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The Role of Nb and Coiling Temperature on 
Heavy-Gauge X80 Line Pipe Steel Strength 
and Toughness

The interaction of Nb content and coiling temperature is important to prop-
erties such as strength and low-temperature toughness of heavy-gauge 
(≥22 mm) X80 line pipe steels. In this study, two levels of Nb are examined 
as well as two different coiling temperatures for the alloy with a lower level of 
Nb through the use of pilot-scale vacuum induction melting, casting, rolling 
and coiling thermal simulations. Tensile testing is completed and also drop 
weight tear testing, which was performed at two temperatures and orienta-
tions. Microstructural characterization provides insight into the differences 
observed from tensile and fracture testing.

Introduction 
Pipeline designs intended for low-
temperature environments are more 
economically feasible when designed 
and constructed with heavier gauges 
and higher-strength steel grades (e.g., 
API X80).1,2 Such grades and pipe 
wall thicknesses are achieved through 
alloying and thermomechanical- 
controlled processing (TMCP). 
Particularly, a microalloying 
approach, often utilizing Nb, with 
optimized TMCP is important 
not only to achieve the needed 
strength and gauges but it also pro-
vides a method to obtain good low- 
temperature fracture toughness such 
as determined through the drop weight 
tear test (DWTT).1 However, moving 
to a greater wall thickness of the steel 
line pipe creates greater challenges on 
the design of the alloy and the TMCP 
to mitigate issues such increased roll-
ing forces, larger gradients through 
thickness temperature and strain, and 
so on.3,4 Additionally, spiral-formed 
line pipe utilizes coils. The TMCP 
after accelerated cooling requires the 
strip to then be coiled at an ele-
vated temperature which may have 
certain consequences on the micro-
structure and properties.5–7 Thus, to 
achieve good strength and good low- 
temperature toughness at greater wall 
thicknesses in steel for spiral line pipes, 

both alloy designs and TMCP param-
eters need optimization. 

As a microalloying element, Nb 
has a strong influence on the micro-
structure evolution during each stage 
of TMCP and thus has direct and 
indirect impact on the final micro-
structure and properties.1 The Nb can 
be found in solid solution as a substi-
tutional element or in precipitates as 
a carbide (NbC), nitride (NbN), or 
carbonitride (NbCN). Both forms of 
Nb (in solution or in precipitates) have 
effects on the evolution of the aus-
tenite (γ) during hot rolling, influenc-
ing aspects such as recrystallization, 
strain accumulation and austenite 
decomposition (transformation) dur-
ing accelerated cooling.8–10 Also, fine 
precipitates of NbC can significantly 
enhance the strength of the final line 
pipe steel while both fine and coarse 
or undissolved NbC are detrimental 
to toughness. As Nb content signifi-
cantly influences the precipitation of 
NbC, it is of interest to understand 
fully.

The coiling temperature also has an 
influence on the final microstructure 
and properties of the steel. In cases 
where γ decomposition has not fully 
completed on the runout table (e.g., 
not low enough coiling temperature 
or time), enrichment and transfor-
mation occur differently than under 
continuous cooling.5 This can lead to 
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the development of secondary phases that influence the 
strength and toughness of the line pipe.5,9,10 Additionally, 
heat is retained by coils for a period of time at tempera-
tures that are often high enough to cause tempering and/
or aging effects.5,11,12 Thus, the TMCP coiling tempera-
ture selection may impact the secondary phases, disloca-
tion structures, and precipitates and thus the strength and 
properties of the steel.

Based on a design for a spiral-formed X80 heavy-gauge 
line pipe (22.2 mm, 0.875 inch), this study uses pilot-scale 
casting and rolling to consider the effects of two Nb levels 
and different coiling temperatures. Tensile testing and 
DWTT are performed to determine the mechanical and 
fracture properties of the steel. Microstructure and tex-
ture characterization provide insight into the differences 
between the Nb level and coiling temperature effects.

Methodology 

Material and TMCP 
The steel for this work was generated by 
CanmetMATERIALS (CMAT) in a vacuum induction 
melting (VIM) furnace and cast into a static mold to 
produce ingots with the target chemistry. The reheating 
of the trimmed VIM ingots was carried out under Ar to 
reduce scale formation ahead of rolling. The TMCP was 
carried using CMAT’s single-stand reversing mill with 
on-line accelerated cooling (OLAC). Coiling was simu-
lated using furnaces set at target temperature and then 
allowed to furnace cool. For the pilot-scale rolling, the 
industrial TMCP design from a slab with a thickness of 
254 mm (10 inches) to a final strip thickness of 22.2 mm 
(0.875 inch) was scaled down at CMAT by rolling from 
an ingot thickness of 203.2 mm (8.0 inches) to 17.8 mm 
(0.70 inch) with the width of the strip being 203.2 mm 
(8.0 inches).

A microalloyed approach was used, varying only by 
the Nb level. Two levels of Nb were selected with the high 
and low levels being 0.09 wt. % Nb and 0.06 wt. % Nb, or 
Nb9 and Nb6 in short. Other alloying elements were also 
used, such as Mn, Si, Ti, etc. These alloys were subjected 
to high (H), medium (M) or low (L) coiling temperatures, 
given steels the designations of Nb9-M, Nb6-H and Nb6-
L. The compositions are given in Table 1 while Fig.  1 
shows the full results of the Thermo-Calc equilibrium 
phase prediction for the two systems.13

The TMCP practices were kept similar for this study 
except coiling temperature. The reheat temperature 
used was less than 1,200°C was selected for this study. 
The Thermo-Calc results suggest the reheat tempera-
ture was above the NbC solubility temperature for the 

Measured Alloy Content of CMAT Pilot-Scale Cast 
Steels (wt. %)

Steel C Nb Mn+Ni+Cr+Si Ti+Mo+V

Nb9-M 0.053 0.092 2.29 0.323

Nb6-H 0.050 0.060 2.32 0.323

Nb6-L 0.052 0.059 2.31 0.323

Table 1

Thermo-Calc equilibrium phases for steels Nb9 (a) and Nb6 (b).

Figure 1

(a)	 (b)
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low-Nb cases (Nb6). However, for the high Nb (Nb9), the 
Thermo-Calc results suggest there may be some incom-
plete dissolution of the NbC.

A delay between the end of roughing and start of fin-
ishing was used to avoid partial recrystallization during 
rolling as determined by the nonrecrystallization (Tnr) 
and recrystallization stop (Tr) temperatures. The Tnr and 
Tr were determined according to:14

T C Nb C Nnr �� � � � � ��
��

�
��

�

�
�

�

�
� �174

12

14
1444log

(Eq. 1)

T C Tnr nr�� � � � 75

(Eq. 2)

where Nb, C and N are given in wt. %. For the high-
Nb and low-Nb steels, this gave a Tnr of ≈1,045°C and 
≈1,010°C, respectively, and a Tr of ≈970°C and ≈935°C, 
respectively. Consequently, the last roughing surface 
temperature was above 1,045°C and the first finishing 
surface temperature was below 935°C. 

The equilibrium prediction for ferrite formation (Ae3) 
from Thermo-Calc gives values of ≈850°C for both the 
high- and low-Nb approaches. With some consider-
ation of kinetics, the Ouchi predicted start temperature 
of α-ferrite formation (Ar3) as determined in Eq. 3 is 
useful.15 

Ar C C Mn Cu

Cr Ni Mo t
3

910 310 80 20

15 55 80 0 35 8

�� � � � � � � � �

� � � � � � � � �� �.

(Eq. 3)

where the elements are provided in wt. % and t is thick-
ness of the strip in mm. As Nb is not considered, the Ar3 
predicted is similar among the steels and is ≈725°C. The 
last finishing pass occurred at a surface temperature 
above 725°C but below 850°C.

Previous work using dilatometry and hardness mea-
surements to study simulated coiling temperatures and 
hold times showed that the hardness increased over time 
(between 10 minutes and 60 minutes) for a hold tem-
perature even as low as 450°C.5 Thus, a moderate coil-
ing temperature (≈500°C) was used for the high-Nb steel, 
while the low-Nb steels applied a high coiling tempera-
ture (≈550°C) and a low coiling temperature (≈450°C). A 
schematic of the TMCP design is shown in Fig. 2.

Mechanical and Fracture Testing 
Tensile testing at ambient temperature were carried out 
using transverse to rolling direction (TRD) specimens 
taken from the plates to investigate the strength and 
ductility. These were machined to a subsize sample with 
a gauge length of 50 mm and width of 12.5 mm, and a 
full plate thickness of 17.8 mm. A dual-speed procedure 
according to ASTM A370 was used for the test where 
the initial crosshead speed is 3 mm/minute (0.001/second) 
and the second-stage speed is 25 mm/minute (0.008/
second). Two samples per condition were tested with the 
0.2% offset yield strength used in the analysis. 

DWTT according to API RP 5L3 was used to assess 
the steels in this study.16 As in previous works, DWTT 
specimens were machined at full thickness with the 

length along the longitudinal rolling 
direction (LRD) and notched in the 
TRD of the skelps. In addition to these 
LRD samples, CMAT’s new furnace 
allowed for a full strip to be used result-
ing in capacity to generate more samples. 
As spiral line pipe uses a DWTT orienta-
tion that is transverse to pipe axis (TPA) 
and is offset of the LRD, this study also 
sampled DWTTs that were oriented 
at 30° to the LRD (herein called +30°). 
Both the LRD and +30° samples used 
a pressed notch and were conducted 
using a set of two tests for each condition 
at testing temperatures of –20°C and 

–45°C. Percentage of ductile shear area 
(%SA) was determined through photo-
graphing the surface and measuring 
the surface using the Fiji distribution of 
ImageJ.17

Schematic of the thermomechanical-controlled processing (TMCP) 
designs.

Figure 2
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Microstructure Characterization 
Metallography samples were sectioned on the LRD-
normal direction (LRD-ND) cross-section. The micro-
structures were examined using 2% Nital etching to 
observe the general features. LePera etching was used 
to reveal by optical microscopy. The average volume 
fraction and size of these phases were analyzed at the 
quarter thickness and centerline of the skelps with three 
measurements at each location using a brightness thresh-
old analysis. 

Scanning electron microscopy (SEM) with secondary 
electron (SE) and backscattered electron (BSE) imaging 
was used in general surveys. Also, the electron backscat-
tered diffraction (EBSD) technique allowed for micro-
structure and microtexture quantification as performed 
by the characterization group at CMAT.

Results and Discussion 

Mechanical and Fracture Properties 
The results of the tensile testing are summarized in Fig. 3. 
The standout was Nb6-H, which had the lowest yield 
strength (YS), highest ultimate tensile strength (UTS) 
and therefore lowest Y/T ratio by far of the three cases. 
The highest YS (628 MPa) is observed in the Nb9-M case. 
The Nb6-L steel had a yield strength (YS) and UTS just 
slightly lower than Nb9-M. However, the measured total 
elongation of Nb6-L was better than that of Nb9-M and 
Nb6-H. There is a stark difference between Nb6-H and 
Nb6-L in tensile performance, indicating that there is a 
strong impact of the coiling temperature over this range. 
Keeping this in consideration when assessing the moder-
ate coiling temperature in the Nb9-M steel, it seems that 

Tensile properties of strength (a); Y/T ratio and total elongation percent (TEL) (b).

Figure 3

(a)	 (b)

Drop weight tear test (DWTT) results: shear area percentage (%SA) (a) and absorbed energy (b).

Figure 4

(a)	 (b)
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there could be potential for higher strengths at this Nb 
level should a lower coiling temperature be made. While 
the stress-strain curves are not shown here, the low Y/T 
of Nb6-H in this case was associated with a rounded 
stress-strain response whereas both Nb9-M and Nb6-L 
showed yield point elongation behavior. Also, the low YS 
of Nb6-H (558 MPa) is above the requirements of X80 
steel (555 MPa). However, in real production, this TRD 
skelp would need to be formed into spiral pipe, in which 
case the forming and angle for the TPA test would likely 
drop the effective strength. Consequently, Nb6-H is at 
risk of not making strength in production.

The DWTT shear area percentage (%SA) and absorbed 
energy of both the LRD and the +30° samples are shown 
in Fig. 4. According to API 5L3, an average of 85% shear 
area is needed to pass. The best %SA performance was 
in Nb9-M including closely passing the +30° sample at a 
temperature of –45°C. The Nb6-H case also performed 
well in the LRD samples according to %SA. However, 
despite its lower yield strength, Nb6-H fell behind in per-
formance of the other two conditions in the +30° samples 
as it failed both the –20°C and –45°C tests. The only 
failure in the LRD samples came from Nb6-L at –45°C. 
In terms of absorbed energy, the Nb6-L strongly outper-
formed the other cases across all samples and test tem-
peratures. The effect of +30° is seen in the %SA, where 

these samples performed worse than the LRD samples, as 
expected. The same is true for the DWTT energy results, 
except in the case for Nb6-L, which shows a slightly 
higher absorbed energy for the +30° test at –20°C. This 
indicates the +30° samples should provide a more realistic 
assessment of production TPA DWTT performance.

Microstructure Characterization 
Characterization of the microstructures was performed 
at the quarter thickness (QT) from the top of the plate 
and at the centerline (CL) of the plate. Fig. 5 shows the 
nital-etched microstructures that demonstrates a fine 
microstructure consisting primarily of acicular ferrite 
and quasi-polygonal ferrite grains in all cases. In all steels, 
the QT microstructures are finer than the CL with the 
CL of Nb6-H and Nb9-M showing a considerable num-
ber of darker phases that are often found to be martensite/
retained austenite (M/A), pearlite or degenerate pearlite 
structures. The EBSD analysis is used to determine the 
grain size distribution and average grain size utilizing a 
15° misorientation criteria as given in Fig. 6. This con-
firms the observation of the finer grain sizes of the QT 
location as compared to the CL for Nb9-M and Nb6-
H. These steels show a finer QT grain size than Nb6-
L. At  the CL position, Nb6-H showed a slightly larger 
grain size. Both Nb9-M and Nb6-H show a number of 

Nital-etched microstructures at quarter thickness (QT) and centerline (CL) of Nb9-M (a and b), Nb6-H (c and d) and 
Nb6-L (e and f).

Figure 5

(b)	 (d)	  (f)

(a)	 (c)	  (e)
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moderate-sized grains at the CL while Nb6-L has one 
apparent very large grain as an outlier. While the aver-
age grain size for Nb6-L is larger than the other steels 
and may not be ideal for strength or toughness, the more 
consistent grain size distribution between QT and CL 
suggests that this condition has less grain size heterogene-
ity that is favorable to toughness.

Grain shape aspect ratio (GSAR) is used to determine 
the extent of elongated structures in the structure that 
may be detrimental to toughness. The GSAR maps at the 
QT and CL are presented in Fig. 7 along with the GSAR 
distributions for each steel, where values of 1 would be an 
equiaxed or round grain and lower values would there-
fore indicate elongated structures. In Nb6-L, the more 
elongated grain structure at the QT is evident. However, 
the GSAR heterogeneity between QT and CL as seen by 
the distributions appears to be less for Nb6-L compared 
to the other cases. A noticeable heterogeneity in GSAR is 
observed in Nb6-H where its QT shows a less elongated 
structure, while the CL shows the distribution moving to 
lower GSAR values. A shift in the GSAR is also observed 

in Nb9-M. As with the grain size, the situation for Nb6-L 
here stands out and may be related to the larger elongated 
grains found in the scan, likely owing to the combination 
of processing and cooling this steel received. 

Dislocation density is an important factor in the 
strength and toughness of line pipe steels. From the 
EBSD scans, the geometrically necessary dislocation 
(GND) density was determined based on the kernel 
average misorientation (KAM) using the first nearest 
neighbor analysis. The KAM maps at the QT and CL 
for all steels and the resulting GND density distributions 
are given in Fig. 8. In the Nb9-M steel, a slightly greater 
GND density is observed at the QT as compared to the 
CL of the material while Nb6-H maintained a consistent 
GND density at both locations. The GND density for the 
QT of Nb6-L is the lowest observed, though it shifted 
significantly from the QT to the CL, which suggests 
there is a more significant heterogeneity of dislocations 
in this steel. 

EBSD using 15° misorientation thresholding for grain size maps (a) and grain size distributions (b) with listed mean 
sizes and standard deviations for Nb9-M, Nb6-H, and Nb6-L.

Figure 6

(a)	 (b)
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Secondary Phase Characterization 
Typical of these steels, some amount of M/A, pearlite and 
degenerate pearlite can be found in the microstructure.4 
Here, LePera etching was used to expose the M/A and 
other nonetched secondary phases to be observed as 
white areas when observed with light optical micros-
copy. Representative images at the QT and CL of the 
LePera-etched samples are shown for all cases in Fig. 9. 
Quantification of the secondary phases is given in Fig. 10. 
Interestingly, Nb6-L shows very little secondary phases 
present compared to the other cases. This sample was 
subjected to multiple repolishing and re-etching attempts 
that resulted in comparable results each time. This shows 
the lower coiling temperature was effective in control-
ling the evolution of these secondary phases in the Nb6-
L, suggesting that these phases may be related to the 
final proportion of γ decomposition. It is likely that the 
DWTT performance of Nb6-L was improved through 
the lower amount of these secondary phases. While both 
Nb9-M and Nb6-H show both more numerous and 
larger secondary phases than Nb6-L, their distributions 
through thickness are different. While Nb9-M has a 

greater amount of secondary phases at the CL, Nb6-H 
has a greater proportion at the QT. Assuming the three- 
quarter thickness is similar to the QT, this suggests there 
is a significantly greater amount of these secondary phas-
es across the thickness of the Nb6-H steel, inf luencing its 
properties and likely worsening its DWTT performance.

As noted earlier, the reheat temperature used in this 
study was below the calculated solubility temperature 
for Nb9-M. As part of regular investigations into all 
cases, a survey was carried out on the nital-etched 
microstructure of this steel to determine if there were any 
undissolved coarse NbC. Fig. 11 demonstrates a case of 
a large Nb-containing particle that was found. In this 
case, this particle was examined using energy-dispersive 
spectroscopy (EDS) and was found to be associated with 
a large amount of Ti and thus likely was related to a 
thermally stable TiN that formed during casting. Similar 
particles are typically found even in cases where reheat 
temperatures were above the NbC dissolution. However, 
no extensive amounts of large NbC were found through-
out the section observed, which suggests that the NbC 
was mostly dissolved during reheating. That said, there 

EBSD grain shape aspect ratio (GSAR) maps (a) and GSAR distributions (b) with listed mean ratios and 
standard deviations for Nb9-M, Nb6-H, and Nb6-L.

Figure 7

(a)	 (b)
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EBSD kernel average misorientation (KAM) maps (a) and GND density distributions (b) with listed mean 
densities and standard deviations for Nb9-M, Nb6-H, and Nb6-L.

Figure 8

(a)	 (b)

LePera etched microstructures at QT and CL for Nb9-M, Nb6-H, and Nb6-L.

Figure 9

http://www.aist.org
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remains the possibility that coarse NbC remained in the 
microstructure but not found in the section observed in 
this work. 

Microtexture 
The EBSD scans were used to assess the microtexture of 
the steels as texture is known to have an effect on tough-
ness in line pipe steels.18,19 Expected texture components 
of line pipe steel were observed including the α-fiber 
(containing rotated cube, transformed copper textures), 
γ-fiber and ε-fiber (associated with {332}<113> compo-
nent). Of particular interest is the {001}<110> component 
(rotated cube) since it is expected to be detrimental to 
fracture toughness and may have delamination or splits 
related to the weakest {001} planes in the BCC ferrite 
structure.19 On the other hand, good toughness has cor-
relation to the {332}<113> texture component.19 Fig. 12 

shows the orientation distribution function (ODF) maps 
for all steels at the QT and CL with φ2 of 0° and 45°. All 
steels showed some presence of the rotated cube compo-
nent. The texture of Nb6-H was differing significantly 
at the QT compared to the other cases, here showing 
a strong {001}<210> component. In the case of Nb6-L, 
the overall intensities were similar between QT and CL, 
though a more significant transformed brass component 
is seen at the QT. The texture of Nb9-M was more con-
sistent and showing some presence of {332}<113> at both 
the QT and CL. The {332}<113> was also seen in the CL 
of Nb6-H, but the overall texture was weak.

Conclusions 
Steels with an alloy designed for heavy-gauge line pipe 
(22.2 mm equivalent gauge) with X80 strength and good 

Secondary phases area distributions with summarized mean areas and average area percentage with standard 
deviations for Nb9-M, Nb6-H, and Nb6-L.

Figure 10

Example of a coarse particle in Nb9-M and associated energy-dispersive spectroscopy (EDS) result.

Figure 11
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low-temperature toughness 
were pilot-scale cast and TMCP 
rolled. Of these steels, one had 
a Nb level of either 0.09 wt. % 
and a medium coiling tempera-
ture (Nb9-M), while the 0.06 
wt. % Nb steels were coiled 
at high and low temperatures 
(Nb6-H, Nb6-L). Tensile tests 
and DWTT were carried out 
with the DWTT being per-
formed with two orientations, 
LRD and +30° to LRD, and at 
two temperatures, –20°C and 

–45°C. Microstructure evalu-
ations were performed using 
nital and LePera etching along 
with optical microscopy and 
quantification of key features 
and microtexture by EBSD. 
Significant differences in prop-
erties and microstructures were 
observed among the three 
steels. To conclude:

1.	 The YS of Nb9-M and 
Nb6-L were 628 MPa 
and 614 MPa, respec-
tively. These steels were 
comfortably above the 
X80 YS requirement of 
555  MPa. With a YS of 
558 MPa, Nb6-H mar-
ginally passed the level though expected strength 
drops from forming spiral line pipe would likely 
mean this condition would fail in practice.

2.	The UTS of Nb6-H was 747 MPa — 31 MPa 
higher than that of Nb9-M. Consequently, 
Nb6-H had the lowest Y/T of the three steels 
while also being the only steel not to exhibit 
yield point elongation.

3.	Drop weight tear test had the best performance 
from Nb9-M on the basis of %SA. While Nb6-L 
also performed decently at –20°C, it had a 
failure with the +30° samples at –45°C. It also 
had higher absorbed energy values, which sug-
gests that there could be capacity for improved 
toughness with the Nb6-L strategy. Also, sev-
eral microstructure factors appear to favor the 
Nb6-L approach. In any case, both Nb9-M and 
Nb6-L have merits for further optimization. In 
contrast, the Nb6-H steel performed the worst of 
the three despite having the lowest YS.

4.	All steels showed a fine-grained structure con-
sisting mainly of acicular ferrite and quasi-
polygonal ferrite. The finest grain sizes were 
observed in Nb9-M which supports its high 

strength and good DWTT performance. Larger 
grain sizes were observed in Nb6-L though 
there was less of a difference between quarter 
thickness and centerline and thus exhibited less 
grain size heterogeneity.

5.	Secondary phases (e.g., M/A) as observed with 
LePera etching were extremely limited in the 
Nb6-L. This was likely due to the low coiling 
temperature and subsequently was favorable to 
its good DWTT performance. 

6.	The microtexture observed in the steels varied 
significantly though remained relatively weak 
overall with all steels showing some presence of 
the rotated cube texture. Supporting its good 
toughness, Nb9-M showed some presence of the 
beneficial {332}<113> texture component which 
was stronger at the QT. 
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