PROCESSING OF NIOBIUM -CONTAINING STEELS
BY STECKEL MILL ROLLING

L.E. Cdlins

IPSCO
P.O. Box 1670,
Armour Rd., Regina, Canada, AP 3C7

Abstract

The Steckd mill is a reverang rolling mill in which sed rip is coiled after each ralling pass
in a heated coilbox postioned on either Sde of the mill. In addition to the lower capita costs
associated with a sngle gand mill in comparison to multi-gand finishing mills the Steckd mill
offers a high degree of flexibility in the sed rolling process. IPSCO has pioneered the use of
the Steckd mill for the production of fla-rolled high-srength sted for lingpipe and sructurd
goplications.  Much of this development has been based on an Nb-microdloying dSrategy.
Niobium plays a key role in devdopment of a fine-grained high drength sted in a number of
ways @ Nb(CN) precipitation in audenite retards recryddlization effectively refining gran
gze b) Solute Nb acts to enhance the hardenability of the sted, promoting formation of an
acicular ferite microdructure;, and ¢) Nb(CN) precipitation in ferrite subsequent to
transformation provides subgtantial precipitation strengthening.  This paper will review the use
of niobium in microstructure development during Stecke mill rolling.



I ntroduction

The Steckd rolling mill provides a high degree of flexibility in sed processng. IPSCO
operates three such mills located in Regina, Canada, Montpdier, lowa and Mobile, Alabama, to
produce a wide range of flat-rolled sted products. This paper will examine the use of the
Steckd mill and, in particular, will focus on its gpplication for processng of high drength
microdloyed sedls.

What isa Steckel Mill?

Figure 1 illudrates the badc features of a tandem mill compared to a Steckd mill. After
roughing, the conventiond tandem mill employs a series of mill sands located in cose
proximity. The sted passes unidirectiondly through these dands. In contrast, the Steckd mill
is a reverang mill with coil furnaces located on dther dde of the mill. As the gdrip passes
through the mill on each consecutive pass, it is fed into a furnace where it is wrapped on the
coiller drum. By mantaning furnace temperature dightly in excess of the drip temperature,
heet is retained in the drip. In the Regina sted operations, the dab is first broken down a a 2
Hi roughing mill before beng trandared to the 4 Hi finishing mill.  Alternatively, both
roughing and finishing operations may be performed on a sngle finishing sand, as is the case
in IPSCO’'s Montpdlier and Mobile facilities. This paper will focus on the production of high
grength coil and linepipe skelp in the Reginamiill.
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Figure 1. Schemdtic illugtrations of tandem and Stecked mills.

Operating Features

The layout of the Regina plant operations is shown schemdicdly in Figure 2. Scrap is melted
in two dectric ac furnaces and trandfered to a ladle medlurgy furnace for find dloy



additions. A 203 mm thick $ab is continuoudy cast and trangported to the dab yard. After a
period of time, the dab is charged into a waking beam reheat furnace. While a hot charging
practice is dictated by metdlurgicd factors for a smal number of high carbon and high dloy
products, scheduling of mogt dabs is dependent on current operationd and deivery
requirements. Typicaly 50 to 60 % of dabs are charged at temperatures > 375°C.

After the dab is fully soaked, it is discharged and transported to a 2 Hi roughing mill where it is
broken down to a transfer bar between 20 and 38 mm thick. Edging is dso peformed in
conjunction with the roughing operation. Finish rolling is performed a the 4 Hi Steckd mill
after which the drip is cooled in a laminar flow cooling system and coiled a the upcoiler. Caoil
gauges range from 2.25 mm to 19 mm. Also, the upcoiler can be bypassed to alow production
of platein gaugesfrom 9.5to 76 mm.
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Figure 2: Schematic of EAF / Steckel Mill Production Process.

These operations permit the production of a wide range of dloys including low carbon seds,
high srength microaloyed grades, high carbon seds (1085) and high dloy grades (4140,
6150). These products may be shipped directly to customers as coil or plate, or be transferred to
IPSCO’s cut-to-length coil processing fecilities. A dgnificant proportion of Regina production
is ds0 transferred to IPSCO’'s Tubular mills where dectric resstance welding (ERW) or spird
double submerged arc welding (DSAW) processes are employed to fabricate products ranging
from smdl diameter (50 mm) weter pipe to large diameter (2032 mm) high strength linepipe.

The remander of this paper will focus specificdly on the production of high drength
microaloyed coiled product for structura and linepipe applications.



Alloying and Rolling Strategy
Alloying

The production of high srength as-rolled sted requires that a carefully sdected dloy desgn be
combined with closdly controlled rolling practices.

A Ti-Nb microdloying drategy has been adopted as the basis for the devedopment of high
drength steedls.  As outlined in Table I, carbon is generdly kept < 0.06 wt% to enhance
toughness and wedability. Manganese and molybdenum ae the principd dloying agents.
Both provide solid solution srengthening and act to suppress the audenite to ferrite phase
transformation, thereby promoting the development of a fine acicular ferrite microstructure
during the trandformation from audenite to ferite  Titanium nitrides formed ealy in the
solidification and cooling process ae utilized to suppress audenite grain growth during
reheating and during recrysdlization ralling.

Tablel Alloying strategy for high strength Stedls

Element Purpose

C< 0.06 wt% High impact toughness, good weld ability

Mn Transformation control, solid solution strengthening
Mo Transformation control, solid solution strengthening
Ti Gran growth control during recryddlization rolling
Nb Inhibit recrystdlization, transformation control, precipitation strengthening

S<0.004 wt%  Impact toughness

Niobium plays akey role asit performs 3 functions:

a) By precipitating as Nb(CN) in the augtenite during finish rolling, niobium acts to pin
grain boundaries and prevent recrystalization;

b) Niobium retained in solid solution a the completion of finish rolling will ad manganese
and molybdenum in the suppresson of the augtenite to ferrite phase transformation; and

c) Upon completion of trandformation, the ferrite is supersaturated with niobium, carbon
and nitrogen. Further precipitation of fine Nb(C, N) particles after coiling provides an
additiond component of precipitation strengthening to the stedl.

For applications requiring impact toughness, sulfur is kept low (<0.004 wt%) to minimize
formation of MnS inclusons, which are detrimentad to fracture toughness. As an dectric arc
furnace is employed to melt scrgp feedstock, resdud levels of Cu, Ni and Cr will dso be
present. Mdting practices employ an am carbon equivdent and adjustments are made to
manganee content to minimize aty vaidion in hadenability, which might aise from
vaidionsin resdud levels.

Ralling

For high strength products, a controlled rolling srategy is followed (Fig.3). Continuoudy cast
dabs are reheated in a waking beam furnace with Leve 1l control system to ensure dabs are
uniformly soaked.  Upon completion of reheeting, the dab is discharged and transferred to the
2 Hi roughing mill where it is rolled to a gauge of between 20 and 38 mm in 12 to 14 passes.



The bar is then tranderred to the finishing mill for find rolling. Depending on the gauge and
the entry temperatures specified for the product, the transfer bar may be rocked back and forth
on the roll table to disspate heat prior to entering the Steckd mill. For controlled rolled
products, the entry temperature will be specified to be less than the recryddlization stop
temperature (Ty;), which generaly may be taken to be 925°C [1].
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Figure 3: Stages of contralled rolling.

The drip will be rolled to the find gauge usng a 5 or 7 pass schedule. The drip exits the mill
a a tempeaure dightly grester than the trandformation dtart temperature and immediately
enters the laminar flow cooling system. Coiling temperature is <specified to ensure
transformation to a fine-grained ferrite and/or bainite microstructure.

Figure 4 illustrates the benefit of acceerated cooling after rolling. The objective of acceerated
cooling is to rapidly reduce the audtenite temperature. It has long been appreciated that grester
undercooling below the Ac; temperature enhances the driving force for the audtenite to ferrite
transformation thereby increasing nuclegtion rate.  Ferrite growth rates, which are dictated by
diffuson processes, dow as temperature is reduced. Idedly, transformation would occur
isothermally a a temperature, which produces a high ferite nuclegtion rate and low ferrite
growth rate. It must be remembered that if cooling is excessve, the diffusona processes
required for ferite nudedtion become rate detemining and will eventudly inhibit ferrite
nuclegtion and result in formation of banite or martenste. Depending upon dloy content,
acceerated cooling is normaly interrupted in the temperature range of 525 to 625°C.

In sdecting the coiling temperature, the subsequent precipitation of Nb(C, N) in ferite as the
coil dowly cools to ambient conditions is aso consdered. It is wel known that a disperson of
fine precipitates in the sed provides a vauable srengthening mechanism. It has been found
that the Nb(C, N) paticles, which precipitate in augtenite during rolling, are too coarse to
provide dgnificant precipitation strengthening.  Rather, formation of a fine disperson of Nb(C,
N) in the ferrite must be encouraged. This can be accomplished by the natura dow cooling of
the finished coil after accderated cooling. Evidence of such precipitation behaviour was
provided by laboratory studies in which the sted was controlled rolled on a pilot-scde miill,
cooled at 15°C/s to 550°C and then ar cooled (1°C/s) to ambient conditions.  Air-cooling
provides inaufficient time for the Nb(C, N) precipitation in the ferite to reach completion.
When the sted was then reheated to 550°C for a period of time and then retested after cooling,



the yidd srength was observed to gradudly increase as precipitation proceeded. Various
studies have shown that optimum strengthening is achieved between 500 and 600°C [2,3].

Temperature Temperature
."E'\C»]

Ferrite
Zronsth

Ferrite

Ferrita
Mucleation

Bainite

Martensite

Fgure 4: Effect of cooling conditions on microdructure. @ Vaiation of ferite
nuclestion and growth rates with temperature; b) Corresponding CCT diagram
illugtrating accelerated cooling (1) and ar cooling schedules (2); ¢) Fine-grained
ferrite microgtructure from accelerated cooling followed by dower cooling after
coiling and d) Coarse grained microstructure resulting from dow cooling.

Secondary Processing

The find properties of the sted will aso depend upon any secondary processng.  Within
IPSCO, wo types of operaions may result in further modification of the properties. These are:

a) Pipemaking, and b) temper leveing.

The forming processes involved in pipemaking may result in ether an increase or decresse in
pipe strength depending on gauge and pipe diameter due to Baushinger effects associated with
pipgforming and subsequent testing. Temper leveling operations produce an increase in
strength through didocation strengthening mechanisms.

By following the dloying and rolling draegies outined aove, a fine acicular ferrite
microstructure strengthened by Nb(C,N) precipitatesis obtained (Figure 5).
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Figure 5. Microstructure of Grade 80 Sted. @ SEM micrograph showing fine

acicular microgtructure.  b) TEM micrograph showing disperson of coarse and
fine Nb(C,N) precipitates.

Processing Features of the Steckel Mill
Although the generd dloying and processing drategy employed in a Steckd mill is smilar to
that utilized in tandem mills, there are some importart processing differences, which affect the
final properties.
Time

There is a very dgnificant difference between a tandem mill and a Steckd mill in the timing of
passes. Thisisillugrated schemeticdly in Figure 6.
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Figure 6: Timing of passesin tandem and Steckd mill operations.



In the tandem mill, interpass times are relatively short, (on the order of seconds) as the drip is
fed from one stand to the next. Furthermore, the interpass times decrease as the strip advances
through the mill in proportion to the amount that the Strip accelerates as it passes from one
gand to the next. It should be noted that every portion adong the length of the bar experiences
goproximately the same interpass time between stands.

In contragt, the Steckd mill is a reversng mill.  Obvioudy, the full length of the bar must
complete each pass before the subsequent pass can be initiated. Thus, totd rolling times are
very much longer than those of a tandem mill, typicdly ranging from 250 to 400 s depending
on the find gauge of the product. As wel, different portions of the drip experience
sgnificantly different thermomechanica cycles.  After the lead end of the grip feeds through
the mill for the first pass, it will remain on the Steckd drum for amost 100 seconds before the
second pass, as the bar is fully wrapped on the drum, the mill is reversed and the second pass is
completed. At the tail end of the drip, the interpass time between the first and second passes is
on the order of 5 sas the strip drops out of the mill after first pass, the rolls are repostioned and
the grip is threaded back into the mill for the second pass. The ends of the bar continue to
experience this pattern of dternaing long and short holds on the Steckd furnace drums until
rolling is complete. At the mid-length of the bar, interpass times are more congstent, but
gradudly increase as the length of the strip increases from pass to pass.

Temperature

The second area of congderation is temperature performance. In a tandem mill, the very short
interpass intervas dlow little time for temperature to drop and, consequently, tandem rolling
can be congdered to be an isotherma process. In the Stecke mill, the coiler furnaces are
intended to maintain the temperature of the srip. Nonetheless, there is some temperature loss
between passes. This results from interpass descading, and ddiberate cooling. As wdl, the
gheft of the coller drum is water-cooled and thus there is some temperature loss to the drum
itsdf, paticularly on the end of the drip in direct contact with the drum. Further cooling
occurs on the on the last portion of the bar to pass through the mill on each pass. This tall end
is not taken into the coiler furnace after it drops out of the mill, but is left Stting on the table
rolls for the short interva (~5 s) between passes. For these reasons, the ends are chilled more
than the body of the coil during rolling. With lighter gauge coils, both the rolling time and
cooling rates increase and the colder ends of the strip are accentuated.
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Figure 7: Mill exit and coiling temperature profiles of alight gauge grip.



The culmination of dl these factors on the drip as it exits the mill on the lagt pass is a
temperature profile illustrated in Figure 7. Both ends of the strip have a lower temperature than
the body of the drip. To maintan a congant coiling temperature, the reatively cold lead and
tal can be accommodated to some extent by reducing the amount of water utilized by the
laminar flow sysem on the ends of the grip. In fact, by judicous use of the laminar flow
cooling, a hot head end can be produced in which the first 25 feet of the gdrip is ddiberatdy
mantaned a& a dightly higher coiling temperature than the body of the drip.  This is
particularly desirable for heavy gauge, high strength coils to improve pickup at the upcoiler.

Metdlurgicd Effects

Vaidaions in both temperature and time from the ided controlled rolled schedule impact the
metdlurgicad characteristics of the drip. It is wel documented that recrystdlization and grain
growth are dependent on both interpass time and temperature. In carbon deds,
recryddlization will be complete during the rdatively long interpass times associated with
Steckd mill roling. This limits the adility to refine gran Sze The minimum audenite grain
gze that can be achieved in recryddlization rolling is 25 to 30 um. It is for this reason that
niobium plays a criticd role in IPSCO's processng of high srength deds By inhibiting
audtenite recrygdlization during finish rolling, a pancaked audtenite gran Sze can be achieved
with a gran boundary separation of ~ 5 um. One disadvantage of the long rolling times in
Steckd mill rolling is that Nb(C, N) continues to precipitate in the augtenite as rolling proceeds.
This reduces the amount of Nb retained in solution upon completion of ralling and, in turn, the
ferrite precipitation drengthening potential is reduced.  This effect is exacerbated by the
relatively high levels of nitrogen (typicaly 90 to 120 ppm) present in sted produced by eectric
arc furnace processes. The nitrogen will continue to combine with the Nb until the solubility
limit is reeched. Thus, much of the niobium added to the sted is effectivdly wasted, forming a
digribution of coarse carbonitrides in the austenite, which exceeds that required to prevent
recrystdlization during finish rolling.

The colder ends of the bar dso have metalurgicd implications. In generd, it is observed that
grength increases with lower rolling temperature as is illugrated in Figure 8. This is due to
enhanced grain refinement.
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The srengthening effect of the lower rolling temperatures tends to be offset by the more rapid
cooling of the coil ends dfter the drip has been coiled. The contribution of precipitation
drengthening after coiling was noted earlier. As the inner and outer wrgps tend to cool more
quickly than the body of the cail, precipitation strengthening in these aress is inhibited.  Air-
cooling compared to coil cooling of X70 skelp canresult in aloss of 40 MPain yidd srength.

It is fortuitous that rolling patterns a the ends of the bar and center portions have offsetting
effects on medlurgicd behaviour. The mid-length of the bar has higher rolling temperatures
but experiences dower cooling in the coll, wheress the ends experience lower rolling
temperatures, but cool more quickly after coiling. Reduced ferrite precipitation strengthening
on the outer wraps of coils is offsst by the drengthening effects of the colder ralling
temperatures a the ends of the bar.  The reault is a product with relaively uniform properties
throughout the length.

Summary of Role of Niohium in Steckd Mill Rolling

Niobium has been a criticad component of IPSCO’s dloying drategy for Steckd mill ralling. It
offers three key metalurgica benefits
1) Nb(C, N) precipitation in audenite strongly suppresses augtenite recrystalization during
finish rolling. This beneficid effect is seen despite the long and varying interpass times
experienced in Steckd mill ralling.
2) Niobium in solution acts to inhibit trandformation promoting formation of a fine
acicular microgtructure in low carbon stedls; and
3) NDb(C, N) provides precipitation strengthening in the fina ferrite microstructure.

It should be noted hat severd factors mitigate the mogt effective use of niobium in the dectric
arc furnace / Steckel mill rolling processing route:

1) The prolonged ralling times promote excessve Nb(C, N) precipitation during rolling,
thus demanding that large amounts of Nb be added to the stedl to achieve the desired
precipitation strengthening effects of ferrite subsequent to transformetion.

2) Excess nitrogen associated with eectric ac sedmaking further promotes the wasteful
precipitation of Nb in the audenite regime ad every fort is required to minimize
nitrogen content of the stedl.

Recent Developmentsin Processing High Strength Steels

IPSCO’'s development of X80 linegpipe (minimum YS = 550 MPa, 80 kd) began in the early
1990's with the fird& commercid production in 1994 [4]. The production of Grade 550
dructurd sted soon followed. These products are now routinely produced in gauges ranging
from 4.75 to 16 mm. Looking to the future, there is increasing demand for hot rolled sted with
even greater drength for both dructurd and linepipe agpplications.  As wdl, greater wall
thickness is now being sought for linepipe gpplications. Recent development activities in both
these areas will be highlighted below.

Grade 690 Structural Stedl

Driven primarily by demands from the trangportation industry for steds with high strength to
weight ratio, IPSCO undertook the development of a Grade 690 coiled plate product. Target
properties included: YS > 690 MPa; UTS > 760 MPa; Elongation > 15% and Bend radius
<25t



The dloy desgn was based on IPSCO's linepipe formulation. However, Canadian Standards
Asocidion (CSA) soecifications limit the addition of Mn in dructurd steds and thus the
primary dloying agent that has been employed to increase yidd drength beyond 550 MPa has
been the addition of titanium. As illusrated in Figure 9, a linear raionship is seen between
yidd strength and titanium content with additions from 0.02 to 0.07 wt %. Trid work resulted
in the successful development of dsed with yied strength in excess of 620 MPa, but falled to
produce a product which consistently achieved the 690 MPatarget yield stress (See Tablell1).
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Table Il Grade 620 Properties. Base chemistry: 0.06 C, 1.55 Mn, 0.090 Nb;

Gauge = 6.35 mm.
Alloy Ti YS UTS  Elongation (C@hi%y; Bend
W%  (MP)  (MPa) %) 3 Radius
Gr. 550 0.025 584 687 27 98 <25t
Trid 0.055 668 788 17 77 2 5t

* > 5ze charpy sample.,

To achieve a yidd dress of 690 MPa, it was recognized that IPSCO's temper leveling
operations could be gpplied to drengthen the sted by cold work. These facilities utilize a 4 Hi
cod mill in front of a conventiond leveing dand to cold roll sed drip.  Typicd cold
reductions of 1 to 3 % ae gpplied. In addition to the strengthening effect, temper leveling has
the following benefits

a) Improvement of surfacefinigh;
b) Reduction of srip crown; and
¢) Elimination of discontinuousyielding in carbon seds.

As demonsgtrated in Table 11, cold reduction of the stedl can be used to increase the strength by
as much as 100 MPa, dependent upon the reduction gpplied. A smdl reduction in eongation is
observed roughly equa to the percent reduction in the cold mill. Charpy impact properties are
not greetly affected.



Table IIl  Effect of Temper Levedling. Base Chemigtry (wt%) - 0.060 C, 1.55 Mn,
0.050 Ti, 0.090 Nb; Gauge = 7.93 mm.

Condition YS(MPa) UTS (MPa) Elongation (%0)
Untempered 660 809 23.0
Tempered 791 908 21.3

A Grade 690 product has now been sold commercidly and is finding application in crane
booms and truck framerails.

Challenges of Heavy Gauge Linepipe

At the current time, condderdion is being given to condruction of a “Northern Pipding’ to
transport naturd gas from the Arctic (Prudhoe Bay and/or the Mackenzie Ddlta) to the southern
48 dates, a digance greater than 3000 km. Economic condderaions in congructing such a
pipeine are forcing examination of pipeines which would operate a pressures as grest as
17,240 kPa (2,500 ps). Such lines would in turn, require high srength, heavy wall pipes. In
2000, Alliance Pipdine completed condruction of a 914 mm diameter pipeine from Fort St
John to Chicago, which operates at 12,000 kPa (1,750 ps) [5]. At the time, that ine was
consgdered a dgnificant legp forward and generated a mgor debate over the appropriate
fracture toughness criteria To ad Alliance Pipdine in satisfying regulators, IPSCO agreed to
supply pipe with a minimum dl heat average chapy energy of 280 J a -5°C. Burd tests
performed by Alliance on this desgn demondrated that the crack arrested in pipe with Charpy
energy of 220 J[6].

Typica pipe properties of the pipe produced for Alliance are listed below:

Tensle Properties

YS =540 MPa UTS=634 MPa Elong. = 42%

Fracture Toughness

Charpy Energy =347 J @ -5°C; Shear = 99.7%
DWTT =7099 J @ -5°C, Shear = 95.7%

Preliminary proposds for the Northern Fipdine cal for a minimum yield strength of 550 MPa,
and wall thickness ranging from 17 to over 25.4 mm thick (Table V).

IPSCO has a wide range of experience in pipe production and can clam to be one of the
world's most experienced producers of X80 linepipe having produced over 32,000 tons of
gpiral X80 pipe in gauges ranging 9.8 to 16 mm [4,7]. Nonetheless, the proposed requirements
for the Northern Pipdine present mgor chalenges to dl ded producers. These are best
understood by examining the ided processng conditions for production of heavy gauge

linepipe.

In the Regina mill, operators have sought to achieve the following conditions for production of
strong, tough skelp:

80% ralling reduction at the roughing mill;

60% reduction below Ty;

Cooling rate after rolling greater than 15°C/s, and

Sow coaling of thefind coil.



Table IV Proposed designs for a Northern pipeline

Grade Diameter Gauge Pressure

(mm) (mm) (kPa) (psi)
X80 1067 or 1219 17.0-26.5 12,485- 17,240 2050 - 2500
X80 1067 18.0-32.4 14,900-17,240 2160 - 2500
X80 1321 28.6

Attaining each of these requirements each presents its own chdlenges  Achieving the 80%
reduction during roughing followed by 60% reduction bdow T, requires an initid dab
thickness of 238 mm for a 19 mm thick find product and a dab thickness of 317.5 mm for a
254 mm thick find product. Clearly, a compromise is required if the initid dab thickness is
limited to 203 mm. There is some scope to reduce the requirement for 80% reduction during
roughing while dill ataning a fine rearyddlized audenite grain Sze a the end of roughing.
As well, IPSCO’s new mills in Montpdier and Mobile are capable of greater reductions in each
pass than has been possble in Regina It has been found that employing heavier reductions
during individua passes offsets to some extent the requirement for large totd rolling reductions
in order to achievefine grain Szes.

A further problem with rolling a thick fina product is achieving penetration of the deformation
into the center portion of the dab. As illugtrated in Figure 10, the deformation and consequent
gran refinement will tend to concentrate near the surface while the interior will undergo less
deformation, resulting in a coarse grain Sze that is detrimentd to both strength and toughness
One means by which this might be addressed is by cooling the trandfer bar temperature to
deliberady creste a temperature gradient through the thickness. During finish rolling, the
cooler outer surface of the bar would be more resstant to deformation and the strain would
effectively be transferred to the core of the bar.

Fgure 10: Schematic illugtrating grain refinement during rolling of heavy gauge materid.

Findly, cooling rae after rolling is important. As discussed previoudy, grain refinement and
increased drength are closdly linked to increased cooling rate on the run out table. As skelp
thickness increases, it becomes increesingly difficult to maintain a high cooling rate in the
interior of the bar. This in turn promotes a gradient in microstructure and properties through
the thickness of the skelp with a grester grain size and lower strength obtained towards the mid-
thickness of the skelp (Figure 11).
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Figure 11: Effect of rolling penetration on grain refinement

The varidion in properties through the thickness of the sted is demondrated in Table V. Three
mm thick transverse tensile samples were cut from various positions through the thickness of a
13.3 mm thick X80 drip. The top and bottom surface samples have greater strength than do the
interior samples. A full thickness sample produces a result, which is intermediate between the
surface samples and the interior samples.  Similarly, Charpy impact toughness vaues have been
found to be greater at the surface than in the interior. These enhanced properties near the
surface correspond to the finer microgtructure, which is obtained in the vicinity of the surface.

TableV Variation of properties through the thickness of 13.3 mm X80

Location YS(MPa) UTS (MPa)
Top Surface 619 722
Upper middle 1/4 605 716
Lower middle 1/4 598 710
Bottom surface 617 726
Full Thickness 612 719

The effects of the increasingly inhomogeneous microstructure through the thickness as gauge
increases are paticularly deleterious to impact toughness. This is illudrated in the variation of
Drop Weight Tear Tes (DWTT) properties with gauge (Figure 12). Although it has been
possble to achieve X80 tendle properties in gauges up to 16.1 mm, a Steady deterioration is
Charpy toughness and drop weight fracture appearance has been observed.

The achievement of X80 tendle properties in gauges up to 19 or 254 mm can likey be
achieved through further dloy addition, coiling a lower temperaures and/or cold working.
The achievement of suitable fracture toughness is the mgor chalenge owing to the difficulty of
refining the interior grain 9ze in heavy gauge maerid. These chdlenges are not specific to
Stecke mill operations, but must be overcome by al sted producers.  If a heavy wal Northern
Pipeline is to proceed, it may not be possible to rely on the inherent properties of the sted for
fracture toughness and other means of crack arrest will need to be employed.
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Figure 12: Vaiation of Drop Weight Tear Test (DWTT) impact properties with
gauge for X80 linepipe.

Conclusons

Niobium has proven a crucid dloying édement in IPSCO's development of high
drength sted produced by Steckd Mill ralling. Through its multiple roles as a gran
refiner, <olid solution drengthener and precipitation  hardener, niocbium  provides
uniform properties in controlled rolled seds despite varigions in rolling time and
temperature throughout the coil.

The gpplication of the Ti-Nb microdloying approach appears to saturate at 550-620
MPa owing to the prolonged processng time, which permits excess precipitation in the
audenite phase. It appears that new approaches will be required to achieve higher
srength particularly in gpplications requiring fracture toughness.
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