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In the present paper, inﬂuences of normalization heat treatment on microstructural and mechanical
properties of high-frequency induction welded (HFIW) joints of X52 steel have been investigated. HFIW
joints were post-weld heat treated at different times and temperatures. The microstructure and mechanical
properties of the heat treated joints were then comprehensively investigated. Based on the results, a proper
normalization of the primary ﬁne grain steel caused the grain size to increase; but because of converting
brittle microstructure into ductile microstructure, it caused the toughness to increase also. In addition, the
ductility of the joints was enhanced. Nevertheless, tensile strength, yield strength, and hardness were
reduced. The results showed that 950 °C was the optimum normalization temperature from the standpoint
of fracture toughness for the X52 steel joints. At 1050 °C, the carbides and/or nitrides in the steel dissolved,
and excessive grain growth occurred. Hence, the maximum allowable temperature for normalization was
found to be 1000 °C.
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1. Introduction
High-frequency welding is a process in which the heat
source used to melt the joining surfaces is obtained from highfrequency (HF) alternating current (ac) resistance heating.
High-frequency current has certain characteristics that make it
useful for welding. It tends to ﬂow at high densities along
surfaces (skin effect) and seeks adjacent parallel surfaces for its
return path (proximity effect). This means that the heating and
subsequent melting can be efﬁciently concentrated and focused
to the surfaces where it is needed (Ref 1). In addition, it can
produce welds with very narrow heat-affected zones (Ref 2).
Also, the joining surfaces are mechanically squeezed together
after they are melted. This procedure helps produce a highquality weld by squeezing out residual oxides and molten
metal, which are detrimental to weld integrity (Ref 1). There are
two processes that utilize high-frequency current to produce the
heat for welding: high-frequency resistance welding and highfrequency induction welding (HFIW) (Ref 2).
HFIW is attractive to pipe manufacturers due to its
advantages over submerged arc welding such as high productivity, lack of consumables, and narrower weld zone, and is
currently used in the production of longitudinally welded pipes
for gas transmission (Ref 3).
Various pipe grades such as X52, X60, and X70 are
available for gas transmission pipelines (Ref 4-6). In these pipe
grades, ‘‘X’’ indicates that the steel contains niobium, vanadium, nitrogen, or other alloying elements. The two digits after
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‘‘X’’ indicate minimum yield strength requirement of the steel
in ksi (Ref 7).
Many efforts have been made to reveal behaviors of these
materials. For example, Zaky (Ref 8) determined the nonrecrystallization temperature for X52 steel produced by compact slab process combined with direct hot rolling. Also, Nieto
et al. (Ref 9) investigated the effective process design of the
production of HIC-resistant X52 and X65 linepipe steels.
Yet, following the welding, toughness which is a
microstructure-related property and is an important parameter
in ensuring the structural integrity of welded pipes become less
than ideal in the weld zone (Ref 10). Therefore, a post-weld
heat treatment (PWHT) is used with the aims of homogenizing
the microstructure at the weld junction, and consequently
improving the toughness (Ref 11).
In this research, the effect of normalization treatment
conditions on X52 steel HFIW joints was investigated through
microstructural studies and mechanical tests including crossweld tensile tests, cross-weld Charpy tests, and macro- and
microhardness measurements.

2. Experimental
In this study, hot-rolled X52 microalloy steel strips with
7.14 mm thickness were welded by HFIW process to produce
pipe. Chemical composition of the used material is given in
Table 1. The welding power and frequency were set on 322 kW
and 151 kHz, respectively. The welding rolls squeezed two
edges of the strips about 6.5 mm, and the welding line speed
was 14 m/min.
Upper transformation temperature of the steel (Ac3) calculated from Kasatkin formula (Ref 12) was 863 °C. Normalization temperature for hypoeutectoid steels begins from 55 °C
above upper critical temperature; thus, for the steel used in this
investigation, minimum normalization temperature was found
out to be about 920 °C. Holding time must be sufﬁcient to
cause homogenization. It was generally considered to be one
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hour per one inch of part thickness (Ref 13). Hence, the holding
time for the samples should be about 20 min. The details of the
applied PWHT are brought in Table 2. Mechanical properties
and microstructure of the normalized joints were studied.
Hydraulic 60-ton tensile machine was used to carry out tensile
tests of the joints. The cross-head speeds at elastic and plastic
deformation stages were 3 and 5 mm/min, respectively. Charpy
tester machine with pendulum energy of 750 J was used for
impact tests using weld center-notched specimens. Macrohardness tester with a load of 100 N was employed for taking
macrohardness measurement in HAZ. For assessment of
hardness variation across the joints, the measurements were
carried out using a microhardness tester with a load of 1 N. The
indentation distances along the joint areas were 300 lm. All the
hardness measurements were carried out on the plane made by
normal direction and transverse direction relative to the
orientation of rolling (ND-TD surface; according to Fig. 1).
All the mechanical tests were carried out in accordance with the
requirements of API 5L (Ref 14) for PSL2 line pipes. Surfaces
preparation was done by 180 to 1200 grit silicon carbide
papers, and then they were polished to the 3 lm diamond paste
level. For ordinary microstructure study, the specimens were
etched with 2% Nital solution. Prior austenite grain boundary
could be revealed with employing an austenite-quench cycle,
and then etching with hot aqueous saturated picric acid solution
(Ref 15-18). In this article, after austenitizing at 850 °C for
30 min and water quenching, the samples were etched at 80 °C
for approximately 3 min with aqueous saturated picric acid
solution including ﬁve drops of sodium alkylsulfonate as a
wetting agent. An optical microscope was used for study of the
microstructures. Grain size measurements were done using
Heyn Lineal Intercept method according to ASTM E112
standard (Ref 19). All the microstructural observations were
carried out on ND-TD surfaces (see Fig. 1). A scanning
electron microscope was used to study the fracture surfaces of
the impact test specimens.

scattered pearlite was observed. HAZ grains are ﬁner than base
metal grains. It seems that dynamic recrystallization caused by
occurred deformation in fully austenitized HAZ during HFIW
is responsible for this phenomenon, as expressed in Ref 11.
Figure 3(c) shows the weld junction zone. In this zone,
polygonal ferrite, Widmanstätten ferrite, grain boundary ferrite,
and some amounts of acicular ferrite were found. A small
fraction of this area is occupied by dispersed pearlite. The weld
junction grains are the coarsest, and this area has a decarburized
structure (in the whole thickness of the weld junction). It can be
assumed that the squeezing causes the formation of a considerable amount of equiaxed ferrite.
Table 2 Temperatures and times of the applied PWHT
in the experiments
Sample designation

PWHT temperature, °C

PWHT time, min

ÆÆÆ
800
850
850
900
900
950
950
1000
1000
1000
1050

ÆÆÆ
20
25
45
25
45
25
45
15
25
45
20

As-welded
800-20
850-25
850-45
900-25
900-45
950-25
950-45
1000-15
1000-25
1000-45
1050-20

3. Results and Discussion
Table 3 presents the results of mechanical tests and grain
size measurements. The results will be analyzed in the
following discussion. An as-welded HFIW joint usually has
three zones. Figure 2 shows this kind of joint in a pipe. The
three zones are marked in the picture. In Fig. 2, numbers 1, 2,
and 3 illustrate the base metal that remains un-affected during
welding, the HAZ, and the weld junction, respectively.
Microstructure of each zone is shown in Fig. 3.
According to Fig. 3(a), the base metal zone contains small
polygonal ferrite and a small fraction of pearlite. As can be seen
from Fig. 3(b), the HAZ mostly contains grain boundary,
Widmanstätten, and acicular ferrites. Also, in this zone, some

Fig. 1 Schematic illustration of extraction location of tensile and
impact test specimens

Table 1 Chemical composition of the used steel (wt.%)
C
0.076
Ni
0.007

Si
0.09
Ca
0.0022

Mn
1.2
Sn
0.0017

Cr
0.321
P
0.01

Nb
0.019
S
0.0016

Ti
0.015
Alt(a)
0.032

V
0.007
Als(b)
0.03

Mo
0.001
N
2 ppm

Cu
0.006
B
37 ppm

(a) Total aluminum
(b) Solute aluminum
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Table 3 Results of mechanical tests and grain size measurements
Ferrite
grain
size, lm

Grain size (ASTM No.)

Impact test

Tensile test

Prior austenite

Ferrite
Sample
designation

Weld

HAZ

Weld

HAZ

Weld

HAZ

Fracture
energy (J)

Shear
area(a), %

HAZ hardness,
HV

UTS,
MPa

Yield strength,
MPa

As-welded
800-20
850-25
850-45
900-25
900-45
950-25
950-45
1000-15
1000-25
1000-45
1050-20

4.9
4.6
5.3
5.8
6.2
6.4
7.1
7.2
7
7.2
8.3
8.8

3.8
4.6
6.4
12.4
11.5
11.6
11.3
12.3
12
12.8
12.4
16.6

12
12
12
11.5
11.5
11.5
11.5
11
11
11
10.5
10.5

12.5
12
11.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
9.5
8.5

12.5
12.5
12.5
12.5
12.5
12.5
12.5
12
12
12
11.5
11

13.5
13
12.5
12
12
11.5
11.5
11.5
11.5
11.5
11
10

3
40
5
56
57
66
119
68
89
91
102
50

10
36
2
59
60
86
100
88
95
84
93
84

201.1
169.5
159.7
143.5
135.7
131.8
136.7
132.7
142.2
145
144.3
134.5

562.8
515.5
480.4
473.4
446.4
435.1
429.6
452.9
459.7
458.1
480.2
459.7

460.5
439.6
383.8
375.4
324.5
329.1
319.4
332.7
344.4
334.8
350.8
344.1

(a) Ratio of dimply area to total area in fracture surface, i.e., ductile fracture percent

Fig. 2

Macrostructure of the as-welded HFIW joint

Microstructures of the weld and HAZ of the 950-25 sample
(which was heat treated at 950 °C for 25 min, according to
Table 2) are shown in Fig. 4. These micrographs are good
indicative of PWHT effects on the microstructure of the joint
areas. In the weld junction zone, uniform polygonal ferrite
constitutes the structure. Unfortunately, grain growth occurs
during normalization in steels with small grains such as the hotrolled steel used in this study.
Figure 5 shows the grain size changes occurred in the weld
junction and HAZ by normalization at various temperatures.
According to this ﬁgure, grain growth in HAZ is always more
than grain growth in weld (approximately 3.5 times). It seems
that this phenomenon happens because of the welding
mechanism; the squeezing two edges of the joint with a high
force causes a local high-density area in the weld junction zone.
Therefore, in this zone, heat treatment could hardly change the
grain size.
Further study of normalization effects on the microstructure
homogenization, using microhardness variation across the cross
sections of the joint areas was performed. Figure 6 shows the
microhardness proﬁles of the as-welded sample and 950-25
sample (as a good example for a well-normalized sample).
Considering the symmetry of HFIW joints, the hardnesses are
given for one side of the joints. This ﬁgure shows two
interesting results: ﬁrst, the weld center has the maximum
hardness due to higher density of small Widmanstätten ferrite
grains in comparison with the other zones. Second, normalization causes more uniform hardness in all the zones.
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The occurrence of secondary recrystallization is expected in
the upper temperatures of annealing (where surface energy is
sufﬁciently high) for metals which have some elements that
retard grain growing (Ref 20). The used microalloyed steel has
carbides and nitrides of titanium, vanadium, aluminum, and
niobium elements which are grain growth blockers (Ref 21).
Figure 7 shows prior austenite microstructure of the 950-25,
1000-15, and 1050-20 samples. Small spots in the middle of
austenite grains in Fig. 7(a) seem to be very small grains that
nucleate there, and thus it was shown that secondary recrystallization phenomenon is beginning at 950 °C. Figure 7(b) and (c)
conﬁrms this. In Fig. 7(b) (1000-15 sample), there are many of
small grains in the middle of the large austenite grains that show
high level of secondary recrystallization. Finally, Fig. 7(c)
shows that the grain growth has occurred in 1050-20 sample.
All microalloyed steels have a maximum carbide and/or
nitride stability temperature, which after that temperature
carbides and/or nitrides solve and excessive grain growth
happens (Ref 22). It appears that grain growth temperature for
X52 steel is about 1050 °C. This excessive grain growth can be
understood by comparison of Fig. 4 and 8, which illustrates the
microstructure for 1050-20 sample. Hence, maximum allowable temperature for normalization (to prevent excessive gain
growth) is approximately 1000 °C.
Figure 9 shows the variation of weld ferrite grain size versus
PWHT temperature for two different holding times. It was
found out that with 150 °C increase in temperature, average
grain size increases 1.9 lm for 25 min holding time and
2.4 lm for 45 min holding time.
Figure 10(a) shows the direct relation between absorbed
energy and the shear area percent. Figure 10(b) shows relationship of weld ferrite grain size and shear area percent
(considering the existence of Fe-S inclusions in the fracture
surface of the 850-25 impact test sample, for preventing error in
the ﬁndings, the results related to it have been omitted).
Taking into account Fig. 5, with increase in time and/or
temperature of normalization, grain size increases, but according to Fig. 10(b), shear area percent and accordingly impact
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Fig. 4 Micrographs of 950-25 sample including polygonal ferrite
(light areas) and pearlite (dark areas): (a) Weld junction and (b) HAZ

Fig. 3 Micrographs of the as-welded sample: (a) base metal, (b)
HAZ, and c) weld junction. 1 = polygonal ferrite, 2 = grain boundary ferrite, 3 = Widmanstätten ferrite, 4 = acicular ferrite. Dark areas
are pearlite

energy also increases. This event shows that with normalization
of primary small grain steel, although grain size increases,
toughness improves. The probable reasons for this phenomenon
could be listed as follows: (I) change of microstructure with
brittle fracture (including Widmanstäten ferrite) to ductile
microstructure (uniform equiaxed polygonal ferrite), (II) promoting the formation of acicular ferrite phase with increasing
austenization temperature in the range of 850-1000 °C (due to
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the shift of phase transformation temperature range to lower
temperatures) (Ref 23), and (III) improvement of crystallographic texture due to normalization (Ref 10, 11). However,
with more increase of time and/or temperature of normalization,
excessive grain growth happens and resistance to crack growth
and accordingly toughness of the joint (shear area percent and
impact energy) decreases.
Figure 11(a) and (b) shows the relationship of normalization
temperature with impact energy and shear area percent,
respectively. Each result of impact for one temperature is
average of two related holding times of 25 and 45 min. With
increasing temperature of PWHT up to 950 °C, the impact
energy increases but by further temperature enhancement, it
remains approximately steady. Shear area percent has a similar
relation with normalization temperature but after 950 °C, it falls
down with increasing PWHT temperature. Hence, it can be
understood that 950 °C is may be the best normalization
temperature in standpoint of fracture toughness; however,
PWHT up to 1000 °C would be suitable. Figure 12 shows SEM
image of the 950-25 sample fracture surface. The elongated
dimples observed throughout the surface are indicative of the
occurrence of 100% ductile fracture in this sample.
Variations of ultimate tensile and yield strengths with weld
ferrite size are shown in Fig. 13(a) and (b). With increasing the
time and temperature of normalization and consequently, the
grain growth up to approximately 7 lm, the strengths decrease.
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Fig. 5 Grain size in weld junction and HAZ vs. normalization temperature at holding times of (a) 25 min and (b) 45 min

Fig. 6 Microhardness proﬁle obtained for the as-welded and 95025 samples

Thus, the minimum strengths are obtained in a grain size range
for which the maximum impact energy is obtainable.
In cases of the samples which were normalized with higher
temperature and/or time than 950-45 sample, although the
grains are coarser than the grains of the 950-45 sample, the
strengths are higher (this trend was also observed for hardness
as the following). For explanation of this event, the following
hypothesis can be suggested: after reaching a speciﬁc time and
temperature, some carbides and/or nitrides dissolve into matrix
during austenitizing, and then precipitate during cooling in
larger amounts or ﬁner dimensions because of normalization
conditions. Hence, it can cause the strength to increase. The
strengthening of ferrite associated with precipitation mechanisms was quantiﬁed in the Ashby-Orowan equation in Ref 21.
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Fig. 7 Micrographs of prior austenite grains in HAZ for (a) 95025, (b) 1000-15, and (c) 1050-20 samples

However, in a speciﬁc point, excessive grain growth causes
second strength decreasing, as can be observed in Fig. 13(a)
and (b).
Normalizing and increasing its time and/or temperature
cause the grain size to increase, and accordingly the hardness
decreases. Variation of HAZ hardness with its ferrite grain size
is given in Fig. 14. In the grain size range of 12 to 15 lm, very
limited increase in hardness can be observed. It can be assumed
that the same reasoning given for increase in strength could be
applied here.
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Fig. 10 (a) Relationship of shear area percent of fracture surface in
Charpy test with (a) impact energy and (b) weld ferrite grain size

Fig. 8 Micrographs of 1050-20 sample including polygonal ferrite
(light areas) and pearlite (dark areas) for (a) Weld junction and (b)
HAZ

Fig. 9 Weld ferrite grain size vs. temperature of PWHT for different holding times

4. Conclusions
1. Joining X52 steel by HFIW process created phases which
are nonequilibrium, such as Widmanstäten ferrite, with
different sizes and orientations in the joint area.
2. By performing normalization as a PWHT for HFIW
joints, although grain size increases, toughness improves.
The reasons for this phenomenon could be listed as fol-
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Fig. 11 (a) The relationship of normalization temperature with (a)
impact energy and (b) shear area percent
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Fig. 14 HAZ hardness vs. HAZ ferrite grain size

Fig. 12

SEM image of fracture surface of the 950-25 sample

4.
5.

6.

7.

its highest level at 1000 °C. Excessive grain growth happens at 1050 °C. The maximum allowable temperature
for normalization is considered to be 1000 °C.
Grain growth in HAZ was almost 3.5 times of the grain
growth in weld.
With increasing temperature of PWHT up to 950 °C, the
impact properties were improved; however, with further
temperature increase, they decreased. According to the
results, 950 °C is the best normalization temperature in
the standpoint of fracture toughness.
Increase in normalization time and/or temperature caused
the grain size to increase, and consequently, the ultimate
tensile and yield strengths and hardness decreased. However, in an intermediate grain size range, the strengths
and the hardness increased. It can be assumed that dissolving some carbides and/or nitrides into matrix with
reaching to a speciﬁc time and temperature and then precipitating them during cooling in larger amounts or ﬁner
dimensions are responsible for this increase.
The minimum tensile and yield strengths were obtained
in a grain size range for which the maximum impact energy is obtainable (about 7-8 lm), based on the trends
and reasonings expressed in no. 2 and no. 6 conclusions.
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