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Residual Stress Evaluation by X-Ray Diffraction and Hole-Drilling in an API 5L X70 Steel 
Pipe Bent by Hot Induction
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The API 5L X70 steel is used in high-pressure gas transmission pipelines. Because of this, knowledge 
of presence of residual stress and their magnitude is important to assess the material integrity in service. 
For the pipeline manufacturing, tubes need to be curved which is often made using the hot induction 
bending process. This process can introduce different residual stress depending of tube position. For 
this research, in order to evaluate the residual stress, was used an API 5L X70 tube that was previously 
curved by hot induction process. Samples were taken from the extrados, intrados, neutral line and 
straight section of the curved tube. Residual stresses were studied by two conventional methods: X-Ray 
Diffraction (XRD) and Hole-Drilling, which are destructive and non-destructive methods, respectively, 
in order to assess their qualitative responses. Each of these methods presents particular methodologies 
in sample preparation and material analysis, but also they differ in factors such time consumption and 
cost of the analysis. The qualitative responses obtained by the two different methods were comparable 
and satisfactory and pointed out the existence of a compressive residual stress state in steel pipe.
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1. Introduction
High-strength low-alloy (HSLA) steels are widely found 

in the oil industry due to their high mechanical strength and 
toughness. The American Petroleum Institute (API) regulates 
the pipelines for these applications, such as the API 5L X70 
steel pipe. The process of manufacturing the pipes is called 
UOE because it involves folding the rolled sheet into the 
“U” shape, cylindrical pressing “O” and expanding the 
pipe diameter to the limits set by the API 5L standard “E”1.

During manufacture, the material goes through several 
deformations, welds and phase transformations that can 
lead to residual stresses. Residual stresses are those that 
remain in the material even when all external forces are 
withdrawn. They have elastic behavior and their influence on 
the material performance depends on their kind, magnitude 
and distribution in the crystal lattice2. A thermal treatment 
may be performed to relieve stresses harmful to material 
performance3.

The UOE tubes are connected in order to produce a 
pipeline. For the pipeline construction is necessary bending 
the tube in order to follow the project instructions. They are 
often curved via the hot induction bending process. This is one 
thermomechanical process because it inputs simultaneously, 
in a narrow ring of the tube, the induction heating and its 
mechanical bending. Immediately after bending, this tube 

ring is water cooling or quenching. After the quenching, the 
material surface should be in compression and its interior in 
tension as reported by Barker and Sutton4. Therefore, this hot 
induction bending process can introduce phase transformation 
and different residual stress level depending of tube position.

In general, the presence of compressive residual stress 
is considered beneficial for the material since it increases its 
fatigue resistance and stress corrosion cracking resistance, 
for example, and beyond these, compressive residual stresses 
are subtracted from the applied tensile stresses.

There are several techniques for measuring residual 
stress, among them the methods of X-ray diffraction 
and hole-drilling. Since the technique of hole-drilling is 
destructive and expensive, this work aims to compare it to 
the X-ray diffraction technique, which is non-destructive 
and simpler to use.

2. Experimental

2.1 Material

Samples of a steel tube of API 5L of grade X70, 
manufactured by the UOE process, welded by submerged 
arc process (SAW) and bent by hot induction process, 
were taken from following positions of the curved tube: 
extrados (EC), intrados (IC), straight section (SS) and 
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neutral line (NL) (Figure 1). The values of yield strength 
and tensile strength informed by the manufacturer were 
equal to 604 MPa and 746 MPa, respectively. The 
chemical composition of the material under study is 
shown in Table 1.

at any point near the surface can be calculated on the basis 
of angles phi (φ) and psi (ψ), from the rotation and tilt of the 
sample goniometer of the X-ray diffractometer.

Correlating the variation of interplanar distance (d) of 
sample with different angles of inclination (ψ) can calculate the 
residual stress (σφ) in any direction from its surface considering 
the different rotation angles of sample (φ) in texture goniometer 
as Equation 16,7. For this, should also be informed the elasticity 
modulus (E) of the material and its Poisson’s ratio (ν).

Table 1: Chemical composition of API 5L X70 (wt%).

C S Al Si P Ti V Cr

0.076 <0.025 0.034 0.312 <0.025 0.018 0.045 0.277

Mn Nb Ni Mo B N Cu Fe

1.63 0.055 0.018 0.0022 0.0005 <0.01 0.0048 Balance

2.2. Methods

2.2.1. X-Ray Diffraction
Evaluation of residual stress by X-ray diffraction is 

based on measuring the change of interplanar spacing 
of crystal lattice. A crystalline material free of residual 
stresses shows no change in its natural interplanar 
spacing. In opposite, the presence of residual stress on 
crystal lattice causes variations in interplanar distances 
due to deformation in lattice. Therefore, if the material 
has your crystalline structure under a stress tensile state, 
the interplanar spacing perpendicular to this tension state 
will increase while those parallel to this will decrease5. 
Depending on residual stress distribution presented in 
microstructure there will be a shifting or a broadening of 
its diffraction peak when compared to the residual stress 
free material. That is, the macro and microstresses are 
responsible for these behaviors, respectively5.

Due to the low penetration of X-rays, a few microns, we 
consider the plane stress state, i.e., σ3, to be zero. Deflection 

X-ray diffraction samples with dimensions 58 x 58 x 4.5 
mm were ground and polished with 1 and 3 µm alumina. 
The specimens used in this work were firstly cut from the 5L 
X70 steel tube using blowpipe. From these material pieces, 
samples were removed for the XRD analysis using up bandsaw. 
Measurements were performed in a PANalytical X’PERT PRO 
MPD diffractometer with CoKα, radiation with 45 kV and 40 
mA voltage and current, respectively. Data were taken with psi 
(ψ) geometry8 at a relatively high 2θ angle of 123.751°, since 
the larger the angle, the greater the sensitivity to stress. Stress 
software of PANalytical was used for processing the results.

2.2.2 Hole-Drilling

The hole-drilling method, standardized by ASTM E837:01, 
consists of making a small blind hole in the material and 
measuring the deformation near its edge using extensometers. 
In the calculation of residual stresses, it is considered that 
the strain caused in the hole-drilling combined the tensions 
(P, Q and T)9 who are they, biaxial stress, shear stress 45° 
and other shear stress in plane, respectively (Equation 2).

The triaxial strain gage rosettes used for the test were 
type PA-06-062RE-120 model with Strain Factor 2.04, target 
diameter of the bore of 1.59 mm (1/16”) and mean diameter 
bars of 5.13 mm (0.202”).

3. Results and Discussion

The residual stress results obtained by the X-ray diffraction 
method and hole-drilling (Table 2) whose experimental errors 
were between 2.9 and 3.4%, and 5.3 and 11.9%, respectively, 
show the presence of a compressive stress state in all samples.

Figure 1: Places from which samples were taken from the tube.
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Table 2: Residual stress analyzed by X-ray diffraction and hole-drilling.

Samples
X-Ray Diffraction Residual Stress σ11 (MPa) Hole-Drilling Residual Stress σ22 (MPa)

σ11 σ22 σ11 σ22

SS -355.8 -306.4 -131.0 -141.6

IC -322.2 -267.1 -152.3 -171.6

EC - 360.2 -288.7 -181.5 -222.7

NL -291.4 -259.6 -249.2 -279.8

Figure 3: Residual stress σ22 measured by XRD and Hole-Drilling.

Comparison of the results of residual stress (σ11 and σ22) 
measured by X-ray diffraction and by hole-drilling is made 
in Figures 2 and 3.

Table 2 presents the σ11 and σ22 values measured by the 
two methods: X-ray diffraction and hole-drilling. Observing 
this table, one can see that both presented similar tendency, 
showing that the results in modulus obtained via hole-drilling 
were, in general, smaller than the ones got by X-ray diffraction. 
This can be assigned to the specificities of each method, as 
it will be discussed ahead. Only the σ22 for the neutral line 
(NL) exhibited slightly discrepant behavior.

The graphs in Figures 2 and 3 present a comparison 
between the residual stresses σ11 and σ22, respectively, 
obtained by XRD and hole-drilling. In these Figures, can also 

be observed that the curves obtained for σ11 and σ22 showed 
the trend pointed previously, but it became evident that σ22 
was always smaller than σ11 for all measured positions on 
the tube, for the two assessment methods used.

The UOE process used for the tube manufacturing involves 
some steps that can be summed up in cold forming in “O” form 
of the steel plate followed by longitudinal welding in order to 
seal it. Both cold forming and welding processes introduce high 
level of residual stresses as can be seen in the obtained results 
for straight section (SS), which was not bended. Observing once 
more the Figures 2 and 3 can be emphasized, that the residual 
stress for the (SS) sample was in highest level. Thus, it can be 
inferred that the induction bending process did not introduce 
any additional residual stress in the bended tube.

The residual stresses observed for neutral line (NL) and 
for straight section (SS) show the same tendency but different 
levels when assessed by the two methods. For both methods 
used, the residual stress in (NL) was smaller than in (SS). 
The neutral line is the region that should not undergo plastic 
deformation during the bending process, but it is also subject 
to residual stresses resulting from the heating and cooling 
inherent in the bending process by induction.

One can also highlight that independent of the measurement 
method, the residual stress in the (EC) position is higher 
than in the (IC). This can be related to the kind of plastic 
deformation that took place during tube bending. This process 
introduces in the concave region a compressive stress state 
larger than that in the convex region.

The results showed that both techniques were able to 
identify a compressive stress state distributed in the analyzed 
material what is compatible with the hot induction bending 
process and the quenching encompassed in this method as 
explained in the introduction of this article1,4. The difference 
between the values obtained by the techniques may be due 
to two reasons. First, during the introduction of the hole in 
the sample, a new state of tension adjacent to the periphery 
thereof is developed, which may result in an inaccurate result 
of residual stress. Second, the X-ray beam has a penetration 
of about 10 μm10 (0.01 mm) near the surface of the material, 

which depends on type of anode used, sample absorption 
coefficient, the X-ray beam tilt and the lit area10,11 and the 
drill used in the hole-drilling method achieves an average 
depth of 0.5 mm12. Therefore, these techniques should not 
be compared directly from the quantitative point of view due 
to intrinsic factors involved in measuring residual stress, but 
they presented qualitatively comparable responses.

Figure 2: Residual stress: σ11 measured by XRD and Hole-Drilling.
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The largest compressive stress module observed was 
360 MPa. This value is lower than the yield stress of the 
material, whose value is about 604 MPa. Residual stresses 
are self-balanced and their distribution in the microstructure 
does not occur uniformly.

Some authors13,14 have indicated that the compressive 
stress state is favorable to the mechanical behavior of 
materials due to the fact that it raises fracture toughness and 
increase resistance to fatigue crack propagation and stress 
corrosion cracking. Due to this, this type of residual stress 
is beneficial to the crystal structure.

4. Conclusions

In face of the results obtained in this study, it can be 
conclude that both techniques used in this research, X-ray 
diffraction and hole-drilling, identified with successful 
the residual stress state distribution in the API 5L X70 
steel pipe curved via hot induction process. However, the 
quantitative results showed some differences, which can 
be understood due to factors inherent in the evaluation 
methods. Each technique must be selected from its 
peculiarities, which involves the method of preparation 
and analysis of the material and subsequent analysis of 
measurement data.

The measured stress state in entire tube was compressive, 
and results obtained by both methods were qualitatively 
comparable. This is consistent with the facts that after the 
quenching, the material surface should be in compression, 
and its interior in tension as mentioned in the article 
introduction, and also because both assessment methods 
used , X-ray and hole-drilling, evaluated the residual 
stress near the surface of the material. The observed 
compressive stress state is considered beneficial and 
suitable for pipeline application.

It can be also concluded that the induction bending 
process did not introduce any additional residual stress in 
the bended tube.
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