of martensite in MA islands, or transformation of austenite 

affects the mechanical properties.  

Okamoto [43] shows that dynamic precipitation is a strain rate sensitive phenomenon. The solute 

atoms need sufficient time in order for precipitates to form and contribute to strength. Therefore, dynamic 

precipitation is expected in low strain rate testing conditions. Performing elevated temperature tests on the 

X70 steels at a strain rate significantly greater than 1.67 x 10-3 s-1 could provide evidence of dynamic 

precipitation. If dynamic precipitation is active in the X70 steels, increased strain rates should cause a 

change in the functionality of the mechanical properties at elevated temperatures to be more similar to the 

X52 steel and traditional DSA literature.  

Okamoto [43] also suggests that dislocation substructure can affect dynamic precipitation. 

Therefore, transmission electron microscopy (TEM) could be used to study dislocation substructure 

formation during elevated temperature tensile testing. TEM could also be used to measure precipitate size 

in order to characterize if precipitate sizes change after an elevated temperature tensile test.  

Leslie [24] shows that dislocation density increases with a greater slope as a function of plastic 

strain when DSA is an active strengthening mechanism in steels. X-ray diffraction (XRD) could be used 

to characterize how dislocation density changes for the acicular ferrite X70 steels compared to the ferrite-

pearlite X52 steels.  

More testing is required to determine what caused the change in anisotropic deformation 

observed in fractography. It is possible that a strengthening mechanism such as DSA preferentially 

strengthens the steel along certain crystallographic orientations which could change the anisotropic 

deformation behavior.  

The titanium to nitrogen ratio was used as an approximation of the amount of free nitrogen 

available in the material. It could be beneficial to measure the amount of free nitrogen in the line pipe 

steels using internal friction. Metallurgical phenomena such as DSA and dynamic precipitation depend on 

interstitial solute atom interactions with dislocations or substitutional solute atoms respectively. 

Quantifying the amount of free nitrogen and carbon could provide insight on plastic deformation behavior 

and strengthening from DSA.  



 103 

It could also be beneficial to design an alloy that meets all of the industrial requirements of an 

X70 steel that is optimized for the steam assisted gravity drainage (SAGD) process. Since DSA is an 

active strengthening mechanism during the SAGD process, alloying specifically so that free nitrogen is 

available for solid solution strengthening could result in more desired mechanical properties. Identifying 

all metallurgical phenomena that occurs during elevated temperature deformation (possibilities mentioned 

above) is required to design such an alloy.  
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APPENDIX A 

ELEVATED TEMPERATURE MECHANICAL PROPERTIES OF AN X80 PLATE 

 

Appendix A includes data for an X80 steel tested along with the X52, and the three X70 steels in 

the current study. Table A.1 shows the plate thickness and chemical composition of the X80 steel 

indicated with the titanium to nitrogen ratio as X80 2.8Ti/N. X80 2.8Ti/N was not included in the MS 

thesis due to irregularities in the elevated temperature tensile data. 

Table A.1 Chemical Composition and Plate Thicknesses of Line Pipe Steels 

wt pct Thickness (mm) C Mn Si Ni Cr Mo Ti 
X80 2.8Ti/N 15.7 0.038 1.77 0.24 0.36 0.16 0.090 0.019 

 
wt pct Nb V Al  N S P Cu B Ti/N 

X80 2.8Ti/N 0.090 0.001 0.043 0.0068 0.0030 0.011 0.23 0.001 2.79 
 

 

Figure A.1 shows LOM and SEM micrographs of X80 2.8Ti/N. The microstructure of 

X80 2.8Ti/N was characterized as granular bainitic ferrite with a lightly etched secondary phase.  

 

Figure A.1 X80 2.8Ti/N LOM and SEM micrographs. (a) LOM representative microstructure, (b) 
SEM representative microstructure, and (c) high magnification SEM micrograph 
showing granular ferrite with a lightly etched secondary phase (possibly martensite). 
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Figure A.2 Partial elevated temperature tensile curves for X80 2.8Ti/N tested at a strain rate of 
1.67 x 10-4 s-1.  

 

 

Figure A.3 Partial elevated temperature tensile curves for X80 2.8Ti/N tested at a strain rate of 
8.33 x 10-4 s-1. 
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Figure A.4 Partial elevated temperature tensile curves for X80 2.8Ti/N tested at a strain rate of 
1.67 x 10-3 s-1. 

Figures A.2-A.4 show the partial engineering stress strain curves plotted up to 0.05 engineering 

strain. Figures A.5-A.7 shows the 0.2%YS, UTS measurements at elevated temperatures of X80 2.8Ti/N.  

 

Figure A.5 Yield strength and UTS as a function of temperature of X80 2.8Ti/N tested at a strain 
rate of 1.67 x 10-4 s-1. 
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Figure A.6 Yield strength and UTS as a function of temperature of X80 2.8Ti/N tested at a strain 
rate of 8.33 x 10-4 s-1. 

 

 

Figure A.7 Yield strength and UTS as a function of temperature of X80 2.8Ti/N tested at a strain 
rate of 1.67 x 10-3 s-1. 

 

Scatter in the tensile data was investigated. Five room temperature tensile tests of X80 2.8Ti/N 

was performed at a strain rate of 1.67 x 10-4 s-1. The five tensile specimens were selected at random from 

a bin of 40 samples machined from the X80 plate. Figure A.8 shows two different stress-strain 

functionalities, suggesting that the mechanical properties of X80 2.8Ti/N are inconsistent throughout the 

plate. Carbon content was verified for all five room temperature tensile specimens to ensure that all 
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specimens were taken from the same plate. One possible explanation of the variation in stress-strain 

behavior could be non-uniform cooling after thermomechanical processing.  

 

Figure A.8 Room temperature tensile tests of X80 2.8Ti/N showing two different stress-strain 
functionalities. 
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APPENDIX B 

TYPES OF SERRATED YIELDING OBSERVED IN LINE PIPE STEELS 

 

The following section includes partial true stress-strain curves for all tensile specimens that 

exhibited serrated yielding. In each figure, the type of serrated yielding observed is characterized 

following the classification scheme shown by Rodriguez in figure 2.19. 

 

(a) 

  

(b) (c) 

   

(d) (e) (f) 
Figure B.1 True stress strain curves of testing conditions where serrated yielding was observed 

for X52 0.3Ti/N. The type of serrated yielding is identified under the flow curve and 
transitions in the type of plastic flow are identified by the dashed lines. 
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(a) (b) 

  

(c) (d) 

   

(e) (f) (g) 

Figure B.2 True stress strain curves of testing conditions where serrated yielding was observed 
for X70 1.5Ti/N. The type of serrated yielding is identified under the flow curve and 
transitions in the type of plastic flow are identified by the dashed lines. 
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(a) 

   

(b) (c) (d) 

   

(e) (f) (g) 

Figure B.3 True stress strain curves of testing conditions where serrated yielding was observed 
for X70 3.1Ti/N. The type of serrated yielding is identified under the flow curve and 
transitions in the type of plastic flow are identified by the dashed lines. 
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(a) 

   

(b) (c) (d) 

   

(e) (f) (g) 

Figure B.4 True stress strain curves of testing conditions where serrated yielding was observed 
for X70 1.8Ti/N. The type of serrated yielding is identified under the flow curve and 
transitions in the type of plastic flow are identified by the dashed lines. 
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APPENDIX C 

JUMP TEST STRESS STRAIN CURVES 

Appendix C contains jump test true stress-strain curves for strain rate sensitivity measurements. 

 

Figure C.1 X52 0.3Ti/N jump test stress-strain curves. 
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Figure C.2 X70 1.5Ti/N jump test stress-strain curves. 
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Figure C.3 X70 3.1Ti/N jump test stress-strain curves. 
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Figure C.4 X70 1.8Ti/N jump test stress-strain curves. 
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APPENDIX D 

FRACTOGRAPHY 

 

Appendix D shows fractographs for all elevated temperature tensile tests, a temper color chart 

that closely matches oxide colors observed on fracture surfaces, and a table of X70 fracture surface 

geometries used to calculate minor and major diameter for the anisotropy discussion. 

X52 0.3Ti/N Standard Elevated Temperature Tensile Test (1.67 x 10-4 s-1) 
25 °C 205 °C 228 °C 254 °C 

    

275 °C 299 °C 327 °C 355 °C 

    

Figure D.1 Light optical fractographs of X52 0.3Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 1.67 x 10-4 s-1 and various temperatures. 

 

 

 

X52 0.3Ti/N Standard Elevated Temperature Tensile Test (8.33 x 10-4 s-1) 
25 °C 204 °C 229 °C 251 °C 

    

276 °C 298 °C 326 °C 345 °C 

    

Figure D.2 Light optical fractographs of X52 0.3Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 8.33 x 10-4 s-1 and various temperatures. 
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X52 0.3Ti/N Standard Elevated Temperature Tensile Test (1.67 x 10-3 s-1) 
25 °C 204 °C 226 °C 249 °C 

    

273 °C 302 °C 325 °C 350 °C 

    

Figure D.3 Light optical fractographs of X52 0.3Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 1.67 x 10-3 s-1 and various temperatures. 

 

 

 

 

 

X70 1.5Ti/N Standard Elevated Temperature Tensile Test (1.67 x 10-4 s-1) 
25 °C 205 °C 224 °C 250 °C 

    

273 °C 300 °C 327 °C 355 °C 

    

Figure D.4 Light optical fractographs of X70 1.5Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 1.67 x 10-4 s-1 and various temperatures. 
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X70 1.5Ti/N Standard Elevated Temperature Tensile Test (8.33 x 10-4 s-1) 
25 °C 203 °C 222 °C 250 °C 

    

270 °C 296 °C 326 °C 358 °C 

    

Figure D.5 Light optical fractographs of X70 1.5Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 8.33 x 10-4 s-1 and various temperatures. 

 

 

 

 

 

X70 1.5Ti/N Standard Elevated Temperature Tensile Test (1.67 x 10-3 s-1) 
25 °C 203 °C 221 °C 250 °C 

    

273 °C 300 °C 326 °C 355 °C 

    

Figure D.6 Light optical fractographs of X70 1.5Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 1.67 x 10-3 s-1 and various temperatures. 
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X70 3.1Ti/N Standard Elevated Temperature Tensile Test (1.67 x 10-4 s-1) 
25 °C 202 °C 235 °C 249 °C 

    

275 °C 299 °C 326 °C 355 °C 

    

Figure D.7 Light optical fractographs of X70 3.1Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 1.67 x 10-4 s-1 and various temperatures. 

 

 

 

 

 

X70 3.1Ti/N Standard Elevated Temperature Tensile Test (8.33 x 10-4 s-1) 
25 °C 200 °C 221 °C 250 °C 

    

273 °C 300 °C 327 °C 358 °C 

    

Figure D.8 Light optical fractographs of X70 3.1Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 8.33 x 10-4 s-1 and various temperatures. 
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X70 3.1Ti/N Standard Elevated Temperature Tensile Test (1.67 x 10-3 s-1) 
25 °C 202 °C 226 °C 249 °C 

    

274 °C 300 °C 327 °C 358 °C 

    

Figure D.9 Light optical fractographs of X70 3.1Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 1.67 x 10-3 s-1 and various temperatures. 

 

 

 

 

 

X70 1.8Ti/N Standard Elevated Temperature Tensile Test (1.67 x 10-4 s-1) 
25 °C 215 °C 238 °C 251 °C 

    

275 °C 302 °C 332 °C 356 °C 

    

Figure D.10 Light optical fractographs of X70 1.8Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 1.67 x 10-4 s-1 and various temperatures. 
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X70 1.8Ti/N Standard Elevated Temperature Tensile Test (8.33 x 10-4 s-1) 
25 °C 207 °C 229 °C 249 °C 

    

276 °C 301 °C 331 °C 353 °C 

    

Figure D.11 Light optical fractographs of X70 1.8Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 8.33 x 10-4 s-1 and various temperatures. 

 

 

 

 

 

X70 1.8Ti/N Standard Elevated Temperature Tensile Test (1.67 x 10-3 s-1) 
25 °C 207 °C 220 °C 252 °C 

    

276 °C 296 °C 332 °C 353 °C 

    

Figure D.12 Light optical fractographs of X70 1.8Ti/N standard elevated temperature tensile 
specimens tested at a strain rate of 1.67 x 10-3 s-3 and various temperatures. 
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Figure D.13 Temper color chart showing the temper colors assumed by plain carbon tool steel just 
as it reaches the temperatures indicated. Soaking at heat causes colors to progress 
further [61].  
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Table D.1 Fracture Surface Geometries of X70 Line Pipe Steels 

X70 1.5Ti/N 

Temperature (°C) Strain Rate (s-1) DMajor (mm) DMinor (mm) DMinor/DMajor 

25 1.67 x 10-4 3.49 1.99 0.57 
205 1.67 x 10-4 3.70 2.49 0.67 
224 1.67 x 10-4 4.04 2.76 0.68 
250 1.67 x 10-4 3.90 2.77 0.71 
273 1.67 x 10-4 3.84 2.83 0.74 
300 1.67 x 10-4 3.81 3.14 0.82 
327 1.67 x 10-4 3.88 2.97 0.77 
358 1.67 x 10-4 3.65 2.83 0.78 
25 8.33 x 10-4 3.35 1.98 0.59 
203 8.33 x 10-4 3.60 2.53 0.70 
222 8.33 x 10-4 3.72 2.52 0.68 
250 8.33 x 10-4 3.71 2.66 0.72 
270 8.33 x 10-4 3.85 2.99 0.78 
296 8.33 x 10-4 4.04 2.96 0.73 
326 8.33 x 10-4 3.81 3.07 0.81 
358 8.33 x 10-4 3.76 2.84 0.76 
25 8.33 x 10-4 3.44 2.04 0.59 
203 1.67 x 10-3 3.63 2.31 0.64 
221 1.67 x 10-3 3.60 2.58 0.72 
251 1.67 x 10-3 3.61 2.65 0.73 
270 1.67 x 10-3 3.83 2.69 0.70 
300 1.67 x 10-3 3.95 3.13 0.79 
326 1.67 x 10-3 3.68 2.95 0.80 
354 1.67 x 10-3 3.76 2.53 0.67 

200 (LTA) 8.33 x 10-4 3.67 2.46 0.67 
200 (LTA) 8.33 x 10-4 3.84 2.72 0.71 
275 (LTA) 8.33 x 10-4 3.77 2.61 0.69 
275 (LTA) 8.33 x 10-4 3.70 2.65 0.72 
350 (LTA) 8.33 x 10-4 3.79 3.04 0.80 
350 (LTA) 8.33 x 10-4 3.63 2.85 0.79 

X70 3.1Ti/N 

Temperature (°C) Strain Rate (s-1) DMajor (mm) DMinor (mm) DMinor/DMajor 

25 1.67 x 10-4 3.60 1.99 0.55 
202 1.67 x 10-4 3.69 2.58 0.70 
236 1.67 x 10-4 4.01 2.85 0.71 
249 1.67 x 10-4 3.89 3.01 0.77 
275 1.67 x 10-4 4.12 3.44 0.83 
299 1.67 x 10-4 3.59 2.97 0.83 
326 1.67 x 10-4 3.66 3.02 0.83 
355 1.67 x 10-4 3.57 2.71 0.76 
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X70 3.1Ti/N (continued) 

Temperature (°C) Strain Rate (s-1) DMajor (mm) DMinor (mm) DMinor/DMajor 

25 8.33 x 10-4 3.53 2.07 0.59 
200 8.33 x 10-4 3.62 2.14 0.59 
221 8.33 x 10-4 3.68 2.41 0.65 
250 8.33 x 10-4 4.21 3.07 0.73 
273 8.33 x 10-4 3.90 3.19 0.82 
300 8.33 x 10-4 3.89 3.27 0.84 
327 8.33 x 10-4 4.07 3.41 0.84 
358 8.33 x 10-4 3.60 2.83 0.79 
25 1.67 x 10-3 3.45 2.00 0.58 
202 1.67 x 10-3 4.05 2.61 0.64 
226 1.67 x 10-3 3.70 2.49 0.67 
249 1.67 x 10-3 3.93 2.93 0.75 
274 1.67 x 10-3 3.96 2.95 0.74 
300 1.67 x 10-3 4.04 3.34 0.83 
326 1.67 x 10-3 3.79 3.09 0.82 
327 1.67 x 10-3 3.73 3.12 0.84 
358 1.67 x 10-3 3.85 2.82 0.73 

200 (LTA) 8.33 x 10-4 3.67 2.47 0.67 
200 (LTA) 8.33 x 10-4 3.77 2.48 0.66 
275 (LTA) 8.33 x 10-4 3.98 3.28 0.82 
275 (LTA) 8.33 x 10-4 3.99 3.36 0.84 
350 (LTA) 8.33 x 10-4 3.61 2.71 0.75 
350 (LTA) 8.33 x 10-4 3.60 2.67 0.74 

X70 1.8Ti/N 

Temperature (°C) Strain Rate (s-1) DMajor (mm) DMinor (mm) DMinor/DMajor 

25 1.67 x 10-4 3.73 2.39 0.64 
215 1.67 x 10-4 4.39 3.26 0.74 
238 1.67 x 10-4 4.00 3.25 0.81 
251 1.67 x 10-4 4.22 3.22 0.76 
274 1.67 x 10-4 4.57 3.92 0.86 
302 1.67 x 10-4 4.19 3.43 0.82 
332 1.67 x 10-4 3.69 2.93 0.79 
356 1.67 x 10-4 3.73 2.92 0.78 
25 8.33 x 10-4 3.76 2.20 0.59 
207 8.33 x 10-4 3.97 2.97 0.75 
229 8.33 x 10-4 3.89 2.88 0.74 
249 8.33 x 10-4 4.16 3.15 0.76 
276 8.33 x 10-4 4.33 3.42 0.79 
301 8.33 x 10-4 4.42 3.81 0.86 
331 8.33 x 10-4 3.79 3.17 0.84 
359 8.33 x 10-4 3.82 2.79 0.73 

Table D.1 Continued 
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X70 1.8Ti/N (continued) 

Temperature (°C) Strain Rate (s-1) DMajor (mm) DMinor (mm) DMinor/DMajor 

25 1.67 x 10-3 3.79 2.30 0.61 
207 1.67 x 10-3 3.98 3.04 0.76 
220 1.67 x 10-3 3.83 2.46 0.64 
252 1.67 x 10-3 4.14 3.27 0.79 
276 1.67 x 10-3 4.36 3.53 0.81 
296 1.67 x 10-3 3.95 3.23 0.82 
332 1.67 x 10-3 3.78 2.93 0.78 
353 1.67 x 10-3 3.80 2.80 0.74 

200 (LTA) 8.33 x 10-4 4.32 2.92 0.68 
200 (LTA) 8.33 x 10-4 4.09 2.79 0.68 
275 (LTA) 8.33 x 10-4 4.48 3.79 0.85 
275 (LTA) 8.33 x 10-4 4.73 3.83 0.81 
350 (LTA) 8.33 x 10-4 4.34 3.53 0.81 
350 (LTA) 8.33 x 10-4 3.97 2.90 0.73 

 

 

  

Table D.1 Continued 
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APPENDIX E 

GRAIN SIZE AND VOLUME FRACTION OF FERRITE 

 

Appendix E contains measured grain size from scanning electron microscopy results presented in 

Section 4.1. Grain size measurements were performed using procedures outlined in ASTM E-112 [63]. 

Volume fraction measurements were used to determine the volume fraction of ferrite and the total volume 

fraction of all other microconstituents and follow ASTM E562-11 [64]. More characterization work is 

needed to determine volume fraction of martensite-austenite islands and retained austenite islands.  

 

Table E.1 Grain Size and Volume Fraction of Ferrite Measurements 

Material Average Grain 
Size (μm) 

Average Volume Fraction 
Ferrite (pct) 

Average Volume 
Fraction MA+RA (pct) 

X52 0.3Ti/N 16.1 90 10 
X70 1.5Ti/N 3.4 90 10 
X70 3.1Ti/N 2.4 93 7 
X70 1.8Ti/N 2.1 88 12 

 

 


