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EXECUTIVE SUMMARY 
 

This investigation is part of a major consolidated program of research that is supported by the US 

Department of Transportation Pipeline and Hazardous Materials Safety Administration (US DOT 

PHMSA) and Pipeline Research Council International (PRCI) to advance weld design, establish 

weld testing procedures, and assessment methodologies, and develop optimized welding 

solutions for joining the high strength (X100 steel pipe) being considered for frontier pipelines. 

Construction of long distance pipelines with high operating pressures presents several technical 

challenges that are addressed in this program being co-sponsored by government and industry.  

 

Major advances in steelmaking and a move towards higher strength steel pipe to meet 

operational demands have come together to improve the economics of pipeline construction 

projects in harsh and environmentally challenging remote regions in the world. Welding is a 

critical step in the development of these projects and the technology to advance innovative high-

productivity techniques for joining high strength steel pipe is a focal point for research. One 

aspect of this research is the study of weld metal (WM) and related heat-affected zone (HAZ) 

structure and properties. These two regions, weld metal and heat affected zone, are the subjects 

of this investigation and have been reported separately. 

 

A Gleeble® thermal simulator was used to simulate HAZ microstructures and evaluate phase 

transformations associated with single and multipass regions of pipeline girth welds. The first 

step was to establish realistic thermal cycles (histories) for a wide range of welding 

process/procedure conditions, including GMAW-P welding. In this investigation the 

transformation behaviour of simulated grain coarsened heat-affected zone (GCHAZ) regions 

formed in three X100 pipe steels and a modern X80 pipe steel of similar composition were 

established by dilatometry. In addition, the notch toughness was evaluated using different 

simulated GCHAZ and intercritcally reheated (ICRGCHAZ) regions in order to establish the 

transition behaviour compared with the respective pipe steels. The initial work focused on the 

development of continuous cooling transformation (CCT) diagrams for the GCHAZ in three 

X100 pipe steels, as well as, for a modern X80 pipe steel. Differences in microstructure and 

hardness resulting from thermal cycles with peak temperature of 1350°C and cooling times from 

800°C to 500°C (Δt800-500) from 1 to 50 seconds were investigated. GCHAZ microstructures with 

varying proportions of lath martensite and different morphologies of bainite were found along 

with overall coarsening of the transformed microstructures with increasing cooing time. These 

changes are consistent with the corresponding reduction in hardness observed for a given pipe 

steel composition (hardenability).  There was a trend of decreasing notch toughness for the 

simulated HAZ regions (reductions of absorbed energies and shift in energy transition 

temperature to higher temperatures) for the simulated HAZ regions compared with the respective 

pipe steels. The pipe steel (X100-4) with the highest hardenability resulting from additions of Ni, 

Cr (instead of Mo), Cu and lower Nb with optimum Ti and N exhibited the best pipe steel and 

HAZ toughness. This correlates with the formation of more favourable HAZ microstructures of 

lath martensite with fine bainite microstructures resulting from the suppression of the  

transformation to lower temperatures over a wider range of cooling times.   
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1 INTRODUCTION 
 

This investigation is part of a major consolidated program with two parallel projects that were 

designed with common and complementary research activities to advance the primary focus 

areas:  

 
1. Update weld design, testing and assessment procedures for high strength steel 

pipelines [1] 

2. Develop optimized welding solutions for X100 line pipe steel [2] 

 
In the second focus area, a primary objective was to establish the key factors affecting strength 

and toughness of weld metal and heat affected zone regions for a range of pipeline girth welding 

process and procedure options. To this end, the work has been divided into two activities focused 

on assessment of (i) high strength steel WM, and (ii) HAZ generated in high strength steel pipes. 

In the first activity, selected welding consumables were used to produce welds with different 

chemical compositions applicable for narrow gap mechanized pipeline girth welding of high 

strength X100 (Grade 690) steel pipes [3]. In the second activity, which is the subject of this 

report, HAZ microstructure and toughness of high strength pipe steels were assessed using 

Gleeble
1
 thermal simulation techniques. This allowed the transformation behaviour to be 

characterized and microstructure and toughness correlations for thermally simulated HAZ 

regions to be determined. This work also helped with development and calibration of thermal-

microstructure models [4, 5], and with the evaluation and interpretation of baseline pipe welds 

[6-11] produced and analyzed in this program. 

 

Thermal simulation has been used to study HAZ structure and property relationships for many 

years with focus on a wide range of industrial applications, such as pipelines, offshore structures, 

and ships including the stringent requirements of submarines [10-18]. For industrial applications 

such as pipeline field construction, where relatively low energy inputs are used for joining pipes 

with narrow gap mechanized welding processes, thermal simulation is a very attractive method 

for assessing candidate steels because of its capability to reproduce a wide range of thermal 

cycles (welding conditions). This eliminates some of the challenges associated with the 

evaluation of actual pipe welds.  However, it cannot replace such evaluations or the necessary 

requirement for formal weld qualification testing [19-21]. For successful pipeline design and 

construction, selection of suitable pipe steels and appropriate welding consumables for 

demanding applications, to meet the required level of weld metal overmatching together with 

adequate ductility and good low temperature toughness becomes a challenge as the strength of 

the pipe increases. This challenge increases with the use of high-productivity advanced gas metal 

arc welding using pulse (GMAW-P) processes that are known to increase the cooling time and 

for multi-wire systems that can result in complex thermal cycles (histories).   

 

The objectives of this investigation were (i) to study the continuous cooling transformation 

(CCT) behaviours of the grain coarsened (GC) HAZ of three X100 pipe steels and an X80 pipe 

                                                 
1
  Gleeble® is a registered trademark of Dynamic Systems Inc. Corporation New York P.O. Box 123, 

Route 355 Poestenkill New York 12140 
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steel of similar composition using dilatometry in conjunction with optical and scanning electron 

microscopy, and detailed microhardness testing and (ii) to provide an evaluation of notch 

toughness (Charpy V-notch (CVN) transition behaviour) for a range of simulated GCHAZ and 

reheated HAZ regions found in pipeline girth welds. 

 

2 EXPERIMENTAL PROCEDURES 
 

2.1 Pipe Materials and Girth Welds 

 

Three different commercially produced (straight seam double submerged arc welded) X100 

(Grade 690) pipe steels and a modern X80 pipe material were selected for this study.  The pipes 

ranged from 36 to 48 in. (914 to 1219 mm) diameter with wall thicknesses from 0.465 to 0.750 

in (11.8 to 19.05 mm).  All specimens from the respective pipes were identified to simplify 

tracking: X100-2, X100-5, X100-4, or X80.   

 

Two series of rolled girth welds that made in large diameter (914 mm), thick wall (19.05 mm) 

X100 pipe (equivalent to X100-5 pipe) using a solid electrode wire and automated single and 

dual torch GMAW-P procedures were available for initial assessment of HAZ regions. For both 

single and dual torch welding the pipe was rotated to simulate vertical down welding. This 

allowed nearly identical welding parameters to be achieved for the full circumference of the 

pipe. For dual torch welding, the spacing between the torches was fixed at 4.75 in. (~121 mm). A 

minimum preheat temperature of 100ºC and maximum interpass temperature of 125ºC were used 

and closely monitored throughout welding. Thermal cycle data were also acquired, using a large 

number of thermocouples placed in predrilled holes to target the HAZ close to the fusion line, or 

by plunging them into the weld pool of selected fill passes. The welds were sectioned at the 

thermocouple locations and prepared for metallographic analysis [4, 6, 11]. 

 

2.2 Thermal Simulation and Testing Procedures 

 

Large numbers of Gleeble® specimen blanks for dilatometric and toughness testing were cut 

parallel to the pipe axis from each of the X100 and X80 pipes with all specimens centered near 

the mid-wall of the respective pipes. The blanks were subsequently machined to size (10 x 10 x 

76 mm). Two Gleeble® thermal simulators (Models 2000 and 3800) were used during this study 

to produce simulated HAZ microstructures and evaluate phase transformations associated with 

single and dual torch welding. The first step was to establish realistic thermal cycles for a range 

of welding process/procedure conditions with particular emphasis on GMAW-P welding. A 

series of Rykalin 3D cooling curves were generated to simulate the GCHAZ regions formed over 

a range of cooling times (Δt800-500 ~1 to 50s) and these were used to develop continuous cooling 

transformation (CCT) diagrams for the GCHAZ using a heating rate of 300 or 500°C/s to a peak 

temperature of 1350°C with a 1s hold and the specific cooling times shown in Table 1. The 

thermal cycles incorporated an effective preheat of 100°C to closely match the welding 

conditions employed in making the experimental baseline welds. The specimens for dilato-metric 

analysis were reduced at mid-length to a cylinder of 6 mm diameter over a 6 mm length. To 

achieve very short cooling times that would favour martensite formation, a few specimens were 

reduced to a 4 mm diameter over the 6 mm length. The radial expansion and contraction of the 

steel was monitored with a linear variable differential transformer (LVDT) supplied with the 
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Gleeble® thermal simulator. The LVDT was placed at the exact mid length of the reduced 

section. Thermal control was maintained via a Type K thermocouple welded to the surface of the 

specimen. The expansion/contraction of the steel was recorded as a function of temperature 

during the test. Transformation temperatures were obtained from the dilatation curves and 

subsequently plotted as GCHAZ CCT diagrams. The majority of the thermal cycles were 

selected to reflect the GMAW-P parameters and focus on shorter cooling times, while longer 

times were used to establish the transformation behaviours of the steels over a wider range of 

welding conditions.  

 

Table 1 provides complete details of the simulation conditions used to prepare specimens for 

toughness testing of selected simulated HAZ regions. This also included an assessment of the 

pipe steels along with two single-cycle simulated GCHAZs with cooling times Δt800-500 = 6 and 

10s, an intercritically reheated ICRGCHAZ (10% Ac3) and an interrupted (NTR)-ICRGCHAZ 

where the first cycle transformation was interrupted after 50% transformation and reheated to 

Tp2 = 10% Ac3. The specimen blanks were cycled and subsequently reduced to specification (10 

x 10 x 55 mm) and notched through thickness to assess properties transverse to the pipe axis 

(TPA). Each specimen was held in water cooled solid copper blocks with a pressure fit to ensure 

optimal heat conduction. It is important to note that the free span between the grips was set and 

maintained at 15 mm, optimized during initial testing. A total of 15 specimens were thermally 

cycled for each condition to allow full transition curves to be generated by testing triplicate 

specimens over a range of temperatures.  

 

2.3 Metallography, Microhardness Testing and Fractography 

 

The CCT samples were prepared for metallographic analysis by removing the 6 mm long 

reduced section of the specimen and cutting 2 mm away from the centrally located 

thermocouple. The section was then mounted under vacuum in clear epoxy. The samples were 

ground flush to the thermocouple plane to guarantee correlation of the thermal cycle and the 

microstructure. Grinding and polishing were achieved using diamond suspensions to a size of 1 

μm followed by a final colloidal silica polish of 0.05 μm. Samples were etched using a 3% Nital 

solution for 8-12 seconds. The microstructures were examined using an optical microscope at a 

range of magnifications. Microhardness traverses were made using a Clemex micro hardness 

indenter at 300 gram force; the values reported in the CCT diagrams are the average of a 

minimum of ten indents. The microstructural features of selected samples and the fracture 

surfaces of broken GCHAZ Charpy specimens were examined using scanning electron 

microscopy in a JEOL JCM-500 NeoScope. 

   

3 RESULTS 
 

3.1 Pipe Materials 

 

The large-diameter pipes used were made from low-alloy thermo-mechanical-controlled process 

(TMCP) steels with a specified minimum yield strength of 690 MPa (100 ksi) and 550 MPa (80 

ksi). Table 2 summarizes the compositions, carbon equivalents and bainite and martensite start 

temperatures calculated as proposed by Steven and Haynes [22].  All four pipe steels have 

similar C and Mn contents and are based on variations of the Ni-Mo-Cr-Cu-Nb-Ti alloying 
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system. The X100-2 pipe steel exhibits the lowest hardenability, as reflected by the calculated 

carbon equivalents. The X100-5 pipe steel higher nickel content with lower niobium and very 

low nitrogen, while the X100-4 pipe steel has increased additions of Ni, Cr, Cu, but low Nb and 

N compared to X100-2.  The X80 pipe steel has high Cr and Nb contents with comparatively low 

carbon equivalents values.  

 

Figure 1 shows representative micrographs for the pipe steels. The microstructures of X100-2 

and X100-5 consisted of fine bainite and martensite with occasional polygonal ferrite. In the 

latter case, significant banding is apparent in the microstructure owing to the steelmaking and 

thermo-mechanical processing used in steel production. The banding was examined and reported 

in more detail in a companion report [7]. The microstructure and hardness varied within the 

X100-5 pipe steel and this was linked to significant differences in proportions of bainite (286 

HV) and martensite (369 HV) in the microstructure. In contrast, a more uniform predominantly 

bainitic structure with occasional polygonal ferrite was observed in the X100-4 pipe steel. The 

markedly different structure of the X80 pipe steel, in Figure 1(d), was dominated by an acicular 

ferrite/bainite with polygonal ferrite microstructure. 

 

3.2 Dilatometric Data Analysis 

 

Volumetric expansion and contraction is associated with thermal strain and phase 

transformations. Dilatation curves were examined to establish the transformation start (Ts) and 

finish (Tf) temperatures based on deviation from linearity for the FCC decomposition and 

resultant transformation products [23-25]. Other temperatures such as the point of major 

transformation start (T3) based on an offset of ~3% were also determined as were any obvious 

inflection points where both austenite and its transformation products co-existed. For the X100 

and X80 pipe steels, a few samples were cooled very quickly (Δt800-500 = 2s) in an attempt to 

develop fully martensitic microstructures and determine the respective martensite start (Ms) 

temperatures. Dilatation curves in Figure 2 indicate that the major onset of transformation 

occurred at temperatures between 450 and 500°C for all three X100 pipe steels. The 

transformation start temperature is slightly lower for the X100-4 compared to X100-2 steel. For 

the X100-5 pipe steel, the curve is more rounded and deviation from linearity begins above 

500°C, indicating that a small transformation (to bainite) occurs before the Ms is reached. The 

major transformation for the X80 pipe steel is closer to 500°C, and using the predicted Ms of 

470°C as a guide, a significant fraction (~50%) of bainite is expected to form before the Ms is 

reached. Representative micrographs of the GCHAZ formed with the short cooling time (Δt800-500 

= 2s), are shown in Figure 3. Almost-fully-martensitic structures are seen for both X100-2 and 

X100-4, whereas a small amount of bainite formed along with martensite in X100-5 (Figure 

3(b)). In agreement with the dilatation curve, the GCHAZ structure of the X80 pipe steel 

contains regions of both fine and relatively coarse bainite regions along with some low-carbon 

lath martensite (Figure 3(d)). 

 

3.3 CCT Diagrams, Microstructure and Hardness 

 

CCT diagrams constructed for the GCHAZ are presented along with representative micrographs 

showing the microstructures formed at cooling times Δt800-500 = 6, 10, 30 and 50s in Figure 4 

through Figure 11. Table 4 lists the average, range, and standard deviations of the microhardness 
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values, which give a good indication of the observed variations and the trend towards lower 

hardness with increasing cooling times. From these data, it is evident that X100-5 had the largest 

standard deviation, whereas X100-4 had the most uniform results at the shorter cooling times. 

Figure 12 shows plot of average GCHAZ microhardness versus cooling time for the four pipe 

steels. There is marked decrease in GCHAZ hardness observed for the initial cooling times 

(Δt800-500  10s) for all pipe steels, except X100-4. The GCHAZ of the X100-4 steel has lower 

initial hardness (shortest cooling time) and decreases much more gradually and then generally 

parallels the other curves, but at higher overall microhardness levels. It is apparent from 

examination of the series of micrographs presented here that all simulated GCHAZ samples 

formed microstructures with varying proportions of lath martensite, fine bainite, upper bainite 

and/or granular bainite within the prior austenite grain interiors. Also evident is the relatively 

wide range of prior austenite grain sizes and a tendency for increasing grain size with longer 

cooling times.   

 

For the X100-2 pipe steel, the GCHAZ CCT (Figure 4) indicates formation of relatively high 

hardness (360 HV), predominantly martensitic structure at the shortest cooling times. There are 

higher proportions of bainite with further decreases in hardness at intermediate cooling times that 

continue to decrease gradually for the longest cooling times (Δt800-500 = 30 and 50 s, 250 and 235 

HV, respectively). Several packets containing bainitic ferrite laths of similar orientation can also 

be seen within an individual prior austenite grain, as evident in Figure 5. The GCHAZ CCT 

diagram for X100-5 reveals a smaller range over which both martensite and bainite are formed 

that is consistent with the observed microstructures (Figure 3(b) and Figure 7) and the greater 

range of microhardness values. Similar to X100-2, coarser mainly bainitic structures were found 

at the longer cooling times. In this case, formation of martensite-austenite (M-A) constituent 

phases between the bainitic ferrite laths can be seen in Figure 7(c) and (d). The situation is quite 

different for the more highly alloyed X100-4 pipe steel as revealed in the GCHAZ CCT diagram 

in Figure 8. Formation of much finer microstructures over the complete range of cooling times, 

combined with a more gradual decrease in microhardness (remaining above 300 HV for Δt800-500 

 17 s) is consistent with the comparatively low transformation temperatures and the resultant 

microstructures in Figure 9. High proportions of low carbon lath martensite are initially formed 

at the shorter cooling times (high cooling rates), while at intermediate times fine bainite forms at 

the expense of martensite. Note the small rise in transformation temperature and formation of 

fine bainite even at the longest cooling times, Δt800-500= 30 and 50 s. Although the X80 pipe steel 

has a carbon equivalent between the two leaner X100 pipe steels, it exhibited higher Ts 

temperatures (above 500°C). Even for the shortest cooling times a fully martensitic structure was 

not developed. From the CCT diagram in Figure 10, transformation to bainite extends 

completely across the entire range of imposed thermal cycles (range of cooling times). Lower 

hardnesses are related to formation of more bainitic microstructures (Figure 3(d) and Figure 11), 

especially at the longer cooling times where the bainitic ferrite laths are seen to be coarser. From 

the selected dilatometric data in Table 3, relative differences in transformation temperatures (Ts, 

T~3 and T50) with increasing cooling time for all four pipe steels are revealed and can be 

compared to the calculated Bs and Ms temperatures that are also provided. Reasonably close 

agreement is seen for T~3 offset temperature and the calculated Ms for the X100 pipe steels. The 

same is not true for the Bs temperatures, which represent transformation to a fully bainitic 

structure, where only the X80 pipe steel shows reasonable correlation. 
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In addition to the simulated single-cycle GCHAZ microstructures described above, selected 

double cycled HAZ regions were also included in this evaluation (Table 1).  Representative 

micrographs of the double-cycle ICR-GCHAZ and NTR-ICR-GCHAZ regions formed in the 

X100-05 and the X80 pipe steels are presented in Figure 13 and Figure 14, respectively.  For the 

ICR-GCHAZ simulation conditions used for the X100-5 pipe steel (Tp1=1350°C hold for  

1 s followed by Δt800-500= 6s down to 150 °C followed by second reheat at 250°C/s to 10% of the 

Ac3 (770°C), holding for 2 s followed by Δt800-500= 12s), it can be seen that prior austenite grains 

are decorated by a discontinuous second phase, while a relatively coarse predominately bainitic 

structure exists within the grain interiors.  This structure is consistent with the partial 

reaustenization and comparatively longer cooling time Δt800-500= 12s of the second cycle. In 

contrast, the interrupted (dual torch) NTR-ICR-GCHAZ exhibits a microstructure that resembles 

the single cycle GCHAZ (Figure 13(c)).  The images in Figure 14 reveal similar features for the 

HAZ regions formed in the X80 pipe steel, although there is much more complete delineation of 

the prior austenite grain boundaries and a mixed microstructure with coarse bainite within the 

grain interiors for the ICR-GCHAZ.  The structure of the NTR-ICR-GCHAZ (Figure 14) 

contains relatively large and coarse upper or granular bainite packets along with some finer 

regions. 

 

3.4 Charpy Impact Toughness  

 

The results of Charpy impact tests obtained for the pipe steels and corresponding simulated HAZ 

regions are listed in Table 5 to Table 8, while full transition curves are presented in Figure 15 

through Figure 19. The transition curves were fit using a hyperbolic tangent function with best fit 

for the lower and upper shelf energies as well as the span and transition temperature. From the 

detailed information in these tables it can be seen that in a few instances there was considerable 

scatter in the absorbed energies and measured percent shear values. Toughness of the pipe steels 

was very good with high absorbed energies recorded at temperatures at or above -40°C. It is 

worth pointing out that varying amounts of splitting were observed on the fracture surfaces of 

several of the pipe steel Charpy specimens, as indicated in the tables. All four pipe steels 

exhibited high upper shelf energies at -20°C and displayed a range of energy transition 

temperatures (ETT) between -98 and -46°C.  The ETT represents the temperature corresponding 

to the average between the lower and upper shelf energies. The X100-4 pipe steel exhibits the 

lowest ETT followed by X100-2, X100-5 and X80, as shown in Figure 15 and Table 9.  For both 

X100-2 and X100-4 pipe steels the lower shelf was not reached even at the very low test 

temperature of -120ºC. 

 

Comparisons of the impact toughness transition behaviour of the respective pipe steels and the 

simulated HAZ regions are provided in Figure16 to Figure 19, while a summary of the results is 

listed in Table 9.  As expected, the transition curves are shifted towards higher temperatures for 

the HAZ simulation conditions investigated.  For the X100-2 pipe steel, there is a shift in 

transition for both single-cycle GCHAZ regions, although the performance of GCHAZ-6s 

remains very good. Some scatter was observed for the GCHAZ-10s tested at -20°C and an 

unexplained increase in toughness occurred for the -40°C test temperature; however there is a 

general trend of lower toughness with increasing cooling time. The pipe steel X100-5 simulated-

HAZ transition curves are dramatically shifted towards higher temperatures, as shown in Figure 

17. From Table 9, the increase in ETT and marked decrease in absorbed energies for tests 
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conducted at -20°C and -60°C occurs for all of the HAZ simulation conditions. Progressively 

lower toughness is seen for single-cycle GCHAZ and ICRGHAZ samples, whereas the NTR-

ICRGCHAZ is generally better than the GCHAZ-10s and the ICRGCHAZ. Although there is a 

shift in the transition curves toward higher temperatures for the simulated HAZ regions produced 

in the X100-4 pipe steel, high toughness is seen for the  

-20°C test temperature (Figure 18). Interestingly there was very little difference between the 

single-cycle simulated GCHAZs, which had ETT of -50°C, while the ICRGCHAZ is shifted 

upwards by another 10°C to -40°C.   

 

Toughness results for the X80 pipe steel (Figure 19 and Table 9) show similar trends with a shift 

in transition relative to the pipe steel for all simulated HAZ samples. The ETTs are all equal to or 

above -18°C. For GCHAZ-6s, the average energy of 84 J may not be truly representative since 

there was considerable scatter (Table 8) and a large variation in percent shear (0 to 55%). The 

very similar results obtained for both ICRGCHAZ and the NTR-ICRGCAHZ produce a further 

increase in the ETT to -6 and -4°C, respectively. 

 

3.5 Fractographic Analysis 

 

Examination of the fracture surfaces of the single-cycle simulated GCHAZ was carried out using 

SEM for selected specimens broken at low temperature to allow the fracture appearance and 

possible initiation sites to be characterized. Figure 20 through Figure 25 show the series of 

fractographs for the X100 pipe steels. In all cases considerable variations in cleavage facet size 

and differences in the length and severity of secondary cracks is observed. In some cases, the 

fracture initiation site could be found.  

 

Figure 20 and Figure 21 show the range of cleavage facet sizes observed for X100-2 simulated 

GCHAZ samples. In this case, it is seen that relatively fine equiaxed or elongated facets appear 

to dominate, while in other locations comparatively large flat cleavage facets can be seen as in 

Figure 20(b) and (d) as well as in Figure 21. The change in facet shape and size is related to the 

mixed martensitic/bainitic microstructures formed in the GCHAZ regions. It has been shown for 

martensitic and bainitic GCHAZ structures that the packet size corresponds closely with the 

cleavage facet dimensions. The elongated facets are believed to be associated with low carbon 

lath martensite or intragranularly nucleated bainite regions, whereas the larger more equaixed 

facets are associated with coarser bainite packets, which offer little resistance to crack 

propagation [13, 14].    

 

Figure 22 and Figure 23 show some unique fracture features observed for the X100-5 simulated 

GCHAZ-6s and 10s samples. From this series of images, it is clear that coarser cleavage facets 

dominate with some large flat facets also evident. Both GCHAZ samples revealed initiation from 

microstructural features or non-metallic inclusions (Figure 22 (a-c) and Figure 23(b)). There was 

an increased frequency of secondary microcracks extending over long distances sometimes equal 

to the prior austenite grain size. It is also important to notice the presence of several aligned 

intragranular facets and the obvious microcracking along the prior austenite grain boundaries, as 

shown in Figure 23(d).   
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Examination of the X100-4 simulated GCHAZ samples revealed a higher fraction of finer more 

elongated cleavage facets, although it was possible to find occasional large flat facets as 

indicated in Figure 24(d) and Figure 25(a)). Again, inclusions were present at initiation sites 

within the facets shown in Figure 24(c) and 24(d)). The inset images in both figures confirm that 

cleavage fracture initiated from inclusions. Also notice the comparatively large flat facet and 

long transgranular secondary microcrack in Figure 24(d). 

 

 

4 DISCUSSION 
 

In this investigation, the continuous cooling transformation behaviour of simulated GCHAZ 

regions formed in three X100 pipe steels and a modern X80 pipe steel of similar composition 

was established.  Further evaluation of the Charpy impact toughness of different GCHAZ and 

ICR-GCHAZ regions produced using thermal simulation techniques was also carried out to 

establish the intrinsic properties of the pipe steels investigated. Development of CCT diagrams 

applicable to the GCHAZ region formed over a wide range of cooling times relevant to pipeline 

girth welding, especially the relatively fast cooling conditions associated with mechanized single 

and dual torch GMAW-P process variants has been successfully completed. Evaluation of the 

HAZ notch toughness properties using both single and double thermal cycles that were created 

to closely match the regions observed in actual girth welds (Figure 26) has led to better 

understanding of the factors influencing HAZ performance and allows the pipe steels to be 

ranked and compared.  Achieving good agreement between the simulated and actual weld 

GCHAZ microstructure is important for Gleeble® specimens used for Charpy impact testing 

[24]. One important limitation of thermal simulation relates to the fast cooling conditions that 

are known to exist for low-energy-input welding. Measurement of thermal cycles was part of the 

current program and has been documented by other researchers [4, 6, 17, 19].  For example, very 

short cooling times of the order of Δt800-500 = 2 to 4 s were measured for a single torch welding 

procedure [19], whereas significantly longer times were recorded for a dual torch procedure 

(Δt800-500 = 9 s).  These data were also in reasonably good agreement with the results from the 

thermal simulation model developed in this program [4]. With this information, the Gleeble® 

simulation experiments were designed to use Tp=1350°C and the shortest cooling time possible, 

i.e. Δt800-500 = 6 s, with a free span (distance between the copper grips) of 15 mm. The second 

cooling time, Δt800-500 = 12 s, was chosen to represent the thermal cycle of a dual torch or high 

preheat/interpass welding condition.  

 

4.1 CCT Diagrams, Microstructure and Hardness 

 

The CCT diagrams, which were constructed from analysis of dilatometric data and evaluation of 

the corresponding simulated GCHAZ microstructures, reveal some interesting trends. Formation 

of martensite along with various morphologies of bainite occurs with increasing cooling times, 

consistent with the observed decrease in microhardness (Figure 12) for the range of pipe 

compositions (relative hardenability) investigated. Three out of the four pipe steels exhibited 

marked decreases in hardness for cooling times Δt800-500  10 s. In contrast, a more gradual 

decrease occurs for the X100-4 GCHAZ regions, which is consistent with transformation to finer 

overall microstructures over the complete range of cooling times and accounts for the higher 

levels of microhardness. 
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The observed differences in the specific GCHAZ microstructures (proportions of martensite and 

bainite) can, in part, be explained on the basis of the pipe steel hardenabilities (carbon 

equivalents) and resultant transformation start temperatures. For example, the X100-4 and X80 

exhibit markedly different microstructures related to the transformation temperatures, which is 

reflected in the proportion of lath martensite formed in the respective pipe steel GCHAZ regions.  

This is consistent with the dilatation curves in Figure 2 for a thermal cycle with a short cooling 

time Δt800-500~ 2 s. For the other two X100 steels, there are differences in GCHAZ 

microstructures, including formation of greater amounts of bainite in the case of  X100-5 pipe 

steel which is readily apparent in Figure 5 and Figure 7, and that is consistent with the change in 

microhardness (Table 4). 

  

4.2 Toughness of Simulated HAZ regions 

 

Assessment of the notch toughness and transition behavior for the simulated GCHAZ-6s and 

GCHAZ-10s reveals significant differences for the range of pipe steels investigated. It is 

important to recognize that the evaluation of simulated HAZ regions provides an excellent 

method for comparing and/or ranking the pipe steels and eliminates complications associated 

with the evaluation of real welds where complex distributions of HAZ regions and narrow width 

of the HAZ are often encountered. From the transition curves and the toughness results 

summarized in Table 9, it is clear that the highest-alloyed pipe steel X100-4 (CE = 0.55 and 

CEN=0.30) exhibited the best overall toughness. This can be correlated with the higher 

proportions of low-carbon lath martensite along with finer bainite that formed at cooling times 

Δt800-500  10s (Figure 8) from suppression of the  transformation to lower temperatures. 

The transformation temperatures (Ts and T50) recorded in this study (Table 3) are in very close 

agreement with those found by Hara et al. [15] for two X100 pipe steels; one similar to the pipe 

used in this study and another alloyed with Mo. Interestingly, the GCHAZs obtained by 

thermally cycling the steels to a Tp =1400°C, holding for 1s and continuously cooling at rates 

between 60°C/s and 10°C/s had very similar transformation temperatures. 

 

On the other hand, there is a decrease in toughness for the X100-2 and X100-5 simulated 

GCHAZ regions that relates to the differences in microstructure, despite their similarity in 

microhardness. The increasing proportions of coarse bainite found in the X100-5 GCHAZ 

regions (Figure 7) accounts for the inferior notch toughness. This is also the case for the X80 

GCHAZ where similar toughness levels were observed.  SEM examination of the cleavage 

fractures revealed that the high toughness was associated with finer more elongated facets 

(Figure 21, 22, 23 and 24), although occasional large flat facets may also exist, as evidenced in 

Figure 21(b) and 24(d).  In both cases, initiation occurred from microstructural features or non-

metallic inclusions. For the X100-5 pipe steel, a much more coarse faceted fracture appearance 

was found with more frequently observed secondary microcracking.  The presence of 

intragranular facets, which are known to reduce toughness, was confined to the middle region of 

the broken Charpy specimen (mid-wall of the pipe where ferrite and high-hardness martensite 

exist); HAZ simulation resulted in both cleavage and intragranular fracture modes.  

 

The further reduction in toughness for the ICRGCHAZ region was believed to be caused by 

formation of secondary phase that decorated the prior austenite grain boundaries [14].  However, 
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further work is required to fully understand the influence of the extended cooling time Δt800-500  

12 s compared with the range of cooling times that are expected to occur for small changes in 

welding conditions.  In contrast, the NTR-ICRGCHAZ regions (X100-5 and X80) that were 

created using an interrupted transformation (50%) and subsequent reheat to the two phase region 

(10% Ac3) was not as deleterious as the fully transformed ICRGCHAZ. The incomplete 

transformation coupled with subsequent intercritical reheating did not change the 

microstructures as much.  

 

Finally, although it is possible to show clear trends in terms of transformation and notch 

toughness behaviours for the pipe steels investigated, because of the very fine microstructural 

features of the simulated HAZ regions it is recommended that more advanced characterization 

techniques be used to fully understand the factors responsible for the observed microstructure 

and property relationships. 

 

5 CONCLUSIONS 
 

In this investigation, the transformation behaviours of simulated GCHAZ regions formed in three 

X100 pipe steels and a modern X80 pipe steel of similar composition were established. Charpy 

notch toughness of specimens with simulated GCHAZ and ICR-GCHAZ regions was evaluated. 

The following conclusions have been drawn from this work: 

 

1. CCT diagrams applicable to the single-cycle GCHAZ region, using Tp=1350°C with a 1 s 

hold and cooling times Δt800-500 = 1.2 to 50 s, have been constructed for three X100 pipe 

steels and a modern X80 pipe steel of similar composition. The differences in transformation 

temperatures, determined from analysis of dilatometric data, were dependent on the pipe 

steel composition and imposed thermal cycle (cooling time).  

2. GCHAZ microstructures with varying proportions of lath martensite and different 

morphologies of bainite were found with increasing cooling time.  These changes and the 

overall coarsening of the transformed microstructures are consistent with the reduction in 

hardness for a given the pipe steel composition (hardenability). Interestingly, the GCHAZ 

regions of the highest alloyed X100-4 exhibited lower initial hardnesses that gradually 

decreased with increasing cooling times compared to the other pipe steels.   

3. Thermal cycles were created to facilitate simulation of single-cycle GCHAZ, double cycle 

ICR-GCHAZ, and a NTR-ICR-GCHAZ (with interrupted first cooling cycle) and used to 

produce Charpy impact specimens for testing (using a through-thickness notch and LPA 

specimen orientation) and comparison of impact properties of HAZs with the respective pipe 

steels.  

4. A trend of decreasing notch toughness (reductions of absorbed energies and shift in energy 

transition temperatures) was found for the simulated HAZ regions compared with the 

respective pipe steels. From this data it was possible to establish a descending ranking of 

HAZ toughness as follows: X100-4, X100-2, X100-5 and X80.  The pipe steel (X100-4) with 

the highest hardenability resulting from additions of Ni, Cr (instead of Mo), Cu and lower Nb 

with optimum Ti and N exhibited the best pipe steel and  HAZ toughness.  This can be 

correlated with the formation of more favourable lath martensite along with fine bainite 

microstructures as a result of the suppression of the  transformation to lower 

temperatures.   
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5. For the X100 pipe steel,GCHAZ regions both narrow elongated and larger diameter flat 

cleavage facets were observed and were assumed to correspond with the packet size of fine 

lath martensite/bainite and coarser bainitic region, respectively.   

6. The lower toughness exhibited by the X100-5 and X80 GCHAZ regions is attributable to the 

formation of higher proportions of coarse bainite, which provide lower resistance to crack 

propagation as evidenced by large cleavage facets on the fracture surfaces.   

7. In some cases initiation of cleavage fracture was linked to specific microstructural features or 

non-metallic inclusions.   

8. Further deterioration of toughness was observed for the ICRGCHAZ and ascribed to partial 

re-austenization and subsequent transformation of microphase at the prior austenite grain 

boundaries. For the NTR-ICR-GCHAZ, the slightly better toughness relative to the ICR-

GCHAZ is related to the formation of greater proportions of austenite and subsequent 

transformation as a result of the longer cooling time Δt800-500 = 12 s. 
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Table 1. Details of thermal cycle conditions used for single and dual cycles 

Single Thermal Cycles  Simulation Parameters  

GCHAZ CCT study Heat at 300-500°C/s to 1350°C, hold for 1 s,  followed by cooling times Δt800-500= 1.2, 2, 3, 5, 7, 10, 16, 20, 

25, 30 and 50 s 

GCHAZ Charpy Specimens  Heat at 300-500°C/s to 1350°C, hold for 1 s,  followed by cooling times Δt800-500= 6 and 10 s. 

Double Thermal Cycles  Simulation Parameters 

ICR-GCHAZ – X100-5 
Heat at 500°C/s to 1350°C hold for 1 s,  followed by Δt800-500= 6s  to 150 °C, heat at 250°C/s to 10% of the 

Ac3 (770°C), hold for 2 seconds followed by Δt800-500= 12 s 

NTR-ICR-GCHAZ –X100-

5 

Heat at 500°C/s to 1350 °C, hold for 1 s, followed by Δt800-500= 6s  to 50% of the measured Ar3 (455°C), 

heat at 250°C/s to 10% of the Ac3  (770°C), hold for 2 s followed by Δt800-500= 12 s  

ICR-GCHAZ –X100-4  
Heat at 500°C/s to 1350°C hold for 1 s,  followed by Δt800-500= 6s  to 150 °C, heat at 250°C/s to 10% of the 

Ac3 (800°C), hold for 2 seconds followed by Δt800-500= 12s 

ICR-GCHAZ –X80  
Heat at 500°C/s to 1350°C hold for 1 s,  followed by Δt800-500= 6s  to 150 °C, heat at 250°C/s to 10% of the 

Ac3 (810°C), hold for 2 seconds followed by Δt800-500= 10s 

NTR-ICR-GCHAZ –X80 
Heat at 500°C/s to 1350 °C, hold for 1 s, followed by Δt800-500= 6s  to 50% of the measured Ar3 (510°C), 

heat at 250°C/s to 10% of the Ac3  (810°C), hold for 2 s followed by Δt800-500= 12 s  

Note: 10% of Ac3 refers to the temperature at which 10% austenite is formed on reheating between Ac1 and Ac3.   
 



 

15 

 

Table 2. Chemical compositions of X100 and X80 pipe steels 

Element 

Wt% 

X100 Pipe Steel X80 Pipe 

X100-2 X100-5 X100-4 X80 

C 0.058 0.061 0.050 0.052 

Mn 1.8 1.76 1.87 1.7 

Si  0.09 0.10 0.19 0.11 

S 0.001 0.002 0.001 0.003 

P 0.002 0.006 0.007 0.009 

Ni 

Cr 

Mo 

Cu 

0.63 1.07 1.54 0.85 

Al 

Nb 

Ti 

0.073 0.079 0.044 0.141 

N 0.0060 0.0025 0.0030 0.0060 

Ti/N 1.67 4.8 3.33 2.33 

CEIIW 0.43 0.47 0.55 0.45 

PCM 0.18 0.20 0.21 0.18 

CEN 0.27 0.28 0.30 0.28 

Bs 628 612 585 626 

Ms 467 459 457 470 

       Notes: For all steels, B= <0.0005, V=0.004 

CEIIW = C + Mn/6 + (Cr+Mo+V)/5 + (Ni + Cu)/15 

Pcm = C + Si/30 + (Mn+Cu+Cr)/20 + Ni/60 + Mo/15 + V/10 + 5B 

CEN=C+A(C) (Si/24+Mn/6+Cu/15+Ni/20+(Cr+Mo+Nb+V)/5+5B) 

A(C)= 0.75 +0.25 tanh{(20(C-0.12)} 

Bs = 830-270(C)-90(Mn)-37(Ni)-70(Cr)-83(Mo) 

Ms= 561-474(C)-33(Mn)-17(Ni)-17(Cr)-21(Mo) 
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Table 3. Summary of dilatation data as a function of cooling time 

Pipe Material X100-2 X100-5 X100-4 X80 

Cooling Time  

Δt800-500, s 

Ts 

°C 

T~3 

°C 

T50 

°C 

Ts 

°C 

T~3 

°C 

T50 

°C 

Ts 

°C 

T~3 

°C 

T50 

°C 

Ts 

°C 

T~3 

°C 

T50 

°C 

2 500 475 455 520 485 450 476 465 450 520 502 480 

10 540 515 465 550 535 465 560 540 470 585 560 515 

30 580 565 510 595 575 525 570 535 495 630 615 565 

Calculated Start 

Temperatures, °C  

Bs = 628  

Ms= 467 

Bs = 612  

Ms= 460 

Bs = 585  

Ms= 457 

Bs = 626  

Ms= 470 
Note: Ts represents first onset of transformation, whereas T~3 is the point of major transformation based on a ~3% offset from the linear contraction of austenite 

and T50 was determined using the lever rule and represents temperature for 50% transformed. 

 

  
 

Table 4. Summary of microhardness results for CCT samples as a function of cooling time 

Pipe 

Material 
X100-2 X100-5 X100-4 X80 

Cooling 

Time  

Δt800-500, s 

Mean 

HV 

Range 

HV 

STDEV 

HV 

Mean  

HV 
Range HV 

STDEV 

HV 

Mean 

HV 

Range 

HV 

STDEV 

HV 

Mean 

HV 

Range 

HV 

STDEV 

HV 

2 360 347-378 9.7  344 311-363 15.2  336 326-344 4.4 319 310-329 6.0  

6 319 306-337 9.2 308 278-346 26.8 332 322-345 6.6 288 267-304 10.4 

10 300 283-312 9.6 294 244-340 32.4 323 310-333 6.8 268 255-285 10.7 

20 - - - - - - - - - 247 241-263 6.9 

30 250 231-267 10.0 253 233-285 19.4 282 272-303 9.2 - - - 

50 235 228-248 7.0 238 226-254 8.9 262 246-283 10.6 228 221-245 7.2 
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Table 5. Charpy impact toughness of X100-2 pipe steel and simulated HAZ regions 

Region 

ID 

Test  

Temperature,  

°C 

Charpy Impact 

Energy,  

J 

Average Charpy  

Impact Energy,  

J 

Average 

Shear Area 

%   

Pipe Steel 

Base Metal 

-20 (269, 281, 265) 272 100 

-60 (235, 274, 269) 259 100* 

-80 (192, 180, 204) 192 55-88* 

-100 (155, 58, 35) 83 31-55* 

-120 (17, 96, 23) 45 11-39 

GCHAZ-6s 

-20 (240, 252, 248) 247 100 

-40 (155, 250, 208) 204 70-100 

-60 (84, 24, 168) 92 17-56 

-80 (16, 58, 30) 35 11-21 

GCHAZ-10s 

22 (249, 267, 296) 271 100 

-5 (249, 231, 276) 252 84-90 

-20 (40, 250,167) 152 21-100 

-40 (208, 240, 210) 219 67-77 

-60 (42, 30, 42) 38 11-21 

Note: *Splits were observed on the fracture surfaces 
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Table 6. Charpy impact toughness of X100-5 pipe steel and simulated HAZ regions 

Region 

ID 

Test  

Temperature,  

°C 

Charpy Impact 

Energy,  

J 

Average Charpy  

Impact Energy,  

J 

Average 

Shear Area 

%   

Pipe Steel 

BM 

-20 (300, 282, 278) 287 100 

-60 (243, 246, 223) 237 88-100 

-80 (26, 40, 162) 76 16-57 

-100 (115, 29, 97) 80 6-31 

-120 (17, 18, 12) 16 0 

GCHAZ-6s 

-20 (233, 45, 156) 145 17-74 

-40 (45, 43, 72) 53 17-23 

-60 (20, 20, 12) 17 4 

-80 (7, 18, 7) 11 2 

GCHAZ-10s 

-5 (57, 232, 236) 175 17-75 

-20 (114, 80,34) 76 - 

-40 (17, 15, 35) 22 0-6 

-60 (30, 13, 34) 26 0-6 

ICR-GCHAZ-

12s 

23 (202, 269, 214) 228 75-85 

-5 (225, 57,242) 175 30-74 

-20 (52, 51, 41) 48 21 

-60 (16, 16, 16) 16 6 

NTR-ICR- 

GCHAZ-12s 

23 (280, 290, 287) 286 100 

-5 (235, 202,247) 228 83 

-20 (87, 84, 93) 88 43 

-60 (25, 46, 40) 37 11-17 
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Table 7. Charpy impact toughness of X100-4 pipe steel and simulated HAZ regions 

Region 

ID 

Test  

Temperature,  

°C 

Charpy Impact 

Energy,  

J 

Average Charpy  

Impact Energy,  

J 

Shear  

Area 

%   

Pipe Steel 

BM 

-20 (314, 319, 312) 315 100 

-60 (262, 309, 295) 289 100* 

-80 (248, 188, 252) 229 70-80* 

-100 (153, 173, 60) 129 21-59* 

-120 (159, 168, 11) 113 0-66* 

GCHAZ-6s 

-20 (237, 246, 278) 254 81-100 

-40 (206, 190, 241) 212 70-81 

-60 (35, 151, 114) 100 31-62 

-80 (20, 82, 33) 45 11-27 

GCHAZ-10s 

-5 (262, 265, 186) 238 74-85 

-20 (229, 273, 261) 254 77-88 

-40 (233, 167, 212) 204 65-79 

-60 (98, 78, 32) 69 17-33 

-80 (33, 47, 14) 31 0-17 

ICR-GCHAZ-

12s 

-20 (248, 232, 222) 234 78-82 

-30 (192, 182, 210) 195 60-70 

-40 (94, 143, 96) 111 36-47 

-60 (27, 28, 58) 38 17-27 

Note:  *Splits were observed on fracture surfaces 
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Table 8. Charpy impact toughness of X80 pipe steel and simulated HAZ regions 

Region 

ID 

Test  

Temperature,  

°C 

Charpy Impact 

Energy,  

J 

Average Charpy  

Impact Energy,  

J 

Average 

Shear Area 

%   

Pipe Steel 

BM 

-20 (312, 314, 282) 303 100* 

-40 (219, 204, 243) 222 ~70** 

-50 (257, 26, 18) 100 21-85* 

-60 (23, 15, 200) 79 12-55** 

-80 (8, 6, 8) 7 0 

GCHAZ-6s 

23 (230, 65, 314) 203 40-100 

-5 (202, 232, 190) 208 60-71 

-20 (19, 40, 192) 84 0-55 

-60 (21, 11, 7) 13 0 

ICR-GCHAZ-

12s 

23 (228, 241, 221) 230 75-81 

-5 (173, 150, 98) 140 33-63 

-20 (47, 46, 28) 40 12-17 

-60 (5, 11, 14) 10 0 

NTR-ICR- 

GCHAZ-12s 

23 (242, 233, 231) 235 78-82 

-5 (43, 48, 232) 108 23-70 

-20 (22, 32, 75) 45 6-27 

-60 (9, 15, 16) 13 0 

Note:  *Splits were observed on fracture surfaces. **Major splitting 
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Table 9. Summary of ETT and Charpy impact energies at -60°C and -20°C 

Pipe  X100-2 X100-5 X100-4 X80 

Material Condition ETT 

°C 

Energy  

-60°C, 

J 

Energy  

-20°C, 

J 

ETT 

°C 

Energy  

-60°C, 

J 

Energy  

-20°C, 

J 

ETT 

°C 

Energy  

-60°C, 

J 

Energy  

-20°C, 

J 

ETT 

°C 

Energy  

-60°C, 

J 

Energy  

-20°C, 

J 

Pipe Steel -87 259 272 -70 237 287 -98 289 315 -46 79 303 

GCHAZ-6s -50 92 247 -25 17 145 -50 100 254 -18 13 84 

GCHAZ-10s -40 38 152 -7 26 76 -50 69 254 - - - 

ICR-GCHAZ - - - -11 16 48 -40 38 234 -6 10 40 

NTR-ICR-

GCHAZ 
- - - -12 37 88 - - - -4 13 45 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. Microstructure of the pipe materials (a) X100-2 (b) X100-5 (c) X100-4 and (d) X80 
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Figure 2. Dilatation curves for simulated GCHAZ for Tp= 1350°C with a 1 s hold and cooling time Δt800-500 ~2 s. 
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(a) X100-2 with Δt800-500 = 1.8 s: 360 HV (347-378) 

 
(b) X100-5 with Δt800-500 = 1.9 s: 344 HV (311-363) 

 
(c) X100-4 with Δt800-500 = 2.0 s: 336 HV (326-344) 

 
(d) X80 with Δt800-500 = 1.8 s: 319 HV (310-329) 

Figure 3.  Microstructures of simulated GCHAZ with cooling time Δt800-500 ~2 s. 
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Figure 4. CCT diagram for X100-2 from 1350 °C showing the formation of martensite (M), bainite (B) and granular bainite (GB) 
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(a) Δt800-500 = 6 s 

 
(b) Δt800-500 = 10 s 

 
(c) Δt800-500 = 30 s 

 
(d) Δt800-500 = 50 s 

Figure 5. Microstructure evolution of simulated GCHAZ for X100-2 pipe steel. 
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Figure 6. CCT diagram for X100-5 from 1350 °C showing the formation of martensite (M), bainite (B) and granular bainite (GB) 
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(a) Δt800-500 = 6 s 

 
(b) Δt800-500 = 10 s 

 
(c) Δt800-500 = 30 s 

 
(d) Δt800-500 = 50 s 

Figure 7. Microstructure evolution of simulated GCHAZ for X100-5 pipe steel. 
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Figure 8. CCT diagram for X100-4 from 1350 °C showing the formation of martensite (M), bainite (B) and granular bainite (GB) 
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(a) Δt800-500 = 6 s 

 
(b) Δt800-500 = 10 s 

 
(c) Δt800-500 = 30 s 

 
(d) Δt800-500 = 50 s 

Figure 9. Microstructure evolution of simulated GCHAZ for X100-4 pipe steel. 
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Figure 10. CCT Diagram for X80 from 1350 °C showing the formation of martensite (M), bainite (B) and granular bainite (GB) 
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(a) Δt800-500 = 6 s 

 
(b) Δt800-500 = 10 s 

 
(c) Δt800-500 = 30 s 

 
(d) Δt800-500 = 50 s 

Figure 11. Microstructure evolution of simulated GCHAZ for X80 pipe steel. 
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Figure 12. Average microhardness as a function of cooling time (Δt800-500) for simulated GCHAZ regions in X100 and X80 pipe steels. 
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(a) 

  
(b) 

 
(c) 

Figure 13. Optical micrographs of simulated (a, b) ICRGCHAZ and (c) NTR-ICRGCHAZ for X100-5 pipe steel. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 14. Optical and SEM micrographs of the simulated (a, b) ICR-GCHAZ and (c, d) NTR-ICRGCHAZ for X80 pipe steel. 
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Figure 15. Charpy transition curves for X100 and X80 pipe steels. 
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Figure 16. Charpy transition curves for X100-2 pipe steel and simulated GCHAZ regions.
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Figure 17. Charpy transition curves for X100-5 pipe steel and simulated HAZ regions. 
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Figure 18. Charpy transition curves for X100-4 pipe steel and simulated HAZ regions.
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Figure 19. Charpy transition curves for X80 pipe steel and simulated HAZ regions. 
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(a) 

 
(b)  

 
(c)  

 
(d)  

Figure 20. Fractographs showing detail of fracture surface of X100-2 CVN-GCHAZ Δt800-500 = 6 s specimen, 16 J at –80°C. 
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(a) 

 
(b)  

 
(c)  

 
(d)  

Figure 21. Fractographs showing detail of fracture surface of X100-2 CVN-GCHAZ Δt800-500 = 10 s specimen, 30 J at –60°C. 
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(a)  

 
(b)  

 
(c)  

 
(d)  

Figure 22. Fractographs showing detail of fracture surface of X100-5 CVN-GCHAZ Δt800-500 = 6 s specimen, 7 J at –80°C. 
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(a)  

 
(b)  

 
(c)  

 
(d)  

Figure 23. Fractographs showing detail of fracture surface of X100-5 CVN-GCHAZ Δt800-500 = 10 s specimen, 13 J at –60°C. 
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(a)  

 
(b)  

 
(c)  

 
(d)  

Figure 24. Fractographs showing detail of fracture surface of X100-4 CVN-GCHAZ Δt800-500 = 6 s specimen, 20 J at –80°C. 
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(a)  

 
(b)  

 
(c)  

 
(d)  

Figure 25. Fractographs showing detail of fracture surface of X100-4 CVN-GCHAZ Δt800-500 = 10 s specimen, 14 J at –80°C. 
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(a) GCHAZ (b) ICR-GCHAZ 

Figure 26. Micrographs of real weld single torch (a) GCHAZ and (b) ICR-GCHAZ regions in equivalent to X100-5 pipe steel. 


