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1. Introduction

deformation in the presence of internal pressure (about
60% of materials yield to stress) [3]. Some models have
been conducted by researchers to estimate the fatigue
life of the coiled tubes as exact as possible; therefore,
it has a great impact on economical features of oil
eld industries [4-6]. Some apparatuses have also been
introduced by researchers in order to obtain empirical
data on fatigue life of coiled tubes [5,7,8]. Zhou and
his co-workers revealed the e ect of microstructure on
yield and tensile strength, and calculated the ratio
of yield strength over tensile strength in order to
predict fatigue life [9]. Many studies were performed by
researchers to evaluate microstructure and the relation
between microstructure and mechanical properties of
X70 and X80 steels [10-15]. The complexity of the
microstructure in these steels has been revealed in the
mentioned investigations. It is noted in API 5ST [16]
that the grain size for steel coiled tubing should be
ASTM 8 or ner; nonetheless, the produced coiled
tubes have the grain size ASTM 12 or 13, which is
far smaller than ASTM 8. In this article, the e ect of
grain size and microstructure on mechanical properties
in general, and on fatigue life in particular is examined.

CT80 grade coiled
tubing steel;
Microstructure;
Heat treatment;
Mechanical properties;
Fatigue life.

grade steel were investigated with di erent heat treatments. Optical Microscopy (OM) and
Scanning Electron Microscopy (SEM) were used to evaluate the microstructure. Acicular
ferrite, polygonal and quasi-polygonal ferrite, granular bainite, martensite, pearlite, and
small Martensite-Austenite (MA) islands with banding structure were examined in original
and heat treated samples. In order to assess the e ect of grain size and microstructure,
mechanical properties were evaluated by hardness, charpy impact, tensile, and fatigue life
tests. The best mechanical properties by tensile and fatigue tests were obtained in the
normalized specimen with the grain size of ASTM 13.
© 2018 Sharif University of Technology. All rights reserved.

The number of Coiled Tubes (CT) used in oil eld
industries has increased in recent decades [1]. Applications such as work strings, drill, siphon, and velocity
strings as well as sucker rod systems are performed by
coiled tubing [2]. Coiled tubes are integrated tubes
with 6 km length, which are produced by forming of
the steel sheet, welding with high-frequency electrical
resistance welding, normalizing heat treatment, and
nally wrapping on a spool. Coiled tubes endure
plastic deformation due to unwrapping from the reel
and straightening followed bending by the gooseneck
device. Therefore, the life of these tubes is evaluated
by ultra-low cycle fatigue. The amount of plastic strain
imposed by the reel and devices of a well is in the order
of 2 to 3%. The increase in the diameter of some tubes,
which is in the order of 15%, is followed by this plastic
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2. Experimental procedure
The CT80 grade of coiled tubing was assessed in this
study. The chemical composition of this coiled tube
was gained by spark emission spectroscopy; the result
(wt%) was: 0.135 C, 0.351 Si, 0.744 Mn, 0.0171 P,
0.0024 S, 0.636 Cr, 0.167 Ni, 0.126 Mo, 0.0116 Nb,
and 0.0175 Ti. The original samples possessed the
grain size of ASTM 13. Consequently, in order to
attain specimens with the grain size of ASTM 10 and
8, annealing heat treatment process was conducted on
original samples. Specimens were held for 45 min at
the temperatures of 940 and 860 C, and were cooled
to the room temperature in the furnace in order to
obtain ASTM 8 and 10 grain sizes, respectively. In
order to attain ASTM 13 grain size, samples were
normalized at 800 C for 10 min in the furnace and
cooled by the still air. Microstructure was studied
by a Zeiss optical microscope (model Neophot 32).
Etchant solution, nital 2%, was used to reveal the
microstructure. Grain size analysis was conducted by
Clemex software, and was compatible with ASTM E112
standard. The samples for microstructure evaluation
were taken from transverse section of the pipe.
Tensile, hardness, impact, and plane bending
fatigue tests were the 4 mechanical tests used in this
study. Tensile test specimens were made in accordance
with API 5ST. The dimensions of specimens for the
mentioned test were 12:63  2:85  50 mm. The Schenck
250 KN test machine was utilized in order to perform
tensile test. The hardness test was conducted by the
Wolpert testing machine in vickers method at 30 kgf
compatible with ASTM E384. The impact test was
done in line with ASTM E23. The samples for the
impact test were longitudinal and the notch was located
on the width of the tube. The charpy impact test was
carried out on the sub-size specimens with dimensions
of 2:551055 mm by a Zwick Roell testing apparatus.
The fatigue specimens are shown in Figure 1, and
the test was plane bending fatigue test. The dimensions
of these samples were 48  2:78  25:45 mm. In order

Figure 1. Fatigue test specimens.

to simulate the actual condition for specimens, the
yield radius was calculated by Eq. (1). The bending
radius was taken much smaller than the yield radius
(Eq. (2)) so that the whole sample was in plastic region.
The radius was translated to amplitude of the angle,
which should be applied to samples. Consequently,
the amplitude of the angle was considered 10 . The
rotational speed of the fatigue test was 1400 rpm. All
of these 4 mechanical tests were designed in order to
evaluate the e ect of microstructure and grain size on
the performance of steel coiled tubes.
Ry =

Ec
;
y

(1)

Ry
:
(2)
8
In the above equations, E is the Young modulus, y
is the yield stress for CT80 based on API 5ST, c is
the biggest distance between neutral axis and surface
of specimen, Ry is yield radius, and r is the radius
applied to test samples.
r=

3. Results and discussion
In order to examine the mechanical aspects of this
steel in a better fashion, microstructural evaluation is
discussed rstly. As it was mentioned above, 4 samples
are evaluated in the following.

3.1. Microstructural evaluation

3.1.1. Original steel coiled tube specimens
The microstructure of original steel coiled tubing
is shown in Figure 2. As it seems in Figure 2,
there is a complex microstructure in this specimen.
Comparison of this microstructure with other studios
shows that acicular ferrite is the main phase in these
microstructures [9,10,15]. More precise examination of
the microstructure by SEM shows that there is some

Figure 2. The microstructure of the original steel coiled
tube.
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Figure 5. The microstructure of the specimen annealed
Figure 3. The SEM image of the original steel coiled
tube.

Figure 4. Banding structure in the microstructure of
original steel coiled tube.

bainite phase in the banding microstructure (Figures 3
and 4). It is demonstrated by former investigations
that small quantity of martensite-austenite islands
can be formed in both acicular ferrite and granular
bainite boundaries [11]. The banding microstructure
(Figure 4) is due to an inappropriate continuous casting process, which results in segregation of carbon
and manganese element in the alloys [14]. In the
following, pearlite phase is formed in the banding
microstructure, because both carbon and manganese
elements facilitate pearlite formation. It is also possible that bainite and martensite phases may exist in
accordance with the carbon and manganese contents.
In this specimen, the bainite phases are formed on
the banding microstructure. Consequently, after the
rolling process, these bainite phases are aligned in
the direction of rolling. To sum up, the matrix for
this steel is the combination of quasi-polygonal and
acicular ferrite, and banding structure of bainite with
the small amount martensite islands. The grain size

at 940 C.

for this specimen is about ASTM 13 (mean diameter is
4 m).
3.1.2. Specimens annealed at 940 C
The microstructure of the annealed specimens is shown
in Figure 5. In this microstructure, the grain size
of ferrite phases is about ASTM 8 (mean diameter is
22.5 m). This is mainly because of high temperature
and slow cooling rate of the annealing process, which
enhances the chance of grain growth. In this specimen,
as in the original specimen, the banding microstructure
is seen, but in a larger scale. In this specimen, there is
no evidence for the existence of phases such as acicular
and quasi-polygonal ferrite, bainite, and martensiteaustenite islands. Only polygonal ferrite and pearlite
phases appear in this specimen.
3.1.3. Specimens annealed at 860 C
The microstructure of this specimens is shown in
Figure 6. Comparison between Figures 5 and 6 admits
smaller grain size for the one annealed at 860 C. The
grain size for this specimen is about ASTM 10 (mean
diameter is 11.2 m). The lower annealing temperature

Figure 6. The microstructure of the specimen annealed
at 860 C.
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Figure 7. Banding microstructure in the specimens
annealed at (a) 860 C and (b) 940 C.

shows not only the ner microstructure, but also
a closer and smaller banding microstructure. This
di erence in the banding microstructure is shown in
Figure 7. Finally, this sample possesses the pearlite and
polygonal ferrite microstructures without any bainite,
acicular, and quasi-polygonal ferrite.
3.1.4. Specimens normalized at 800 C
The microstructure of normalized specimen is shown in
Figure 8. The microstructure of this sample includes
the polygonal and quasi-polygonal ferrite and small
quantity of acicular ferrite. Moreover, the banding
microstructure can be seen in Figure 8, which is similar
to other samples. In contrast with annealed samples,
the banding microstructure is formed by martensite
instead of pearlite phase. In order to evaluate the
banding microstructure, the sample was studied by
SEM (Figure 9). By assessment of Figure 9, it
may be established that this structure is made of
martensite. There are two main reasons for this.
First, the cooling rate in normalizing process could be
high enough to form martensite phase. Second, the

Figure 8. The microstructure of normalized specimen.

Figure 9. SEM image of the normalized specimen.
former investigation showed that in high segregation
of Mn element, the continuous cooling transformation
diagram would change and there would be the chance
for the formation of martensite and bainite instead of
perlite phase [14]. As a consequence, the microstructure of normalized specimen is the combination of
polygonal and quasi-polygonal ferrite as the matrix
with banding microstructure of martensite. The grain
size for normalized sample is around ASTM 13.

3.2. Mechanical evaluation

3.2.1. Hardness test
The hardness of specimens is presented in Table 1. As
it is speci ed, hardness of the specimens increases by
decrease in the grain size of samples. The hardness of
original steel coiled tube and normalized specimens is
the same and around 211 VHN. This is due to the same
grain size and similar phases in these samples. It could
be concluded that the grain size has a great impact on
hardness properties. All of these hardness amounts are
compatible with API 5ST requirements (lower than 22
Rockwell C).
3.2.2. Charpy impact test
The test results are listed in Table 1. As it can be
understood from the data, the amounts of absorbed
energy in all samples are much lower than the permitted amount by API 5ST standard. Investigations
have revealed that by decreasing the size of specimens to very small sizes, the amount of absorbed

Table 1. Hardness and charpy impact test results.
ASTM 13 ASTM 8 ASTM 10
ASTM 13
Samples
(used CT) (annealed) (annealed) (normalized)

Hardness (VHN)
Charpy impact test (J)

212
30, 30

127
24, 26

134
28, 28

212
16, 18
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energy decreases [17]. Therefore, in this research,
only fracture energy data is used for comparison of
samples. As it is obvious, the toughness increases by
decreasing the grain size of steels with similar phases.
Nonetheless, if the microstructure of steels possesses
various phases by di erent heat treatments or thermomechanical processes, then, in the toughness analysis,
in addition to grain size, existing phases should also
be taken into account. As it was mentioned above,
specimens annealed at 860 and 940 C have the same
microstructure and di erent grain sizes. Consequently,
the impact strength of the smaller grain size (28 J) is
higher than that of the biggest grain size (25 J).
Quasi-polygonal and acicular ferrite as well as
some granular bainite with few martensite islands are
the phases in original steel coiled tube microstructure.
As it was claimed by other researchers [18], the existence of acicular ferrite could improve the toughness of
steels. Furthermore, if the matrix of acicular ferrite is
combined with the bainite microstructure and martensite islands (4-5% volume), the toughness could become
even better. Therefore, the original steel coiled tube
has the highest impact energy (30 J), even though it
has experienced some plastic strains.
The normalized specimen has the lowest impact
energy (17 J). In order to elucidate this reduction
in impact energy, the microstructure of this sample
must be investigated. As it was declared above, in
this sample, the banding structure made by martensite
was obtained. It has been stated by researchers that
the amount of impact energy decreases by forming of
banding structure with granular bainite and martensite [14]. There are 2 parameters a ecting the results of
impact test. First, small grain size (ASTM 13) improves
the toughness; however, the banding microstructure of
martensite is against this improvement. Second, the
smallness of the size the specimens enhances the e ect
of banding microstructure in impact charpy test.

3.2.3. Tensile test
The tensile test data for all samples is superimposed
and shown in Figure 10. The tensile test data is
summarized in Table 2. As it can be seen in Figure 10,
for both annealing and normalizing of specimens, the
elongation of samples increases in comparison with the
original steel coiled tubing. This is due to the plastic
deformation of original steel coiled tubing during its ap-

Samples

ASTM 13 (used CT)
ASTM 8 (annealed)
ASTM 10 (annealed)
ASTM 13 (normalized)

Figure 10. Tensile test graphs.
plication. This plastic deformation or work hardening,
which originates from the bending process, increases
the yield strength of the material. As it is obvious,
the tensile strength of the material does not change
by work hardening of a sample. Consequently, ratio
of yield strength to tensile strength increases. It has
been claimed in other researches that by increasing the
so called ratio, the toughness and fatigue life of the
samples decrease [9].
By comparison of tensile diagrams for annealed
specimens (ASTM 8 and 10), it can be concluded that
ner grains will increase both the yield and tensile
strength. In general, increase in yield strength is
more than increase in tensile strength by reduction
in grain size. However, in this study, the yield and
tensile strength of the samples increase by the same
amount. As a result, the ratio of yield strength to
tensile strength decreases for specimens with grain size
of ASTM 10 in comparison with those with grain size
of ASTM 8.
The normalized specimen has the best mechanical
properties throughout the tensile test in this research.
Higher elongation, higher tensile strength, and lower
ratio of yield to tensile strength in comparison with
other samples are the reasons that normalized specimen
possesses the best mechanical properties. The rst
reason for this improvement in properties is smaller
grain size than annealed samples. Nonetheless, small
grain size could not be the only reason for the in-

Table 2. Tensile test results.
y (MPa) uts (MPa) Elongation (%) y =uts
600, 617
266, 269
345, 356
398, 400
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687, 688
429, 432
483, 489
679, 685

16.8, 17.8
26.4, 27.0
22.4, 27.0
26.8, 28.0

0.87
0.62
0.72
0.59
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crease in the yield and tensile strength by the same
amount. The second reason is the formation of di erent
phases. In contrast with annealed samples that have
ferrite-pearlite microstructure, the normalized sample
possesses quasi-polygonal ferrite and martensite (dual
phase steel). Martensite, as a strengthening phase, will
increase tensile strength and work hardening exponent.
By these increases, the ratio of yield to tensile strength
will decrease.
Comparison between original steel coiled tub
specimen and normalized specimen reveals that work
hardening, which happens in the original samples, is
the factor that results in higher yield stress. Nonetheless, the tensile strength for both of them is the same,
as both of these samples have the same microstructure
to some extent; one is the combination of polygonal
and semi-polygonal ferrite and martensite, and the
other is the mixture of acicular ferrite and bainite
with martensite islands. It must be noted that the
microstructure of the original sample with the acicular
ferrite matrix could have the best mechanical properties; nevertheless, the cold work conducted on the tube
during its application reduced the tensile properties.

3.2.4. Fatigue test
The fatigue test results are summarized in Table 3.
As it is shown, the fatigue life of specimens increases
by reduction in the grain size. It has been stated in
former studies that the fatigue life and impact strength
of the samples increase by decrease in the ratio of yield
to tensile strength [9,11,15]. Consequently, it may be
concluded that better fatigue life will be obtained by
the annealed specimens with the grain size of ASTM 8.
However, fatigue test results reveal that the specimen
with the grain size of ASTM 10 has higher fatigue life
in spite of the higher ratio of yield to tensile strength.
It may be concluded that the mentioned ratio could
predict the life of specimens, but not always accurately.
As a result, in order to investigate the fatigue life
of the samples, an appropriate fatigue test must be
conducted.
The lowest fatigue life is obtained by the original
specimen. This is mainly because the tube tolerates
fatigue cycle during its application. Consequently,
some portion of the fatigue life of the tube is consumed
prior to the fatigue test. This specimen also has the
highest yield to tensile strength; thus, the prediction

Table 3. Fatigue test results.
Fatigue life  =
Specimen
y uts
(cycles)

ASTM 8 (annealed)
ASTM 10 (annealed)
ASTM 13 (normalized)
ASTM 13 (used coiled tube)

1773
2193
2567
1400

0.62
0.72
0.59
0.87

for this specimen is in accordance with the fatigue test
results.
The highest fatigue life is attained by the normalized specimen. The main reason for this achievement is
the very ne grain size. Moreover, the normalizing heat
treatment reduces the work hardening of the original
specimen. These specimens have the lowest ratio of
yield to tensile strength; hence, these specimens are in
good agreement with the prediction for fatigue life.
Results of the fatigue test show the e ect of grain
size on the fatigue life of specimens. Generally, the
life of specimens increases by decrease in grain size.
The reduction in grain size simultaneously improves the
toughness and strength of the material. Consequently,
the fatigue life will be increased.
Another important point in fatigue test is the
e ect of microstructure on fatigue life. By decreasing
the grain size from ASTM 8 to ASTM 10, the fatigue
life increases by 24%. In the following, by reduction in
the grain size from ASTM 10 to ASTM 13, the fatigue
life increases by 17%. It could be concluded that the
rate of increase in fatigue life reduces by decrease in the
grain size. Nonetheless, it must be considered that this
reduction in the rate of increase in fatigue life is related
to microstructure and the distribution of phases. As it
was mentioned in the assessment of microstructure of
the normalized specimen, the banding microstructure
by martensite causes reduction in the toughness. As a
result, in the normalized specimen, there are two contradicting factors that a ect fatigue life. The rst one
is the ne grain size and martensite as a strengthening
phase, which has a positive e ect on the life. The second one is the banding microstructure by martensite,
which has negative e ect on the life (it is a suitable
place for crack propagation). The combination of these
factors reveals that the rate of increase in fatigue life
by reducing the grain size decreases (17 < 24%).

4. Conclusions
1. The fatigue life of steel coiled tubes enhanced
signi cantly by decrease in grain size;
2. Acicular ferrite, bainite, and small amount of
martensite islands resulted in the improvement of
low cycle fatigue life;
3. Uncontrolled amount of bainite and martensite
islands, and precluding the formation of banding structure, especially the one with martensite
and granular bainite, were important factors that
caused reduction in toughness and fatigue life.
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