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Abstract

Large diameter pipes for onshore and offshoreiegtdns are manufactured using the UOE process. Th
manufacturing process consists in the cold fornaiilgeavy plates followed by welding and then byeapansion. It has
been demonstrated in previous work that, for detgwapplications, the cold forming process involuedJOE pipe
manufacturing significantly reduces pipe collapsergyth. To improve the understanding of thesectsf Tenaris has
embarked on a program to model the phases of tHe trd@nufacturing process using finite element method

Previous phases of this work formulated the bfsishe model development and described the 2Dogupr
taken to model the various steps of manufactur@areMecent developments included modeling enhanasmsome
sensitivity analyses, and comparison of predictionthe results of full-scale collapse testing genied at C FER. This
work has shown correlations between manufacturargrpeters and collapse pressure predictions.

The results of the latest phase of the reseamdrggm are presented in this paper. This work stssif full-
scale collapse testing and extensive coupon tesimgsamples collected from various stages of theE Uiipe
manufacturing process including plate, UO, UOE, #rmtmally aged UOE. Four UOE pipe samples matwifad
with varying forming parameters were provided bydrs for this test program along with associatldepand UO
samples. Full-scale collapse and buckle propay#ists were conducted on a sample from each ébtihéJOE pipes
including one that was thermally aged. Additiooalipon-scale work included measurement of the tfirabickness
variation of material properties and a thermal mgeitudy aimed at better understanding UOE pigagth recovery.

The results of these tests will provide the bésifurther refinement of the finite element modslthe program
proceeds into the next phase.

1. Introduction

The Tenaris Group is performing work aimed at usidading the mechanical and material behaviour of
offshore linepipe when subject to external presglird]. This work involves developing advancediténelement
analysis models to predict pipe behavior during nenufacturing process and under external presssrevell as
performing detailed geometric measurements, méateoapon tests, coupon scale thermal treatment,falhdcale
collapse tests.

Four samples of 20 inch diameter, 1 inch wallkhess, grade X70 UOE pipe were supplied by the &ponf
Industrial S.A. plant in Brazil for testing. Eacip@ sample was accompanied by a pair of assocjdtdds and UO
pipes as indicated in Figure 1.
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Figure 1. Specimen schematic

This paper presents the results of coupon tesimgnaterial at various stages of the UOE pipe fogmi
process, including the as-produced plate, the paseked tube, the final UOE form, and the final UfDEN after
thermal treatment, along with full-scale collapsal @uckle propagation results. Table 1 summarhbestesting
performed on the supplied samples at C-FER’s fgdili Edmonton, Canada. The forming parametethefour pipe
samples provided are also provided in Table 1.

Table 1. Testing Summary with Forming Parameters

" LO PBE CR PAE ER
Pipe UOE uo Plate (mm) (mm) (%) (mm) (%)
1 Collapse and CouponTests Unused CouponTests | 1,510.5 | 1,587.1 0.20 1,595.8 0.55
2 Collapse and Coupon Tests Unused Unused 1,511.5 |1,583.9 0.47 1,597.6 0.86

Collapse and Coupon Tests
Through-thickness Coupon Tests

Full-scale Thermal Treatment
4 Collapse and Coupon Tests Unused CouponTests | 1,505.5 |1,582.7 0.16 1,594.9 0.77

Thermal Coupon Tests

Coupon Tests [CouponTests | 1,513.5 | 1,583.7 0.61 1,597.2 0.85

Where:

LO: Initial plate width

PBE: Perimeter before expansion

CR: Compression Ratio = {[(LO + T x thickness) / PBE] — 1} x 100 (%)
PAE: Perimeter after expansion

ER: Expansion Ratio = {[(PAE / PBE) — 1] x 100 (%)

2. Experimental Facilities

The facilities used for the experimental work ud#d C-FER’s Deepwater Experimental Chamber (DEC),
Materials Testing System (MTS), a coupon-scalentaétreatment system, and a full-scale thermalrtreat system.
C-FER’s DEC was used for all the full scale collapssts. The chamber has a tested pressure capfes@WPa, with
an inside diameter of 1.22 m and an overall ingétgth of 10.3 m. All tension and compression coufEsts were
conducted using C-FER’s MTS 1000 servo hydrauliting machine. The MTS has a rated capacity ofQL}00 in
tension or compression, which is well in excesthefcapacity required for this project. Figure 2vgs both facilities.
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Figure 2. C-FER Deepwater Experimental Chambemaigrial Testing System

The full scale thermal coating simulation on Péesed two 50 m long liquid cooled induction codsch
powered by a Miller ProHeat 35 kW Induction Poweun®e. For the coupon scale thermal treatmenk\& Zariable
frequency computer controlled induction heater wsad. The system consists of a power supply, aecdpping colil
that encompasses the coupon and a cooling systgmittulates water through the copper coil andothveer supply to
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prevent system overheating. Figure 3 shows a plegtbgof the two blue induction coils during theuattthermal
treatment (left) and the system to perform the oatgpthermal treatment (right).
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Figure 3. Full scale Thermal Treatment Inductiorl Besemby and Cuopon scale Thermal Treatment Eoei

The induction coil assembly consisted of the feliw: two liquid cooled induction coils; a reinfed, non
conducting cylinder; and two infrared thermocoupleach flexible induction coil consisted of seveamplete closed
wraps around the cylinder, which was lined withlde® to minimize drag on the outer pipe surfacee Thils were
spaced 448 mm apart on the cylinder, with the fodweil acting as a “preheat” to bring the pipe penature to
approximately 135°C and the rear coil heating tipe po approximately 235°C. The infrared thermodesipvere used
as temperature feedback to control the power outpiite ProHeat 35. One infrared thermocouple wasegd near the
top of the pipe and the other near the bottom. t&hmerature profile of the pipe was continuousbnitored during the
thermal treatment process using weld on Type Kntbeouples.

3. Specimen preparations

3.1. Full scale Thermal Treatment

Prior to collapse testing, Pipe 4 was subjected foll-scale thermal cycle simulating a typicalifusbond
epoxy coating process. Before thermal treatmentesanaterial was removed to allow characterizatibnthe
“non-thermally-treated” material properties. Afteiermal treatment, further material samples weneoved to allow
characterization of the material properties oftttemally-treated pipe.

Thermal treatment of Pipe 4 involved moving thdduiction coil assembly at a controlled rate with iach
assembly. Thirty two thermocouples were placecatlar intervals along the outer surface of thepdamipe. Sixteen
thermocouples were located near the top of the gijgkthe other sixteen near the bottom. This &tbfer continuous
monitoring of the pipe temperature as thermal tneait progressed. The rate of induction coil pregjan was initially
determined from trial runs on sacrificial pipe sd@sp However, the rate was slightly increasedearehsed during the
heat treatment depending on the readings fromhtieniocouples. After approximately 5 minutes atgerature, the
specimen was cooled by water quenching. Figur@oWs a typical temperature profile for the fulldecghermal
treatment process.

300

275 =Top TC - 16 ‘ -
250 —BottomTC - 16

//
s
225 i
5 200
@175 II \
2 150 ! —
;-’- 125 Ve et
2 100 /

s i

50 /

I

65 70 75 80 85 90 95 100
Time (minutes)

Figure 4. Full Scale Thermal Treatment Results

3.2. End Cap Welding

End plates were welded onto all four pipe sampae®scilitate collapse and buckle propagation tegsti The
end caps were 20 inches in diameter, 4 inches,taik made of 44W structural plate. A GMAW weldprgcess with
an ER70S 2 consumable was used.
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3.3. Pipe M easurements

Each of the supplied pipes was measured by Tepacisto delivery to C-FER. The outer surface weegpped
using the shapemeter [3] and the thickness wasnadgaped using a standard ultrasonic gauge ovadargde of 16
generatrixes and 75 sections of the pipe. In figurthe surface map and Fourier decomposition ekttiernal surface
considering the first 12 modes along the pipe lerfigt pipe 1 are shown. It can be clearly seerséan of the pipe as
lighter (higher) line all along the pipe length. eTithickness map for pipe 1 is shown in figure 6r Bobetter
visualization, the thickness map does not takeastmunt the weld thickness which has an averalge @£ 26.6 mm.
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Figure 6. Pipe 1 Thickness map

Additional measurements of diameter and wall thédenwere made at C-FER on each of the full-scdlepse test
pipes. These results are summarized in Table 3.

Table 3. C-FER Geometric Measurements Results égeeYalues)

. _ (0D, —OD,
Pipe | OD (mm) | Wall Thickness(mm) 0V31|1Y=MX10(%
1 507.6 25.14 0.12
2 508.0 25.19 0.19
3 507.6 25.13 0.14
4 507.2 25.01 0.26

4. Coupons preparations

120 coupon test were performed at Tenaris owratab160 coupon tests were performed at C-FER, sngimi
up a total of 280 for this project. The intent wagosition the coupons as close as possible téCttend OD of the
pipe while still obtaining full coupon geometry.gbire 7 shows the selected ID and OD positions dophand axial
coupons. Table 4 presents a summary of the codpbrisated.

5.4 mm r 5.4 mm

D — Pt F o
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Figure 7. Hoop and Axial Coupon Positions
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Table 4. Coupon Test Matrix

Polar Axial Hoop
Lab Coupon Source Comments Wkl:)??ae[;)lcl Compression Tension Compression Tension SQLTST([)I:;/I
to Seam Weld [ op« ID* oD* | ID* OD* ID* oD* ID*
Pipe 1 180° 1 1 1 1 1 1 1 1 8
Pipe 2 180° 1 1 1 1 1 1 1 1 8
45° 1 1 1 1 4
90° 1 1 1 1 4
Pipe 3 135° 1 1 1 1 4
180° 1 1 1 1 1 1 1 1 8
Through-
thickness gesls“* 10 10 10 10 40
45° 2 2 2 2 8
UO Pipe 3 90° 2 2 2 2 8
135° 2 2 2 2 8
C-FER 180° 2 2 2 2 8
Plate Pipe 3 nfa 2 2 2 2 2 2 2 2 16
Plate Pipe 3 Bauschinger nla 1 1 1 1 4
Tests’
180° 1 1 1 1 1 1 1 1 8
One coupon-
Pipe 4 Before Thermal Cifé?':[:)hgzgg 180° L L L L L L : : 8
Treatment “Faro coupon-
scale thermal 180° 1 1 1 1 1 1 1 1 8
cycles to 240T
Pipe 4 After Thermal 180 1 1 1 1 1 1 1 1 8
Treatment
Plate Pipe 1 nfa 3 3 6
Pipe 1 180° 3 3 6
Plate Pipe 3 nfa 6 6 6 6 24
45° 6 6 12
Tenaris 90° 6 6 12
Pipe 3 135° 6 6 12
180° 6 6 6 6 24
HAZ 3 3 6
Weld 3 3 6
Plate Pipe 4 nfa 3 3 6
Pipe 4 180° 3 3 6
Quantity Total 280

* ID coupons centred 5.4 mm from ID surface. ODpmms centred 5.4 mm from OD surface.
** Coupons locations spaced evenly through the téatkness.
** Coupons tested by straining to 0.5% followed tegting in the opposite direction.

4.1. Coupon Scale Thermal Treatment

Coupon scale thermal treatment involved heatingcd@pons to a temperature of 240°C for 3 minutes,
followed by 1 minute of air cooling prior to watguenching. Eight of the sixteen coupons were thdsested to a
second thermal cycle consisting of heating to 240f8lding for 3 minutes, and water quenching. Tallifate uniform
thermal treatment, the coupons were initially maeti as plain cylinders. After completion of therthal coating
simulations, these cylinders were machined to fiealpon dimensions.

5. Couponsresults

5.1. Plate property variation

Figure 8 shows the yield stress obtained fronttupons taken from the original plates correspantbrpipes
1, 3 and 4. As expected, the differences betweerintlernal and external sides of the plates (cparding to the ID
and OD in the formed pipe, respectively) are vewy.|However there is difference of approximately B&tween pipe 1
and pipe 3 and 10% between pipes 4 and 3. Notgitldtstrength for this paper is defined as thesstat 0.5% strain.
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Figure 8. Yield Stress from Original Plates

5.2. Through thickness property variation

Coupons were taken through the wall thicknessipé B at the 180° circumferential location to detieve
variability in the yield strength with respect t@lthickness. The distribution of hoop couponstigh the pipe wall
and the results of the through-thickness testiegpaovided in Figure 9. A similar distribution wased for the axial
coupons. Coupons were subsequently tested in &ogioh and compression.
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Figure 9. Through-thickness Hoop Coupon Locatems Yield Strength Variation

The axial and hoop tensile yield strengths harelai distributions, with a maximum at the innedawuter
surfaces and at a minimum at the mid-wall thickn@sg increasing tensile yield strength from intweouter diameter
is indicative of the effect of the forming processthe hoop direction properties. Likewise, theegponding decreasing
compressive yield strength suggests the influehtieedBauschinger effect on material properties.

5.3. Pipe Forming

Pipe 3 coupons were tested from the plate, UO,30& material to ascertain the influence of theniog
process on yield strength. Coupons were taken lfrottm the ID and OD locations in the hoop directonl were tested
in tension and compression. The results of the st shown in Figure 10.
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Figure 10. Forming Effects on Hoop Tensile and @@ssive Yield Strength

Comparing the UOE to the UO results, the hoop cesgive yield strength decreased while the hoopléens
strength increased. Additionally, the hoop compvesyield strength of the ID coupons was greatenthhe
corresponding OD coupons for both UO and UOE spamémThe decrease in compressive yield strengthekatthe
UOE and UO coupons, including the variance betwBeand OD, is indicative of strain hardening and #ssociated
Bauschinger effect on the material properties dube forming process.

Tension and compression tests were also conduatecial coupons taken from the plate and UOE sasnple
associated with Pipe 3. As shown in Figure 11 etlvess an increase in tensile yield strength betypéstie and UOE
specimens.
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Figure 11. Forming Effects on Axial Tensile and Qoessive Yield Strength

5.4. Thermal Treatment

A thermal-treatment study was completed using Ripeevaluate the effect of mild heat treatmembusating
the thermal cycle associated with a typical fudiond epoxy coating process, on tensile and compessgsess-strain
behaviour. Samples were taken from Pipe 4 befoek after full-scale thermal treatment. Coupon-sdalermal
treatments were performed on some of the sampdéswvidre not subjected to the full-scale thermalttreent. The goal
was to determine the effect of thermal treatmenyield strength and stress-strain curve shape. @mipere taken
from near the ID and OD, in the axial and hoopdlioms, and from an orientation of 180° with resdecthe weld
seam. These coupons were then tested in both teasid compression. The compression test resultthéohoop
direction are shown in Figure 12.
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Figure 12. Compression Test Results for OD an#idbp Thermal Treatment Coupons

As can be seen in Figure 12, there is a progresenrease in yield strength between the no treatmen
(“as-received”), single treatment and double tremtintoupons. Of particular interest was the regoeEcompressive
yield strength, in the hoop direction, initiallyskoas a result of the UOE forming process. Addilly, the transition at
yield becomes sharper indicating a recovery of riteroperties closer to those of its virgin form.

6. Full-Scale Test Results

Figure 13 shows the results of the collapse andubsequent buckle propagation test for Pipe 2hegevith
a photograph of the collapsed pipe. The collappetisien appearance and plots are typical for all éollapse and
propagation tests.
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Figure 13. Pipe 2 Collapse and Buckle Propagatest and Specimen After Collapse

Table 5 summarizes collapse and propagation pes$aach pipe along with the UOE forming paranseter

Table 5. Collapse Result Summary

Pipe Compression Ratio (%) Expansion Ratio (%) Forming Ratio (ER-CR) Collapse Pressure (MPa) Propagation Pressure (MPa)
1 0.20 0.55 0.35 344 8.9
2 0.47 0.86 0.40 32.2 8.9
3 0.61 0.85 0.24 33.2 8.9
4 0.16 0.77 0.61 43.0 9.7

Figure 14 shows the collapse pressure againsbtherfg ratio (left) and the collapse pressure ndized by
the yield stress obtained from original platesh({ig
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Figure 14. Collapse Pressure and Normalized Cal&psssure against Forming Ratio.
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It can be seen in the normalized graph that pipeci@ased its value relative to pipe 1 due toveetoyield
stress in the original plate. Unfortunately, theldistress for plate 2 could not be obtained toptera the second graph.
Although we do not have this point, the resultthefnon-thermally treated pipes (1 and 3) showdeecy to decrease
collapse resistance as forming ratio increases Evaugh its forming ratio was higher, the therpéikated pipe (Pipe
4) collapsed at a pressure 29% higher than theageesf the other three pipes showing a signifidaftuence of the
heat treatment on the collapse resistance of fie pi

The compression test results, for coupons taken fh@ pipe ID and OD in the hoop direction, onklged an
average increase of 11% between the thermallyelepipe specimens and the corresponding averagpesfmens
from the other three pipes. All these results arsistent with the results of previous work don€-#ER [5-8].

7. Summary and conclusions

A multi-phase research program at Tenaris’ resedaddility in Argentina to model the UOE pipe
manufacturing process has recently completed oneitsof milestone efforts involving full-scale testingf
controlled-fabrication UOE linepipe. This phasenafrk offered the unique opportunity to better ustind UOE pipe
material during various stages of manufacture ¢platUO pipe to UOE pipe to heat-treated UOE pipH)e results
presented in this paper have provided a substaimiaéase in understanding the interaction betwiben UOE
manufacturing process and material properties.

Presented work included numerous material propestyg at various stages of manufacture, full-scallapse
and buckle propagation tests, and in-depth thetreatment studies on the influence of a mild heasatment on
collapse strength. Some influence of the formingapeeters on collapse pressure was shown, but fazaeeters do
not seem to influence the propagation pressuréh®rcases considered. On the other hand, a mildtieadément was
observed to significantly increase the collapsestasce of the pipe.

The research program will be entering its next ptafswvork, which involves enhancing the FEA modstd
to predict collapse and obtaining a better undeditey of the influence of the UOE forming parameten collapse
strength. It is possible that these parametersdcbel modified to increase the collapse strengtlU©E linepipe
intended for ultra-deepwater applications, in @ddito the benefits realized from the thermal weait associated with
the fusion-bond epoxy coating process.
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