INDUCTION WELDED SMALL DIAMETER TUBE
PRODUCTION LINE

Target

Production of welded single - wall tubing manufacteed to ASTM A
513 and zinc-coated as per UNI 5741-66, suitablerfmany low
pressure and structural applications such as:

Refrigeration tubes

Outside Wall
Diameter Thicknes:
Evaporation condensers mm mm
Compressor lines
4.7¢ 0.7
. 6.3¢5 0.7
Fuel lines 7 9; 0.C
8.C 0.7
Power steering lines 9. 0.7
10.0 0.7
. : . : 1.0
Engine oil cooling lines 120 0.7
1.0
Structural support components 1.5
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Massimo Mosca
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COMPOSITION OF THE LINE

§i

slale

1.1

Double Strip Decoler

1.2 | Strip Butt Welding Machine
1.2 | Pinch Roll

1.4 | Hori zontal Strip Accumulator
1.2 | Strip Continuous Cleaning Unit

1.€

Forming Machine

1.7

H.F. Induction Welder

1.8

NTD Eddy Current Flow

Tube Cooling

1.1C

Tube Tensior Compensatior

1.11

Cold Drawing Benct

1.12

Tube Continuous Cleaning Unit

1.1¢

H.F. Induction Annealing Unit

1.14

Protective Atmosphere
Tube Cooling Section

1.1¢

Turn Whee

1.1¢

Maintaining Zone

1.1

Hot Dip Zinc Coating Unit

1.1¢€

Tube Cooling

1.1¢

NDT Eddy Current Flow

1.2C

Wound Up Ree

1.21

Tube Air Pressure Water Test




TECHNOLOGICAL CYCLE

1.1

The strip coil comingfrom the coil storageis wound onthe
double decoiler

1.2

Coils are jointed headto headusingthe strip butt welding machine

1.3
1.4

Strip is accumulatedin a horizontal strip accumulator which avoids
stoppingthe line for changingstrip coil




1.7 Tube is weldedwith the 100KW High Frequency
welding unit

1.8 | The NDT Eddy current flow detector controls the weld beam

1.9 | The weldedtube is cooled

1.10| The tube tensioncompensatorunit maintains the tube straight

1.11] In the cold drawing benchthe diameter of the weldedtube is reduced
the required one ‘

1.12| The tube is cleaned . E

1.13 The tube is annealed |

by meansof the
High Frequency unit




1.14| Running in the protective atmospheretube cooling sectionthe tube is
cooledwithout oxidation. If Zinc coatingis required, the tube is cooled
to only 420°C

1.15

1.15| In order to avoid having an excessively londine, after the first
cooling sectionthe tube returns on the top of the line by meansof a
turn wheel which operates under theprotective atmosphere

1.16| The tube is maintained under a protectiveatmosphereup to the Zinc
coating unit

1.1/7] Hot dip Zinc coatingunit: IT required, the tube IS ZInc coated

1.18] The tubeis cooledand controlled again by NDT Eddy current flow
1.19]| detector

1.20| Tube is coiled on a wound up reel

1.21| Tube is testedwith pressurized water




WHY DOES THE TUBE HAVE TO BE ANNEALED?

The object of the heat treatment of welded tubes is the stress relief and

recrystallizationof steel. There are three processeghat may be usedto treat low

carbonsteel products:furnaceannealing,continuousannealing(with resistanceor
gasheating),andinduction annealing.Performanceshat can be obtainedfrom the
traditional furnacesare definitely correct; production costs, however, are high if
comparedwith on line processesContinuousfurnaceannealingrequireslarge and
expensive installations, it is not applicable to the tube manufacturing.The
induction annealingequipmentallows the producersto increasethe line speedof

their currentline while still producingacceptableuality tube.



THEORY OF ANNEALING

The FURNACE (or batch) ANNEALING processfor coils of low-carbon steel
requires a long heating period(on the order of several hours - one day)
becauseof the large mass.Annealing per se is done near the lower critical
temperature,A;, around 690 to 730 °C (1275-1350°F). During this soak,
recrystallizationand somegrain growth occur.In addition,carbideswhich have
beenformedduring cooling of steelthatwashot rolled prior to cold rolling, may
re dissolve.However,slow cooling (20 °C/h, furnacecooling) of

the coils after soakingpromotesre precipitationof thesecarbides.As annealed the
low-carbonsteelis relatively softandhasagrainsizeof ASTM 6 to 8.
Becausdhe annealedsteelhasbeencooledfrom the annealingtemperatureand
becauseall carbonhascome out of solution,one of the major age-hardening

problemsin low-carbon steels, quenctagehardening(or “guench aging) is

avoided.

Quenchaging leadsto gradualhardeningand decreasedluctility with time at
room temperaturedue to carbide precipitation.The problemis well known in

the practice of CONTINUOUS ANNEALING of strips. During continuous

annealing,uncoiledsteelsheetis passedhrougha two-stagefurnace.The first

stage heats the steel (750-850°C) and accomplishesre crystallization. The
maximumtemperaturas maintainedfor 40” — 1’. The secondstageheatsat a
lower emperature350 — 400 °C) to overagethe steelandto removecarbon
from solution effectively. Without this step, the thin sheetwould cool too
rapidly and retaincarbonin solution; this carbonwould eventuallycausestrain

or qguench agin@ndreducesheetformability.



In contrastto furnaceannealingINDUCTION ANNEALING of low-carbon
steelfor purposesof recrystallizationusually conssts of fast heating temperature,

little or no soaking at the maximum temperature,and cooling to room
temperature Some studieshave shown that soak times between1” and20”
areneededor completerecrystallizationat temperaturegust abovethe A; point.
Others have shown that no soak time is necessaryprovided that a high
enoughtemperatures reachedat the endof the heatingcycle.

If the steelis cooledrapidly from the intercritical temperaturgA; < T < Aj),
the poolsof austenitdransforminto martensite.

If the steelis slowly cooled (< 10 °C/sec)from annealingtemperatureto Al,
thereis no metallurgicalreasonfor slow coolingaftertransformatiorof austenite
hasbeencompleted;howeverslow cooling (5 — 8 °C/s) in the range

510-420°C is necessaryo avoid quenchaging.

Figure 1: The lower left-hand side of the iron-carlon phase diagram.
Heating stage of low-carbon steel (about 0.1% C)




RESULTS OBTAINED FROM INDUCTION ANNEALING

Thisreportcontainsthe relevantmechanicapropertiesof steelstrip andtube whichis

usedby someleadingmanufacturingcompanies.

Tubesare manufacturedusing Fe P04 (St 14, SAE 1008) and RSt 34, strip
welded,and on-line annealedoy Termomacchine’sigh frequencyinduction

machinery.

Thecorrespondingnechanicapropertiesof the annealedube arereportedin orderto

evaluatethe effectivenes®f inductionheattreatment.

TABLE 1: DESIGNATION OF STEELS

StandardNo. | SymbolDIN | C (%) |Si (%) |Mn (%) ] P (%) | S (%)
1.0034(*) | RSt34-2 | 017 | - - 0.045| 0.045
1.0338 St14 0.08 | * | (*) | 0.045| 0.045

(*) SAE carbonsteel1013

(**) Fe P04 in ltaly is classifiedas extra low carbon steel, consideredby UNI
specificationNo. 5866: “Cold rolled flat finished productsof unalloyedquality
steel. Cold drawing, cold bendingof sheetsand coils. Quality, requirementsand
tests.”Mechanicalpropertiesof Fe PO4areguaranteedor 8 daysfrom delivery.

Thechemicalcompositionis not specifiedexceptC% maxandimpurities(P, S).



TABLE 2: MECHANICAL PROPERTIES OF STEEL STRIPS

Re (N/mm?) [ Rm (N'mm?) | A (%) |Hardness (HR 30T)
Designation of
steel
St 14 ( Fe P04) <210 270-350 | >38 38 — 50
>300 > 28
RSt 34 -2

TABLE 3: MECHANICAL PROPERTIES OF FE P04 STEEL STRIPS
FROM DIFFERENT SUPPLIERS

| Re(N/mn?) [ Rn(N/mm?) | A (%) | HardnesgHR 30T)
Supplier
A 168 292 38 45
152-192 | 275-334 | 35-43 41-48
B 163 302 39 44
129-213 | 263-371 | 34-46 38-51
C 168 299 40 42
131-196 | 270-354 | 34-43 40-48
D 184 293 37 44
160-254 | 280-306 | 31-43 40-47
General <210 270 — 350 >38 38 -50
conditio
ns
Note: the data indicated in the above table (and on the following one) are

the mean values and the ranges in which these values were found.




Figure2: plantfor inductionheattreatmentof Fe PO4tubes.

Weldedtube10.3x 0.68mm reducedo 4.76x 0.7 mm by a 3-stepcold rolling

reduction.

TABLE 4: MECHANICAL PROPERTIES OF FE P04 INDUCTION HEAT

TREATED TUBES AT 740 C

(mm) Re Rm A(%), 0| A (%), Hardness | Hardness
(N/mm? | (N/mm?) | days | 30days| (HR 30T), | (HR 30T),
0 days 30 day:
4.76 225 341 33 26 51(*%) 56 (**)
178/28 | 298/41. | 26/3¢ 20/3¢ 46/5€ 51/62
8.00 194 321 39 32 49 54
158/250| 273/379| 30/44 22/36 44/55 49/62
General >173 > 290 > 25 > 25 <55 <55
conditions

(*) 90— 100HVO0.2; (**) 100-120HVO0.2 (approximateconversiorto Vickers)




Castingsof Fe P04 have,probably,a broadrangeof compositionsreferring to
C%: the stripsmanufacturedy differentsuppliersdo not havecomparable
mechanicaproperties, thus affectingpe resultsof inductionheattreatment.

Minimum hardneswvaluesof inductiontreatedtubesareratherhigherthan thoseof

original coil.

The material is subject to a processof room temperature agingwith a

consequentoss of ductility; referring to un-agedsamplesthe numberof tests

with valuesout of generalconditionrequirementsare 12 and 2 % for 4.76 and

8.00mm diam.respectively.

The datafrom mechanicapropertytestingshowsthat the softestconditionin the
steel is usually developedby treating diam. 8 mm tubes (same induction
heating parameter®r both of the diameters)This  behaviour can be
rationalizedby consideringthe starting structureof steeland residualstresses
after cold working:

Diam. 8 mm is less work-hardened thdimm.4.76 mm. Induction annealing is
moreeffectiveon largerdiameters.

To achievethe optimum combinationof properties(low strength, high total
elongationlow strain— agingindex); the ideal carboncontentis between0.015
and0.02 %. Somecastingsof Fe PO4fall in this rangeof composition,andthe

bestresultsof inductiontreatmentareexplained.



Figure3: Plantfor inductionheattreatmenbof RSt34 - 2 tubes.Weldedtube10.3
X 0.68mm. reducedo 8.0x 0.7 mm. by a 1-stepcold rolling reduction.

TABLE 5: MECHANICAL PROPERTIESBEFOREINDUCTION HEAT
TREATMENT (WORK-HARDENED STEEL)

tube, Re Rm A (%), Hardness Hardness
(mm) | (N/mm?) | (N\/mm?) | (%) HV0.2, weld | HVO0.2, base
*) *) area metal
4.76 714 724 0.7 261 21t 201 177
8.00 - - - 170 144 152 13C

(*) Data from the customer




Figure5: 4.76 mm. Microstructure original magnificationx1000.Work

hardenedsteel:the original ferrite grainsareheavily deformeddueto reduction.

Figure6: 8 mm.Microstructure x1000.Tubeafterweldingandreduction.

Ferritegrainswith somecementite.



TABLE 6: MECHANICAL PROPERTIES OF RST 34 - 2 INDUCTION HEAT
TREATED TUBES AT 900-930 C, 4.76 MM

Speed | Blower, Re Rm A Hardness | Hardness
(m/min)| power | (N/mm? | (N/mm’* | (%), 0 | HV0.2, weld | HVO.2, base
(%) ) ) days | area,(**) metal, (**)

(*) (*) (*)
42 20 408 486 39 | 177 156 | 163 152
52 56 431 486 38 | 181 158 | 188 158
62.5 60 420 486 39 | 184 160 | 175 154

(*) Datafrom the customermeanvaluesat 0 days.(**) Microhardnesgestin the

transversealirection,from insideto outside:datafrom Termomacchine.

Generalconditionsfor annealedubes(DIN EN 10002):310< Rm<410;A% > 28

TABLE 7: MECHANICAL PROPERTIES OF RST 34 - 2 INDUCTION HEAT
TREATED TUBES AT DIFFERENT TEMPERATURES DIAM. 4.76 MM

Temperature Speed Re Rm A
(°C) (m/min) (N/mm?) (N/mm?) (%)
730 65 458 475 38
860 65 424 465 42
910 65 440 469 41
950 65 451 474 41

Note: with increasingannealingemperaturemechanicapropertiesdo not changein
alinear manneror with apredictabletrend.



TABLE 8: MECHANICAL PROPERTIES OF RST 34 - 2 INDUCTION HEAT
TREATED TUBES, DIFFERENT DIAMETERS:

Temperature Diameter Re Rm A
(°C) Mm (N/mm?) (N/mm?) (%)
925 4.76 x 0.7 420 486 39
925 8.00 x 0.7 255 402 44
925 10.00 x 0.7 239 392 44

The weld areahasa heataffectedzonein which the microstructureis different
from that of the basmetal. Annealingreducesstructuralandhardnesglifferences
around the cross-section.

Figure7: Cross-sectionmountedspecimerfor microhardnessgest

Soakingis too shortto be effective on mechanicalpropertiesof annealedsteel.
Considering diam. 4.76data obtainedat different speedare very close. The
critical parameters cooling: if the linear tube speedis increasedalso cooling
(blower) must bestrongerto removeheatandavoid oxidationof thetubeleaving

theline.



Figure8: blower

Figure9: Detail of coolingsection



Too fastcooling deteriorateshe mechanicaproperties.

If steelis rapidly cooledfrom theintercriticaltemperaturgfrom about780/800
°C to 680°C), tensilestrengthis high andductility is unacceptable.

Data related to diam. 8 and 10 (mm) give the bestilitsobtained by induction
annealing Bendingtestson diam. 8show a high ductility; tensile strengthR,is

closeto 400 N/mm? (300 N/mm?is obtainedonly by furnaceannealing).




PARAMETERS THAT AFFECT THE EFFECTIVENESS OF
ON-LINE ANNEALING

TEMPERATURE:thereareno reference®f recrystallizationannealingat
temperaturesabove850 °C. Consideringthe inductionheattreatmentof RSt 34
-2, the maximumprocessemperaturef 930- 950 °C (a specificationprovides
for heatingat 950 °C to havethe product certified) may balancehigh heating
rate and possibly is sufficient to obtain a good amount of recrystallization.
However,the soakingshouldbe ratherlong to ensurea sufficient slow cooling
rate (<10 °C/sec)in therange780—- 680 °C.

Figure10: Inductioncoil box



STARTING STRUCTURE:referringto the sameplantand comparableprocess
parameters, diam. @mm) annealedtube has acceptablemechanicalproperties
while diam. 4.76(mm) doesnot. The degree of wk-hardeningof steelprior
to annealingis fundamentalfor predicting theeffectivenessof heat treatment.
The solution shouldbe foundbeforeinductionannealing:

- themaxweldeddiametershouldbe 10.35x 0.7 mm

- reductionby few steps(possiblyl1) cold rolling

COOLING:

1) Exit temperatures 420 °C whenthetubeis on line zinc coatedafter annealing.
It is possibleto heatthe tube at 750 °C max insteadof 930 °C, obtaininggood
resultsdue to soakingstep (with controlled temperaturein the critical range,

from annealingemperatureo 680 °C).

Figurell: Soaking



Figurel2: 4.76 mm:ferrite grainstructure(original magnificationx100) of

inductionannealedpecimen(test),with 15” 850°Csoaking.Slow coolingto about

650°C.Grainsize= ASTM 8. Hardnesss 130—145HV.»

2) Exit temperatureof lessthan 100°C, with control of oxidation, is requiredby
other producers.With a fixed length of the plant, for ex. 100m, a higher exit
temperaturef the tubewould be preferredbecauseyascoolingfrom 400to 100
°C requires?z - 2/3 of the tunnel length, so thereis no room left for soaking
section.This installationallows,however, reliableresultswith 8 (mm): tensile

strengthof annealedubeis closeto theoreticaldatafrom furnace annealing.
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