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Abstract

Niobium containing thermomechanica treated stedls have been used as line pipe materids for
several decades. These deds combine high strength, high impact toughness and outstanding
weldability. There are bascally two different processes to produce pipes from hot strip. Both
processes have specific needs that have to be consdered during hot strip production.
Thermomechanicd rolling might cause anomdies cdled separations in the fracture behaviour.
Separdions might be didinguished in severd categories.  Cleavage fracture separations can be
avoided by controlled rolling above Ars and grain boundary separations by coiling at low
temperatures.



Introduction

The use of microdloyed geds for gas transmisson pipes has led to improved wedability,
paticulaly in fieddd weding, higher operating pressures and a decrease in wadl thickness of
pipes (1). Thinner pipe wdls facilitate the handling on the condruction Ste and reduce the
amount of stedl needed. These deds show high impact toughness and the capability to arrest
cracks assuring high safety standards of operating pipelines.

Metallurgical Principles of Hot Ralling
Four temperature regions of hot rolling have to be distinguished (Figure 1) (2):

a) Region of recrygalisation of austenite (T > Tg)

b) Region of non — recrysdlisation of austenite (TR > T > A3)

C) Regionof augteniteto ferrite (a/g) - transformation (As > T > Ag)
d) Feriticregion (T <Ay).

A forming process induces the generation, movement and blocking of didocations. At high
temperatures the work-hardening in rolled materid is removed by daic recrysdlisation, static
recovery and sub-grain formation (3). The forming process in a certain temperature range leads
to dynamic recryddlisation a a threshold rolling forcee.  Dynamic recovery and dynamic
recrystdlisation enhance the remova of work-hardening (4).
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Fgure 1. Temperaure regions of the hot rolling process and the resulting
microgtructures.



Normdized Ralling

Normdized rolling is a controlled rolling process in the region of recrygdlisation of augtenite.
The ralling generates didocations tha nucleste new audenite grans. These new audenite
grans ae smdler than before. The recryddlised globular augtenite grans transform into a
globular, fine ferrite grain structure.

The temperature control combines the conventiona process route of ralling and anneding. The
obtained microstructure corresponds to that of the conventional process.

Thermomechanica Raling

At lower ralling temperatures recryddlisation of the augtenitic phase is impeded (5, 6). Rdling
a these temperatures produces an dongated grain dructure with a high didocation dengty.
Grain boundaries and didocations are nucle for new ferite grans. The dongated audtenite
grans trandorm into smdl ferite grans (7). The high didocation dendty enhances the
formation of amdl ferrite grans by nudeation and growth. It dso fadilitates the diffuson and
precipitation of microdloying eements. The carbides and nitrides of the eements niobium,
titanium and vanadium are isomorphs and carbon can be found in nitrides and nitrogen in
carbides. They arereferred to as carbonitrides.

The temperature region of nonrecryddlised audenite (temperature region of thermo-
mechanica rolling) can be extended by the addition of microdloying dements.  Solute
microdloying dements redtrict the movement of didocations, sub-gran boundaries and gran
boundaries. They create a solute drag effect, meaning that the velocity of the didocation or
sub-grain boundary equds the diffuson veocity of the dloying dement (8). Carbide and
nitride precipitations impose a paticle drag effect on didocations, sub-gran and gran
boundaries. These precipitations aso hinder post-dynamic recryddlisation (grain coarsening).
Niobium has the most pronounced effect on the retardation of recrystdlisation (Figure 2) (9, 10,
11).
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Fgure 2 Influence of microdloying dements on the recryddlisation of the
audenitic phase (11).



Intercritical Ralling

Intercritical rolling is performed in the temperature region where audenite and ferrite co-exist
(between Arsz and Ari). In the rdling process audenite grains are dongated smilar to the
thermomechanicd treatment and ferrite grains with sub grain boundaries are produced.

Ferritic Raling

Ferritic raling is undertaken in the feritic phase (below Ar;). The resultant is a feritic
microgructure with sub-grains.  Less is understood of microstructure formation and mechanica
properties in the intercriticadl and the ferritic temperature region. Rdlling in the intercriticd
region is known to be susceptible to gran coarsening leading to a detrimentd effect on the
materia toughness (12).

The most common rolling process is normdized rolling for the low drength grades and
thermomechanical trestment for grades X60 and stronger.

Hot Strip Production

Modern high grength line pipe sted grades are usualy thermomechanicdly trested. Specid
requirements such as a low carbon equivaent or a high percentage of ductile fracture surface in
the Drop Weight Tear Tet can only be obtaned using thermomechanicdly rolled deds.
Thermomechanica rolling is a complex combination of a number of process steps (Figure 3).
Micro-dloying dements precipitate in the mdt and nucleste fine-grained augtenite during the
casting process.

The firg production sep in a hot rolling mill is the reheating of the dabs in a furnace in order to
increase the pladticity and aso to re-introduce the added microdloy into solution  During
reheating, a phase trandformation from ferrite to audtenite occurs and grain growth takes place.
The temperature and duration of the dab in the furnace is crucid in order to bring the
microdloying dements in s0lid solution.  Only microdloying dements in solid solution lead to
a precipitation hardening in the latter process. Increasing the duration of the dab in a furnace
(>1180°C) from 100 to 190 minutes causes an increase in the yidd srength of up to 90MPa.
Furthermore, these dements cause a retardation of both, the recrysalisation of augenite and
the trandformation of augenite to ferrite (13). In the latter process this leads to grain refinement
and work-hardening. A derimentd effect of high furnace temperatures and long duretion times
on the impact trangtion temperature is described in the literature; this is attributed to gran
coarsening in the dab. However, according to Cuddy (14), this effect is negligible.

Experimenta data displayed a reaionship between the furnace temperature and the rolling
temperature in the roughing mill.  Using a furnace temperaure of 1200°C to 1250°C (in the
core of the dabs) a fine grained micro-structure can be obtained, if the ralling in the roughing
mill darts a a temperature <950°C. Precticdly, this is achieved by introducing an air cool
(dday) in front of the roughing mil. However, overdl prudence must be given to the
developed rolling loads.

Precipitation of microdloy carbonitrides during the TM-rdling may occur during deformetion
and/or the low rolling temperaiure (15). Deformeation induced precipitation can take place in
the roughing or the finishing stands and has to be controlled by draught per pass and interpass
time. A temperature controlled process commands precipitation due to supersaturation effects.
Different precipitates can be obtained in every process step depending on the aloying concept



being employed. The precipitates in the augtenite phase have an effect on the nudedtion of the
ferrite grans in the audenite to ferrite trandformation, the retardation of recryddlisation and
the impeding of gran growth. The mechanical properties are effected by precipitation
hardening and grain size control (Hall-Petch relaionship).
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Figure 3: Influence of the rolling scheme on the mechanica properties (8).

The remaning solute microdloys that do not precipitate in austenite cause retardation in the
recryddlisation of ferite and induce s0lid solution hardening. The ferrite gran sze and the
texture of the ferritic phase are influenced by the retarded recrydalisation The cooling of the
grip induces the precipitation of carbonitrides in the supersaturated ferrite phase and causes
precipitation hardening (16).

Work-hardening is caused by the deformaion process in both the recryddlised and the non
recryddlised austenite.  This work-hardening is patialy removed by recrysdlisation and/or
recovery. An increase in the leve of deformation in the recrydalised augtenite region has only
a minor effect impact on the yield point and the trangtion temperature.  However, an increase
of deformation in the nonrecrydtdlised audtenite leads to an increase in yidd drength and a
dragtic decrease in the trandtion temperaiure.  An additiond elegance of the thermomechanica
treetment is ralling in the nonrecryddlised augtenite region in both, the roughing and the
finishing dands. It is necessary to cary out a least 70% of the forming in this temperature
region.



An increee in the find rolling temperature reduces the degree of forming in the non
recryddlised audenite and causes a drop off in yidd dsrength and a rise in the trangtion
temperature.

The find microgructure of the ded is ds0 influenced by the cooling rate after raling.
Accelerated cooling improves both the yield point and transtion temperature.  On the run-out-
table the dongated audtenite grans transform into ferrite-pearlite or acicular ferrite (17, 18)
(depending upon sted make-up and leve of cooling applied).

Line Pipe Production
The production of line pipe can be undertaken via four different process routes:
Spirdly welded pipe from heavy plate
Longitudinaly welded pipe from heavy plate

Helically or spiraly welded pipe from hot strip
Longitudinaly welded pipe from hot strip
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For the pipe production from hot strip only the latter two options are significant.

Spird Welded Pipe Production

Spird pipes are produced from forming and wdding plate or strip materia (19). Some pipe
producers may use a tack welding operation, whereby the pipes are formed and tack welded in
one step and the submerged arc welding is done in another operation.
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Figure 4: Forming process and relationship between strip width and pipe diameter.

A mgor advantage of spird pipe production is its high versatility. Various pipe diameters can
be produced from the same drip width by changing the forming angle a (Figure 4). The
forming angleis defined as the angle between the incoming grip and the leaving pipes:

. B
sna=—
Dp

where: D = pipe diameter B = grip width
a =forming agle.



A skelp weld joins one coil to the other in order to produce acontinuous pipe. Roalling stands
(usudly a three roller bending unit) form the gtrip materid into a continuous pipe that is cut to

length in alater process step.

The two step manufacturing process with continuous tack welding is used to obtain a higher
productivity and improved qudity since weding is the mos time consuming operation (Figure
5). At Sdzgitter Grol¥ohr GmbH, the operations run one production line for forming and tack
welding and three submerged ac wdding dations (Figure 6). The tack welding has no
influence on the latter pipe properties since it is completely re-molten The welding Sations are
equipped with two welding heads (2-3 wires) on the outsde and three on the ingde (3-4wires)
in order to perform the submerged arc welding outside and inside the pipe a the same time.

Figure 6: Set up of aspird pipe plant.

Electric Res stance Welded Pipe Production

Production of Electric Resstance Welded (ERW) pipes is carried out in a continuous forming
and longitudind weding operation (20). The most common welding process is the High
Frequency Induction (HFI) welding. A magor advantage is the high productivity atainable due
to the high welding vdodities of HFI process. The pipe diameter depends criticaly on the strip
width and very tight tolerances apply:
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where: D = pipe diameter B = dtrip width

The transverse edge of a coil is welded to the other in order to obtain acontinuous strip.  This
runs into a loop tower. The continuous grip is rolled in severd ralling dands to a circular

shape (Figure 7).

Figure 7: Continuous forming process (21).

The longitudind drip edges are heated dectricdly and pressed together to achieve binding.
Two kinds of dectricd welding can be diginguished: low frequency weding in the range
between 50 to 400Hz and high frequency welding from 150,000 to 500,000Hz. High frequency
welding can be peformed as a conduction or an induction process (Figure 8) (22). Inthe
conduction process the electrodes are in contact with the future pipe.  The current flows from
one electrode to the other usng the skin effect. The same welding occurs a the induction
process but the current transmisson takes place without a contact. This is carried out usng a
ring inductor.

Welded tube

Welded tube

Pressure rolls

Contact electrodes Ring inductor

Open seam tube
Open seam tube

Figure 8: Conduction (left) and induction (right) welding (24).



The longitudind weld can be anneded and controlled cooled (water or ar cooling) after
weding (23).

Differences of the Pipe Production Processes

Thermomechanicdly treated hot drip displays anisotropic  mechanicd  properties. This
phenomenon can be explaned by the dongated grain dructure in the augtenitic phase that
transforms into a textured ferritic phase.  The ferite nuclestes on the augtenite grain boundary
and, dthough the ferritic grains are globular, the former audtenite grain boundary remain in the
microgtructure.  Therefore, thermomechanicaly rolled materid possess long grain boundaries

inrolling direction.

Another reason for the anisotropy is the dongation of non-metdlic incdusons like manganee
aulphide. At high temperatures the sulphide inclusons are harder than the matrix materia, but
in the temperature regime of the thermomechanica trestment the inclusons are softer.  During
the rolling process they dretch in the rolling direction and dongate resulting in anisotropic
toughness behaviour, particularly the Charpy notch impact toughness (25, 8. As a consequent,
the Charpy impact vaues in the transverse direction are usudly inferior to those in the ralling
direction.  However, modern sedmaking techniques usng caddum-slicon desulphurisation
can reduce the effect of inclusons in the sed. The addition of dements (titanium, zirconium,
rare earth metals) that influence the hardness of the sulphide aso have a beneficid effect on the
toughness.

Pipes are usudly tested with samples from the circumference of the pipe. These specimers,
transverse to the pipe axis, correspond to a completely different location within the dgrip
materiad depending on the pipe production process used. A transverse or longitudind sample in
a ERW pipe corresponds with the transverse or longitudina sample in the srip.  However, the
location of a transverse sample in a spirdly welded pipe compared to the hot strip depends on
the forming angle and the pipe diameter. In the hot srip a transverse sample in the pipe is
located approximately in a 20 to 30° angle from rolling direction. Considering the anisotropic
properties, a 30° from rolling (longitudind) direction the yield point has a minimum (26) and
the Charpy notch impact toughness a maximum (Figure 9).
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Figure 9: Anisotropic mechanica properties (26).



A pipe made from the same dgrip materid will show different properties depending on the
production process. The ERW pipe will display higher yidd srength and the spird welded
pipe higher impact toughness. Ancother difference is the welding process. The wed of
longitudina welded pipes can be easly anneded in order to control the microstructure and
properties. This is paticularly advantageous in pipe production for sour service dnce resdud
stresses can be removed and the hardness of the weld can be reduced.

Fracture Behaviour and Separ ations

Thermomechanicdly treated ded is susceptible to the formation of separations (27, 28).
Separations are cracks perpendicular to the direction of the mgor crack. They occur in both,
tensle tests and Charpy impact tests. The direction of the separations is pardld to the grip
asurface (Figure 10). The tensle date is most unfavourable in the middle of the Charpy notch
gpecimen thickness. A specimen will split in haf due to the three-axid tendle sate (1st. Order
Separation). Each of these haves will face a amilar Stuation and another splitting may occur
(2nd Order Separation). This process might continue (3rd Order Separation) (29).
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Hgure 10: Clasdsfication of separations (29).

Separation formation reduces the Charpy impact toughness (Figure 11).
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Figure 11: Influence of TM — rolling and separations on the impact toughness (29).

Two mgor groups of separations can be distinguished:
1. Incdudsontype
2. Microgtructure type



Separations of the incluson type are cracks adong the interface of an incluson and the matrix
materia.  This type of separaion is neglighle due to improved cleanliness of modern sted.
Microstructura separations can occur as cleavage fracture and at the grain boundary.

The Chaacterigics for cleavage fracture separations ae transcryddline  fractures on
crysalographic cleavage planes pardld to the rolling plane. These crystdlographic cleavage
planes are generated by rolling in the intercritical temperature region. The grain boundary
separdions are characterized by a combination of reversble temper embrittlement and an
dongated grain dructure.  Ralling in the temperaure region of the nonrecryddlised augtenite
might cause this temper embrittlement, which can be explained by phosphorus segregation on
the grain boundaries. This segregation is enhanced by a dow cooling rate and explains the
detrimental effect of higher coiling temperatures on the Charpy notch impact toughness (Figure
12).
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Figure. 12: Influence of the coiling temperature on reversible temper embrittlement (30).

There are two ways to prevent grain boundary separation formation (30, 31):
1. Reducing the amount of phosphorus
2. Reducing the coiling temperature

At coiling temperatures of 590°C the impact toughness can be improved by reducing the
phosphorus content from 0.014% to 0.006%. Although achieving a low phosphorus content
requires expensve sed making technology, most modern sted mills are well equipped to meet
this requirement.

By reducing the coiling temperature to 500°C the same toughness values can be obtained by.
No difference in the impact toughness can be seen in the range of 0.014% to 0.006%
phosphorus (Figure 13). A decreased coiling temperature can be achieved without any further
costs penalties.
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Fgure 13: Effect of phosphorus content on temper embrittlement (31).

SUmmary

Thermomechanicdly treated line pipe sted grades combine good wedability (low carbon
equivdent) and high impact toughness a low temperatures.  Niobium as a microdloying
dement widens the temperature range for the thermomechanicd rolling. Therefore, Niobium
enables or fadilitates the thermomechanical rolling of steel.

As wel as the steds chemicd composdtion, al the process parameter have to be optimised for
this rolling process. Temperature and duration of the dabs in the furnace and the parameter in
the ralling stands are crucid for the latter pipe properties. The cooling rate on the run-out-table
isimportant for the microstructure of the materid.

The production of the pipe itsdf has an impact on the properties obtained.
Thermomechanicdly rolled hot drip is anisotropic. The measured properties differ with
changing specimen location.  Specimen location is usudly perpendicular or pardle to the pipe
axis.  The locetion of these samples in the hot drip changes with different pipe forming
processes.

The vaues for the Charpy impact toughness can be reduced by the formation of separatiors.
Severd types of separations are known, but the most common separation is the grain boundary
type. This type is related to phosphorus segregation on the grain boundaries that causes
reversble temper embritlement. T he most economic way to solve this problem is cailing a
low temperatures. This reduces the velocity of phosphorus diffuson and avoids embrittlement.
Modern line pipe sted grades achieve excelent properties after a sophigticated thermo-
mechanica trestment when al the process parameters optimised.

Practical Examples of Line Pipe Steel Grades

The company Sazgitter Flachstahl GmbH offers hot strip in line pipe sted grades up to grade
X80 according to API 5L and L555MB according to DIN EN 10208. The maximum strip
gauge is 24mm. The effect of rolling technique and chemicd composition will be discussed on
the bads of two different sted grades in the gauge range between 17mm and 24mm. In the firg
example an andyds with merdy vanadium as a microdloying dement examined (Table 1). In



the second, the addition of niobium and vanadium leads to a significant decrease in the carbon
content by mantaning a higher srength characterigic.  All vaues displayed are measured on

the hot drip. For an esimation of the mechanical properties on the pipe the Bauschinger effect
has to be considered.

Table | Chemical andysis of the compared line pipe sted grades
C S Mn P S Ti Y Nb
0.14 145 0.070
Bxample 1 55050 | L0 | <0015 | <0002 | <0010 | 0,090 | <0.010
0.10 170 0,090 | 0038
Bxample 2 <045 | 180 | <0015 | <0005 | <0010 | 0100 | 0045

The chemicd compostion of example 1 was used to produce hot strip with a gauge of 17.5mm
and 24mm respectivdly. No additiond cooling in front of the roughing mill was required and
the find rolling temperature was 870°C and the coiling temperature was 620°C.

The drength characteristics possess a homogenous distribution which is dmost constant over a
wide range of drip thicknesses at the given process parameter (Figures 14 and 15). The ratio of
yidd to ultimate tendle srength is rather low (in the range of 080). The influence of the drip
gauge on the dongetion is <o rather low (Figures 16).

In the second example, the addition of niobium and the increase in the manganese content
dabilize the audtenitic phase a lower ralling temperatures. A cooling in front of the roughing
mill was peformed in order to recave a fine grained microdructure with sufficient fracture
toughness.  Rdlling in the nonrecryddlised augenite in both, the roughing and the finishing
gands was peformed in order to enhance the thermomechanicd treatment. The find ralling
temperature was 780°C and coiling temperature was 480°C. Hot drip with 18mm and 21mm
gauge (for the 2Imm samples specimen geometry according to API) was produced. The
mechanica properties of the TM — rolled niobium containing sed are different for the two srip
gauges (Figure 14 — 16). The higher of yidd and tensle strength vaues of the thicker drip can
be explained by a change in the cooling parameter.
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Figure 14: Didribution of the yied point for the vanadium dloyed sed at 24 and
17.5mm (Example 1); and for the niobium/ivanadium dloyed sed a 21 and
18mm (Example 2).
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Hgure 15: Didribution of the ultimae tendle drength for the vanadium dloyed sed at

24 and 17.5mm (Example 1); and for the niobiumivanadium dloyed sed a 21 and
18mm (Example 2).
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Fig. 16: Didribution of the dongation (As) for the vanadium dloyed ded at 24
and 17.5mm (Example 1); and for the niobium/vanadium dloyed ded a 18mm
(Example 2).

The two dsed grades (Example 1 + 2) ae to be disinguished by ther different chemicd
compogtions. The hot drip in example 1 displays mechanica properties which are sufficient
for grade X60 according to APl 5L or L415MB according to DIN EN 10208 (at least for the
17.5mm).

The addition of niobium and the increese of the manganese content in example 2 permits
raling to take place at lower temperatures. Therefore, extensve TM—alling is possble. A
ggnificant increase in strength characteristics a lower carbon contents has been observed.  This
could be enhanced by different cooling parameters.  The 18mm materid can be used as an X70
grade (L485MB). The 21mm materid is even sronger and can be utilized as a non-standard
X75 or even X80 grade. Of course, the TM—rolled niobium aloyed materid has improved
weldability and higher fracture toughness properties.
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