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The rapid development of design technology and strong market competition have prompted us to look
into the field of production of steel pipes with a process that perfectly meets industrial requirements,
which is high frequency (HF) induction welding, which is the most common welding process to produce
steel pipes. This process is currently better known for the manufacture of pipes of different diameters at
the Tube Gaz unit in Tebessa (Algeria). Among the various known destructive tests, the Vickers hardness
test is used to control the pipe. This test will allow us to determine the evolution of hardness in the longi-
tudinal and transverse directions of the welded joint. The objective of our study is based on the characteri-
zation of the processes controlling the mechanical behavior of steel pipes (type S235) with a thickness of
2.2 mm and an outside diameter of 70.70 mm, welded by HF induction. The analysis shows the existence of
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very diverse microstructures in the studied welded joint.
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1. INTRODUCTION

Tubes represent the most important semi-finished
product in terms of steel production [1]. High-frequency
(HF) induction welding is the most common welding
process to produce steel pipes [2]. The HF induction
welding process was discovered in the late 1940s, de-
veloped into reality in the 1950s, and became the main
method to produce pipes in the late 1960s and 1970s
[3]. Induction heating is a direct application of two
fundamental laws of physics: Lenz's law and the Joule
effect. By supplying an inductor with an alternating
current at a given frequency (often between 50 Hz and
a few hundred kHz), an electromagnetic field is created
in the vicinity of this inductor. When a conductive body
is immersed in these fields, it is crossed by a magnetic
flux whose variations induce, according to Lenz's law,
an electromotive force giving rise to eddy currents [4].
Electric resistance welded (ERW) pipes are increasing-
ly being used in natural gas and petroleum services due
to remarkable advances in fabrication, forming, weld-
ing, and other pipe manufacturing techniques. In addi-
tion, as the HF welded pipe meets the required stand-
ards, it can be economically used as a substitute for
similar submerged arc welded (SAW) products or ex-
pensive seamless products under the most aggressive
conditions of oil and gas production industries [5]. In
the case of induction welding, the voltage is induced by
the magnetic flux around the coil (without contact with
the pipe) (Fig. 1) [6].

Edges of the coil material are heated up to high
temperatures (Fig. 2a) and carbon along the surfaces is
oxidized forming CO and COs. Afterwards, the heated
edges are forged with external rolls and some metal is
expelled (Fig. 2b) together with the oxides formed dur-
ing heating [7].

At the welding point (1450 °C), the edges of an open
pipe are pressed against each other by clamping rollers.
Hot pressure welding follows, creating a bulk which is
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Fig. 1 — Joining of pipes by HF induction welding
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Fig. 2 — Illustration of (a) heating of the coil edges and (b)
forging in HF induction welding for pipe production

removed from the outside, and possibly inside, by
means of dimensions. All hardness testing methods
require a good understanding of the testing process in
order to obtain good results.

Hardness, which is a material control tool, is widely
used to quickly determine whether the material being
tested is suitable for its use. If the material is too soft,
it may break due to the forces imposed on it. If it is too
hard, it may crack due to brittleness of a scraper while
the pipe is still hot. In some cases, welding is followed
by cooling. The pipe is then calibrated, cold-formed, and
finally shaped exactly.

Tubes and pipes require further examination due to
their hollow shape. Obtaining the best results requires
the proper choice of special techniques that can be used
to improve the test method [8].
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2. MATERIAL AND EXPERIMENTAL
PROCEDURE

2.1 Material

The material used for the manufacture of tubes is
structural steel E 24-2 is low-carbon ferritic-pearlitic
steel with a low content of Mn [9], the chemical compo-
sition of which is given in Table 1. Table 2 presents the
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equivalence to the standard (quality according to the
new European standards) [10].

The pipe dimensions are 2.2 mm in thickness and
70.70 mm in diameter. The manufacture of a steel pipe
mainly depends on the welding process, and the quality
of welding is a crucial factor to determine the perfor-
mance of the conveying pipeline [12].

Table 1 — Chemical composition in percentage of ERW steel pipes S235 [11]

Chemical composition
Component C Mn Si P S N Nb Ti CEV
% 0.08 0.98 0.02 0.007 0.006 0.0061 0.024 0.016 0.27
Table 2 — Equivalence to the standard [10]
New European standard Ancient national standard
Standard Symbol Digital France Germany Italy RU Spain USA USA
EN10025 NF A 35-501| DIN 17100 |UNI 7070 | BS 4360 | UNE 36080| ASTM | ASTM
S235JR 1.0037 E24-2 St37-2 Fe360B 40A AE235B | A283C | A570Gr33
S235JRGI | 1.0036 | E24-2NE USt37-2 40B
S235JRG2 | 1.0038 RSt37-2
2.2 Experimental Study Traprint of * F
pyramidal shape Blunt

The Vickers method is the most precise method for
measuring hardness and belongs to the widest meas-
urement range [13]. There are several variants of this
test depending on the value of the applied load. For the
Vickers hardness test, the principle of which is defined
in Fig. 3, a blunt pyramidal diamond with a square
base and 136° angle between two opposite faces is used
as an indenter. It is vulnerable to impacts and there-
fore less suitable for use in severe conditions than a
ball in the Brinell process. On the other hand, it is
possible to examine harder materials. There is a priori
no hardness limit measured by the Vickers hardness
test [13].

Fig. 3 — Principle of the Vickers hardness test

The force is applied for 10-15 s smoothly, up to the
maximum value. It is then withdrawn. After that, the
pyramid leaves an imprint of a pyramidal shape (see
Fig. 4).

For loads between 100 and 1000 N, the load has no
influence on the hardness measurement. For samples
with a small or thin measuring surface (e.g., with a
hard surface layer) or when the surface can only be
slightly damaged, lower forces between 2 and 50 N are
recommended. This will be referred to as the Vickers
hardness test under reduced load. For loads less than
2 N, this is referred to as the Vickers microhardness
test. Such a test is suitable for measuring the hardness
of individual grains of a polycrystal, for example [13].

Fig.4 — Imprint of a pyramidal shape

The diagonal of the imprint is measured. The aver-
age of the two diagonals is used if the material is aniso-
tropic. The accuracy of the measuring device (magnify-
ing glass or projection on opaque glass) must be of the
order of 1 %, corresponding to a difference in hardness
of 2 %. Vickers (HV) and Brinell (HB) hardness calcula-
tions are similar. The Vickers hardness measurement
is defined by:

HV =2F/d? cos(18°) . 2.1)

The Vickers hardness measurement can be per-
formed on a convex or spherical cylindrical surface. It
is then necessary, on the one hand, to maintain a good
centering of the sample with respect to the axis of the
indenter, and on the other hand, to carry out the cor-
rection provided by the standard according to the ge-
ometry of the indented surface [13].

2.3 Vickers Hardness in the Welded Blank

From a mechanical point of view, we distinguish
three zones in the welded joint (Fig. 5): the base metal
(BM), the molten zone (MZ), and the heat affected zone
(HAZ). Each of these three zones has its own mechani-
cal characteristics [14].

Fig. 6 illustrates the hardness measurement pro-
cess taken directly on the welded tube (especially in the
transverse case) going from MZ, HAZ to the BM.
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Fig. 5 — Location of Vickers hardness measurement [15]

Fig. 6 — Principe of the Vickers hardness test for pipe [15]

3. RESULTS AND DISCUSSION
3.1 Hardness in the Longitudinal Direction

We show in Fig. 7 the hardness values measured in
different zones of the welded pipe (in the case of the
longitudinal direction). The hardness curves are pre-
sented for each zone: MZ, HAZ and BM.

It can be seen a slight increase in hardness in HAZ
compared to BM: the hardness measured in BM is
between 106 and 126 Hv, while in MZ, it is between
196 and 220 Hv. The hardness measured in HAZ is
between 136 and 155 Hv. This is due to hot mechanical
forging and residual stresses resulting from local plas-
tic deformations, and especially to the grain size.
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Fig. 7 — Vickers hardness in the longitudinal direction
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3.2 Hardness in the Transverse Direction

Fig. 8 shows the Vickers hardness in the circumfer-
ential direction of a pipe with a thickness of 2.2 mm
and an outside diameter of 70.70 mm. It also shows
that there is an increase in hardness when crossing
HAZ. The hardness measured in BM is between 110
and 142 Hv, while in MZ it is between 265 and 320 Hv.
The hardness measured in HAZ is between 156 and
242 Hv.
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Fig. 8 — Variation of hardness in different areas of the welded
blank (transverse direction)

The increase in microhardness when crossing HAZ
is not regular. Nevertheless, the highest hardness is
observed near MZ and is located in areas of coarse-
grained HAZ. The hardness map of MZ does not allow
the hardest zone to be determined. These measure-
ments show two peaks, each corresponding to the
boundary between raw MZ and reaustenitized MZ.

4. CONCLUSIONS

This analysis shows the existence of very different
microstructures in the welded joint studied, apart from
the nature and impurities present in the steel.

The Vickers hardness analysis shows an increase in
hardness when crossing the heat affected zone (HAZ).
Considering that brittle fracture is favored by areas of
high hardness and large grain size, the areas which
appear to be the most favorable for cleavage are coarse-
grained HAZ and the molten area of solidification. This
difference in microstructure leads us to carry out heat
treatment to make the pipe as homogeneous as possible
and avoid rupture in pressurized service.
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BunpobGysauusa Teepaocti 3a Bikkepcom crasesux Tpyo,
3BapEeHNX BHCOKOYACTOTHOIO IHAYKIIi€IO

K. Mansouri, A. Abboudi, H. Djebaili

Mechanical Department, Abbes Laghrour University, 40000 Khenchela, Algeria

[IIBuaxuit pO3BUTOK TEXHOJIOTII IIPOEKTYBAHHS Ta BHCOKA PHHKOBA KOHKYDPEHIIS CIIOHYKAJM HAC PO3T-
JIAHYTU cepy BUPOOHUIITBA CTAJIEBUX TPYO 13 IIPOIlecoM, SIKHMH ITOBHICTIO BiJIOBifae IIPOMUCIOBHUM BHMO-
ram, a came BrucokouacroTHuM (HF) iHaykrififinnm 3BapoBaHHAM, SIKUH € HANIOMMUPEHITAM IPOIIECOM 3Ba-
pIOBaHHS y BHPOOHUIITBI cTasieBux Tpy0d. Ha manwuit MomeHT 11e#t mportec O1/IbIn BiOMUM JJIsi BHPOOHHUIITBA
Tpy0 pisHoro miamerpy Ha ycrauosil Tube Gaz B Tebeci (Ayskup). Ceper pisHUX BiIOMUX PYHHIBHUX BHIIPO-
OyBaHb [1JIsT KOHTPOJIIO TPyO BUKOPUCTOBYETHCS TECT Ha TBepxicTh 3a Bixkepcom. Ileit Tect mo3possie BusHa-
YUTH eBOJIIOIII0 TBEPIOCTI B IIO3I0B/KHBOMY Ta IIOIIEPEYHOMY HAIPSIMKAX 3BAPHOro 3'eqHaHHs. Merowo Ha-
III0TO JOCJII/IPKEHHS € XapaKTePUCTHKA IIPOIIECiB, sIKl KePYTh MEXaHIYHOI IIOBEIIHKOI CTaJIeBUX TPYO (TUIT
S235) ToBmmHOWL 2,2 MM 1 30BHinIHIM miamerpom 70,70 MM, 3Baperux HF immykiriero. Anasria nokasye HasB-
HICTD AysKe PISHOMAHITHUX MIKPOCTPYKTYP Y JOC/TIIKYBAHOMY 3BAPHOMY 3'€THAHHI.

Kmiouosi cnosa: Cranesa tpy0a, Tsepmicts, Bikkepe, Bucoxa wacrora, Iaaykiriiine sBaproBaHHs.
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