
 Outside 
Diameter 

Wall  
Thickness 

mm mm 
  
  

4.76 0.7 
6.35 0.7 
7.92 0.9 
8.0 0.7 
9.5 0.7 
10.0 0.7 

1.0 
12.0 0.7 

1.0 
1.5 

 

 
 
 
 
 
 

INDUCTION WELDED SMALL  DIAMETER TUBE 
PRODUCTION LINE 

 
 
 
 
Target 

 
 

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

 
 
 
 
 
 

Refrigeration tubes 

Evaporation condensers 

Compressor lines 

Fuel lines 
 
 

Power steering lines 
 
 

Engine oil cooling lines 
 
 

Structural support components 
 
 
 
 
 
 
 
 
Giorgio Mazzola 
Massimo Mosca 



 

 
 

COMPOSITION OF THE LINE 
 
 
 

 
 
 
 
 

1.1 Double Strip Decoiler 
1.2 Strip Butt  Welding Machine 
1.3 Pinch Roll 
1.4 Hori zontal Strip Accumulator 
1.5 Strip Continuous Cleaning Unit  
1.6 Forming Machine 
1.7 H.F. Induction Welder 
1.8 NTD Eddy Current  Flow 
1-9 Tube Cooling 
1.10 Tube Tension Compensation 
1.11 Cold Drawing Bench 
1.12 Tube Continuous Cleaning Unit  
1.13 H.F. Induction Annealing Unit  
1.14 Protective Atmosphere 

Tube Cooling Section 
1.15 Turn  Wheel 
1.16 Mainta ining Zone 
1.17 Hot Dip Zinc Coating Unit  
1.18 Tube Cooling 
1.19 NDT Eddy Cur rent Flow 
1.20 Wound Up Reel 
1.21 Tube Air  Pressure Water Test 



 

  

 

 

 

 
TECHNOLOGICAL CYCLE  

 
 
 
1.1 The strip  coil coming from the coil storage is wound on the 

double decoiler 
 
 
 
 
 
 
1.2 Coils are jointed head to head using the strip  butt  welding machine 

 
 
 
 
 
1.3 
1.4 

Strip is accumulated in a horizontal strip  accumulator which avoids 
stopping the line for  changing strip  coil 

 
 
 
 
 
 
 
 
 
 
 
 
1.5 The strip  is cleaned using compressed water 

 

 
 
 
 
1.6 The tube is formed in the forming machine 



 

 

 

 
 
1.7 Tube is welded with the 100 KW  High Frequency 

welding unit  
 
 
 
 
 
 
 
 
 
 
 
1.8 The NDT Eddy current  flow detector controls the weld beam 
1.9 The welded tube is cooled 
1.10 The tube tension compensator unit  maintains the tube straight 
1.11 In the cold drawing bench the diameter of the welded tube is reduced to 

the required one 
 

 
 
 
 
 
 
 
 
 
1.12 The tube is cleaned 

 
 
 
 
1.13 The tube is annealed 

by means of the 
High Frequency unit  



 

 

 

 

 

 
1.14 Running in the protective atmosphere tube cooling section the tube is 

cooled without  oxidation. If Zinc  coating is required, the tube is cooled 
to only 420°C 

1.15  

 

 
 
 
 
 
 
1.15 In order to avoid having an excessively long line, after the first  

cooling section the tube returns on the top of the line by means of a 
turn wheel which operates under the protective atmosphere 

 
 
 
 
 
 
 
 
1.16 The tube is maintained under a protective atmosphere up to the Zinc 
coating unit 

 
 
 
1.17 Hot dip Zinc coating unit:  if  required, the tube is Zinc coated 
1.18 
1.19 

The tube is cooled and controlled again by NDT Eddy current  flow 
detector 

 
1.20 Tube is coiled on a wound up reel 

 
 
 
 
 
 
 
1.21 Tube is tested with pressurized water 



 

 
  WHY DOES THE TUBE HAVE TO BE ANNEALED?  
 
 
 
The  object  of  the  heat  treatment  of  welded  tubes  is  the  stress  relief  and 

recrystallization of steel. There are three processes that may be used to treat low 

carbon steel products: furnace annealing, continuous annealing (with resistance or 

gas heating), and induction annealing. Performances that can be obtained from the 

traditional furnaces are definitely correct; production costs, however, are high if 

compared with on line processes. Continuous furnace annealing requires large and 

expensive  installations,  it  is  not  applicable  to  the  tube  manufacturing. The 

induction annealing equipment allows the producers to increase the line speed of 

their current line while still producing acceptable quality tube. 
 

 
 

 



 
THEORY OF ANNEALING  

 
 
 

�  The FURNACE (or batch) ANNEALING process for coils of low-carbon steel 

requires a long heating period (on the order of several hours - one day) 

because of the large mass. Annealing per se is done near the lower critical 

temperature, A1, around 690 to 730 °C (1275–1350 °F). During this soak, 

recrystallization and some grain growth occur. In addition, carbides, which have 

been formed during cooling of steel that was hot rolled prior to cold rolling, may 

re dissolve. However, slow cooling (20 °C/h, furnace cooling) of 

the coils after soaking promotes re precipitation of these carbides. As annealed the 

low-carbon steel is relatively soft and has a grain size of ASTM 6 to 8. 

�  Because the annealed steel has been cooled from the annealing temperature and 
 

because all carbon has come out of solution, one of the major age-hardening 

problems in low-carbon steels, quench age-hardening (or “quench aging”)  is 

avoided. 

�  Quench aging leads to gradual hardening and decreased ductility with time at 

room temperature due to carbide precipitation. The problem is well known in 

the practice of CONTINUOUS ANNEALING of strips. During continuous 

annealing, uncoiled steel sheet is passed through a two-stage furnace. The first 

stage heats the steel (750–850°C) and accomplishes re crystallization. The 

maximum temperature is maintained for 40’’  – 1’. The second stage heats at a 

lower temperatures (350 – 400 °C) to overage the steel and to remove carbon 

from solution effectively. Without this step, the thin sheet would cool too 

rapidly and retain carbon in solution; this carbon would eventually cause strain 

or quench aging and reduce sheet formability. 



 
 
 

�  In contrast to furnace annealing, INDUCTION ANNEALING of low-carbon 
 

steel for purposes of recrystallization usually consists of fast heating to temperature, 

little or no soaking at the maximum temperature, and cooling to room 

temperature. Some studies have shown that soak times between 1’’  and 20’’  

are needed for complete recrystallization at temperatures just above the A1 point. 

Others have shown that no soak time is necessary provided that a high 

enough temperature is reached at the end of the heating cycle. 

�  If  the steel is cooled rapidly from the intercritical temperature (A1 < T < A3), 
 

the pools of austenite transform into martensite. 
 

�  If  the steel is slowly cooled (< 10 °C/sec) from annealing temperature to A1, 

there is no metallurgical reason for slow cooling after transformation of austenite 

has been completed; however slow cooling (5 – 8 °C/s) in the range 

510 – 420 °C is necessary to avoid quench aging. 
 
 
 

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



 
 
 
 

RESULTS OBTAINED FROM INDUCTION ANNEALING  
 

 
 
 
 
 
 

This report contains the relevant mechanical properties of steel strip and tube which is 

used by some leading manufacturing companies. 
 

Tubes are manufactured using Fe P04 (St 14, SAE 1008) and RSt 34, strip 

welded, and on-line annealed by Termomacchine’s high frequency induction 

machinery. 
 

The corresponding mechanical properties of the annealed tube are reported in order to 

evaluate the effectiveness of induction heat treatment. 
 
 
 
 

TABLE 1: DESIGNATION OF STEELS 
 
 

Standard No. Symbol DIN  C (%) Si (%) Mn (%) P (%) S (%) 
1.0034 (*)  RSt 34 – 2 �  0.17 - - �  0.045 �  0.045 

1.0338 St 14 �  0.08 (**)  (**)  �  0.045 �  0.045 
 
 
(*)  SAE carbon steel 1013 

 

(**)  Fe P04 in Italy is classified as extra low carbon steel, considered by UNI 

specification No. 5866: “Cold rolled flat finished products of unalloyed quality 

steel. Cold drawing, cold bending of sheets and coils. Quality, requirements and 

tests.” Mechanical properties of Fe P04 are guaranteed for 8 days from delivery. 

The chemical composition is not specified, except C% max and impurities (P, S). 



 

 
 
 

TABLE 2: MECHANICAL PROPERTIES OF STEEL STRIPS 
 
 
 

Designation of 
steel  

Re (N/mm2) Rm (N/mm2) A (%)  Hardness (HR 30T) 

St 14 ( Fe P04) <210 270 – 350 > 38 38 – 50 
 

RSt 34 – 2 
 >300 > 28  

 
 
 
 

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

 
 
 
Supplier 

Re (N/mm2) Rm (N/mm2) A (%) Hardness (HR 30T) 

 
A 

 
168 

152 – 192 

 
292 

275 – 334 

 
38 

35 – 43 

 
45 

41 – 48 
 

B 
 

163 
129 – 213 

 
302 

263 – 371 

 
39 

34 – 46 

 
44 

38 – 51 
 

C 
 

168 
131 – 196 

 
299 

270 – 354 

 
40 

34 – 43 

 
42 

40 – 48 
 

D 
 

184 
160 – 254 

 
293 

280 – 306 

 
37 

31 – 43 

 
44 

40 – 47 
 
General 
conditio

ns 

 
< 210 

 
270 – 350 

 
>38 

 
38 – 50 

 
 
 
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. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: plant for induction heat treatment of Fe PO4 tubes. 

 

Welded tube 10.3 x 0.68 mm reduced to 4.76 x 0.7 mm by a 3-step cold rolling 

reduction. 
 

 
 
 

TABLE 4: MECHANICAL PROPERTIES OF FE P04 INDUCTION HEAT 
TREATED TUBES AT 740 °C  

 
 
 

�  (mm) Re 

(N/mm2) 
Rm 

(N/mm2) 
A (%), 0 

days 
A (%),  
30 days 

Hardness 
(HR 30T), 

0 days 

Hardness 
(HR 30T), 

30 days 
4.76 225 

178/283 
341 

298/411 
33 

26/38 
26 

20/36 
51(*) 
46/56 

56 (**) 
51/62 

8.00 194 
158/250 

321 
273/379 

39 
30/44 

32 
22/36 

49 
44/55 

54 
49/62 

General 
conditions 

> 173 > 290 > 25 > 25 < 55 < 55 

 

 
(*)  90 – 100 HV0.2; (**)  100 – 120 HV0.2 (approximate conversion to Vickers) 



 
 
 
 
 

�  Castings of Fe P04 have, probably, a broad range of compositions referring to 

C%: the strips manufactured by different suppliers do  not have comparable 

mechanical properties, thus affecting the results of induction heat treatment. 

�  Minimum hardness values of induction treated tubes are rather higher than those of 

original coil. 

�  The material is subject to a process of room temperature aging, with a 

consequent loss of ductility; referring to un-aged samples, the number of tests 

with values out of general condition requirements are 12 and 2 % for 4.76 and 

8.00 mm diam. respectively. 
 

�  The data from mechanical property testing shows that the softest condition in the 

steel is usually developed by treating diam. 8 mm tubes (same induction 

heating parameters for both of the diameters). This behaviour can be 

rationalized by considering the starting structure of steel and residual stresses 

after cold working: 

Diam. 8 mm is less work-hardened than diam. 4.76 mm. Induction annealing is 
more effective on larger diameters. 

 

�  To achieve the optimum combination of properties (low strength, high total 

elongation, low strain – aging index); the ideal carbon content is between 0.015 

and 0.02 %. Some castings of Fe P04 fall in this range of composition, and the 

best results of induction treatment are explained. 



M  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Plant for induction heat treatment of RSt 34 – 2 tubes. Welded tube 10.3 

 

x 0.68 mm. reduced to 8.0 x 0.7 mm. by a 1-step cold rolling reduction. 
 
 
 
 
 

TABLE 5: MECHANICAL PROPERTIES BEFORE INDUCTION HEAT 

TREATMENT (WORK-HARDENED STEEL) 
 
 
 

�  tube, 
(mm) 

Re 

(N/mm2) 
(*)  

Rm 

(N/mm2) 
(*)  

A (%),  
(*)  

Hardness 
HV0.2, weld 

area 

Hardness 
HV0.2, base 

metal 
4.76 714 724 0.7 261 �  215 201 �  177 
8.00 - - - 170 �  144 152 �  130 

 
 
 
(*) Data from the customer 



 
 

Figure 5: �  4.76 mm. Microstructure, original magnification x1000. Work 
 

hardened steel: the original ferrite grains are heavily deformed due to reduction. 
 

 
 
 
 
 

 
 

Figure 6: �  8 mm. Microstructure, x1000. Tube after welding and reduction. 

Ferrite grains with some cementite. 



 
 

TABLE 6: MECHANICAL PROPERTIES OF RST 34 - 2 INDUCTION HEAT 
 

TREATED TUBES AT 900 – 930 °C,  �  4.76 MM 
 
 
 
 

Speed 
(m/min) 

Blower, 
power 
(%) 

Re 

(N/mm2
 

) 
(*)  

Rm 

(N/mm2
 

) 
(*)  

A 
(%), 0 
days 
(*)  

Hardness 
HV0.2, weld 
area, (**)  

Hardness 
HV0.2, base 
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 
(*)  Data from the customer, mean values at 0 days. (**)  Microhardness test in the 

 

transverse direction, from inside to outside; data from Termomacchine. 
 

General conditions for annealed tubes (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 
(°C) 

Speed 
(m/min) 

Re 

(N/mm2) 
Rm 

(N/mm2) 

A 
(%)  

730 65 458 475 38 

860 65 424 465 42 

910 65 440 469 41 

950 65 451 474 41 

Note: with increasing annealing temperature, mechanical properties do not change in 
a linear manner or with a predictable trend. 



 
TABLE 8: MECHANICAL PROPERTIES OF RST 34 - 2 INDUCTION HEAT 

TREATED TUBES, DIFFERENT DIAMETERS: 
 
 
 
 

Temperature 
(°C) 

Diameter 
Mm 

Re 

(N/mm2) 
Rm 

(N/mm2) 
A 

(%)  

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 area has a heat affected zone in which the microstructure is different 
from that of the base metal. Annealing reduces structural and hardness differences 
around the cross-section. 

 
 

Figure 7: Cross-section, mounted specimen for microhardness test 
 
 
 
 

�  Soaking is too short to be effective on mechanical properties of annealed steel. 

Considering diam. 4.76, data obtained at different speed are very close. The 

critical parameter is cooling: if  the linear tube speed is increased, also cooling 

(blower) must be stronger to remove heat and avoid oxidation of the tube leaving 

the line. 



 

 
 
 
 

 
 

Figure 8: blower 
 
 
 
 

 
 
Figure 9: Detail of cooling section 



 

 
 
 

�  Too fast cooling deteriorates the mechanical properties. 
 

If  steel is rapidly cooled from the intercritical temperature (from about 780/800 
 

°C to 680 °C), tensile strength is high and ductility is unacceptable. 
 

�  Data related to diam. 8 and 10 (mm) give the best results obtained by induction 
annealing. Bending tests on diam. 8 show a high ductility; tensile strength Rm is 
close to 400 N/mm2 (300 N/mm2 is obtained only by furnace annealing). 

 
 

 
 

 
 

 
 

 



 
 
 
 

PARAMETERS THAT AFFECT THE EFFECTIVENESS OF 
ON-LINE ANNEALING 

 
 
 
 

�  TEMPERATURE: there are no references of recrystallization annealing at 

temperatures above 850 °C. Considering the induction heat treatment of RSt 34 

–2, the maximum process temperature of 930 - 950 °C (a specification provides 
 

for heating at 950 °C to have the product certified) may balance high heating 

rate and possibly is sufficient to obtain a good amount of recrystallization. 

However, the soaking should be rather long to ensure a sufficient slow cooling 

rate (<10 °C/sec) in the range 780 – 680 °C. 
 
 

 
 
 

Figure 10: Induction coil box 



�  STARTING STRUCTURE: referring to the same plant and comparable process 

parameters, diam. 8 (mm) annealed tube has acceptable mechanical properties 

while diam. 4.76 (mm) does not. The degree of work-hardening of steel prior 

to annealing is fundamental for predicting the effectiveness of heat treatment. 

The solution should be found before induction annealing: 

- the max welded diameter should be 10.35 x 0.7 mm 
 

- reduction by few steps (possibly 1) cold rolling 
 
 
 

�  COOLING: 
 

1) Exit temperature is 420 °C when the tube is on line zinc coated after annealing. 
 

It is possible to heat the tube at 750 °C max instead of 930 °C, obtaining good 

results due to soaking step (with controlled temperature in the critical range, 

from annealing temperature to 680 °C). 
 
 

 
 

Figure 11: Soaking 



 

 
 
 
 

Figure 12: �  4.76 mm: ferrite grain structure (original magnification x100) of 

induction annealed specimen (test), with 15’’  850°C soaking. Slow cooling to about 

650°C. Grain size = ASTM 8. Hardness = 130 – 145 HV0.2 

 
 
 
 

2) Exit temperature of less than 100°C, with control of oxidation, is required by 

other producers. With a fixed length of the plant, for ex. 100m, a higher exit 

temperature of the tube would be preferred because gas cooling from 400 to 100 

°C requires ½ - 2/3 of the tunnel length, so there is no room left for soaking 

section. This installation allows, however, reliable results with �  8 (mm): tensile 

strength of annealed tube is close to theoretical data from furnace annealing. 
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