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This research studies the effect of normalization on ductility and
corrosion resistance of API 5L X65 pipe. Normalization conducted
at a temperature of 900 °C with a holding time of 30, 60, 90, 120,
and 150 minutes, followed by cooling down to a room temperature
by using an external air. Corrosion testing of normalized specimens
was performed using seawater as a corrosive environment, -and
specimens were also tested for microhardness to determine their
mechanical properties. Then, these test specimens were compared
with specimens that did not undergo normalization in terms of their
microstructure, hardness, and other mechanical properties. The
specimens were analyzed by using an Energy Dispersive X-ray

(EDX) Spectroscopy to determine the microstructure grain
boundary, chemical composition and microcracking of the metal
specimens. The results showed that the base metal hardness of API
SL X65 steel pipe fluctuated and tended to decrease. The highest
hardness was obtained in specimens without normalizing, and the
lowest in normalizing specimens. The highest corrosion rate
occurred in specimens without normalizing, and the lowest in
specimens with normalizing. Typical corrosion results of seawater
on APL 5L-65 pipe are cracking and pitting.

1 Introduction
1.1 Background

With the fast development of technology, the human need for energy also increases. Natural gas is one
of the energy sources of concern in this study because it has a lower carbon dioxide (CO2) content than
petroleum and coal. Therefore, a pipe length system for the distribution of offshore natural gas is needed.
Such a pipe system must have characteristics that are suitable for a corrosive seawater environment.
Moreover, the type of steel used for oil and gas pipelines must have high strength and durability under low
or normal temperature conditions. In addition, steel for the manufacture of pipes is in sheets that rolled
without leaving defects. Salinity is one of the most significant factors causing corrosion in seawater.

The presence of chloride ions in seawater which is aggressive, will form acidic compounds and react
with the passive membrane on the alkaline concrete so that the passive membrane will be damaged and the
reinforcing steel will corrode. API 5L X65 pipe designed to be the most economical and safe way to
transport oil and gas. Many accidents cause by pipe failure caused by corrosion (one of them is seawater
corrosion). This corrosion causes plastic deformation, which can change the mechanical properties of this
pipe. This corrosive behavior of steel pipe is critical to avoid failure. In the API 5L specification, this pipe
was base on ISO standards. Generally, this API 5L X65 ASME Equivalent pipe makes of alloy steel or
carbon steel. This pipe is widely used in the petroleum industry because of its low price compared to other
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metal and steel categories. Corrosion phenomena cause many 5L-X65 pipe failures; residual stresses play a
role in these failures (this stress accelerates chemical erosion)—the residual stress created by the previous
pipe rolling process is tensile. Corroded metal becomes brittle (decreased ductility). It is therefore essential
to reduce this stress to increase the corrosion resistance of steel. One heat treatment that reduces residual
stress is the normalization of heat treatment. Normalizing heat treatment is very suitable for reducing
residual stresses in the pipe due to the rolling process in pipe manufacturing.

The stability of the microstructure varies to hold time and becomes more and more stable over time. The
formulation of the problem in this research is how the ductility and corrosion resistance after normalizing
heat-treated API 5L-65 steel with variations in holding time. The purpose of this study is to evaluate the
effect of normalizing heat treatment on the corrosion rate and hardness of API SL X65 for maritime oil
transportation.

The following steps were conducted to achieve the objectives of this study:

a) Before and after the normalization heat treatment, a hardness test was conducted on the API 5L X65
base metal before and after the normalization heat treatment.

b) The corrosion rate of the standard and the normalized specimen was evaluated according to the
holding time.

c) Analysis to obtain typical defects produced by seawater corrosion.

Many researchers have investigated the relationship between corrosion and heat treatment. However,
there has been no research on ductility and corrosion resistance by stabilizing the structure through the
holding period. So herein lies the novelty of this article.

2 Literature review

Low carbon steel must be ductile, which is especially suitable for pipe applications in corrosive
environments. As the research results by Neville and Wang, 2009 in [1] show that carbon steel with
inhibitors is a better economical choice for pipeline material selection under erosion-corrosion conditions,
this steel is API 5L-X65 Pipe. These pipes sometimes contain small amounts of niobium (Nb) and vanadium
(V) as the main elements of micro-alloy and precipitate hardening. Nb is also relatively corrosion-resistant
because V > 0.05% reduces hardenability, all are shown by Hashemi and Mohammadyani [2 & 3]. Seawater
is a highly abundant and corrosive electrolyte of natural origin. It has a high concentration of salts, mainly in
chlorides, and covers approximately 70% of the earth's surface, as shown by Vera et al. [4]. The indentation
point on the pipe surface will accelerate corrosion due to the residual stress on the surface.

The pitting corrosion mechanism causes the failure of multiphase natural gas pipelines, as shown in the
paper of Mansoori et al. [5]. Fatoba and Akid [6] express that high strength low alloy steel (HSLA) such as
American Petroleum Institute (API) grade 5L steel is used in oil and gas structures, e.g., top tension oil
enhancer, as it provides superior mechanical properties, corrosion resistance and strength-to-weight ratio
than conventional carbon steel. Oliveira et al. express at [7] that the API SL X65 steel is classified as high
resistance and low alloy steel, which presents low carbon content, less than 0.30%, good tenacity, and
weldability (easy welding of metal without producing weld defects). Pipelines are the most economical
mode of oil transportation and natural gas from the production site to the consumer. Several large pipeline
projects can be seen in Datta & Deva [8].

The API 5L X65 pipe is made of cold-rolled API 5L X65 steel plates that joined by submerged arc
welding (SAW), using helical junction type. SAW, which is a highly efficient and low-cost traditional
welding method, is also an option for improving steels' wear and corrosion resistance, as shown by Oo, et
al., Lu, et al. and Wang et al. in - [9 - 11]. SAW offers a high amount of deposition weldments, high
productivity with cost-effective when compared to any other conventional weld methods as done by Sailender
et al. in- [12]. The API 5L X65 pipe is high-strength low steel, low-alloy steel with better mechanical
properties and higher corrosion resistance than conventional carbon steel. Steel that has undergone plastic
deformation, such as the rolling process, retains permanent tension. The outer and inner surfaces contain
tensile and compression residual stresses, respectively. The tension residual stress will trigger a crack. The
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steel has cracking sensitivity, which affects its corrosion resistance because of cold cracks, as formulated by
Sawhill et al. [13].

%51 %oMn+ %%Cu+ %cCr

— 0

LN WMo WV
+ +— + 5%H
60 15 10 &

CE (carbon equivalent) is the weight percent practical value relating to the combined effects of the various
alloying elements used in the manufacture of carbon steel with equivalent amounts of carbon. If CE > 0.35—
0.40 (depending on thickness and confinement) it indicates that steel is sensitive to cold cracking on
the heat-affected zone (HAZ), except the amount of hydrogen contamination entering the weld pool is
reduced. Reheating during normalization can also cause cracking. The tendency of reheat cracking
measured by the equation wrote by (1) David et al. [14],

C=10V+7Nb+5Ti+Cr+Cu-2 2)

If C = 0, the steel is sensitive to reheat cracking. The best way to prevent cracking is not to use unexpected
alloys as elements P and Nb are identified as triggers of heat cracking of steel, as formulated by Bailey and
Jones in [15]. And formulated as,

UCS = 230%C = +190%5 + T5%P 3)
+450Nb — 12,3048 — 5,4%Mn — L

If the carbon in the material is less than 0.08%, then C* = 0.08%. If the carbon content in the material
exceeds or equals 0.08%, then C* = carbon contained in the material. Then the UCS crack susceptibility unit
> 25 for butt weld. Heat treatment is refine grain size and produce a uniform grain size distribution for
pearlite and ferrite. While Yurianto in his paper, after austenitizing finish with enough time, the alloy
turns into austenite, and this process is terminated cooling at room temperature [16]. Crack sensitivity
also affects the corrosion rate of steel. Dziubinska et al. express that the corrosion rate is affected by
structural components [17].

The improvement in the corrosion fatigue life with induced compressive residual stresses is
particularly notable in the very high cycle fatigue region, where the allowable working load is increased
by a factor of 2.5 compared with the non-overloaded samples, as shown by Okorokov et al. [18]. The
HAZ region is more susceptible to corrosion attacks compared to the base metal and weld metal,
Tristijanto et al. paper [19]. Corrosive environments (such as seawater) promote the sensitivity of
material towards cracking, which facilitates faster corrosion. In making an API 5L X65 pipe, the risk of
corrosion occurs when cooling conducts. Water is employed to cool hot-rolled steel intermittently during
the rolling process, thus resulting in corrosion as the paper in Liu et al. [20]. Kwok et al., Okayasu et al.
and Ren et al express in their paper: roller work must withstand abrasive wear and corrosion at high
temperatures to produce hot rolled steel with excellent surface quality as shown in [21 - 23]. Therefore,
residual stresses formed under these conditions act as a driver of corrosion, especially at grain
boundaries. The measured corrosion rate (CR) of the material tested in mm/year was calculated via the
weight loss method and according to standard specimen as wrote by Thorhallsson et al. & ASTM G1-90 in
[24 & 25] formulated by:

4
cr=""_py) )
Axtxp
Where:
K= the corrosion rate constant equal to 8.76x104 mm/year.

W= the mass loss in grams of the tested material with a = 0.00005 g precision.
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A= the exposed surface area in cm” of a tested sample.
t= the exposure time in hours, and
p= the material density in g/cm’.

3 Experimental investigation
3.1 Material Used

The material tested and studied is an API 5L X65 pipe welded joint produced by PT. KHI Pipe
Industries, Cilegon, Banten. Optical metallography on the API 5L X65 base metal, as shown in Figure 1,
using a Nikon Epiphot Metallograph. Microstructural analysis were also performed by using an Optical
Emission Spectrometer Machines ARL type 3460 (Switzerland). The chemical element were identified by
using an ARL 3460 optical emission spectrometer. Results are shown in Table 1. Hardness was performed
using Mcrohardness testers Merk ZWICK Type Zhu (Germany), findings plotted in Figure 6.

Figure 1. Submerged Arc API 5L-X65 Weld Joint. BM = Base Metal. HAZ = Heat Affected Zone. WM =
Weld Metal. R = Root. Welding using V butt joint with roots.

3.2 Method

The materials in this study were the normal specimen which has not yet undergone normalization) and the heat-
treated sample (which has undergone heat-treated normalization).

Table 1. Chemical composition of API 5L-X65 Pipe.

Chemical element (%)

Al =0.0435% |[P =0.0112%
C =00738% |Pb =0.0002%
Cr =0.1693% ||S =0.0042%
Cu =03185% |[Si =0.3716%
Fe =97.0215% |[Sn =0.0031 %
Mn = 14158 % ||Ti =0.0156%

|

|

|

Mo =0.0006% ||V =0.4768 %
Nb =0.0408 % ||W =0.0036 %
Ni =0.0284% ||Zn =0.0015%

The same corrosive media, namely, seawater, was used for different holding times. The initial conditions
are the same for all specimens before and after normalization, which prepared in the same way. In this study,
eleven base metal specimens were tested. The same corrosive media, namely, seawater, was used for
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different holding times. The initial conditions are the same for all specimens before and after normalization,
which were prepared similarly. In this study, eleven base metal specimens were tested.

The specimens were tested by using seawater as a corrosive medium. One sample was connected to a cable
(20 cm long) and one end was soldered—the samples before and after corrosion subjected to hardness tests,
optical, and electron metallographic observations. The steps of conducting this research are presented in a
flowchart, as shown in Figure 2.

The actions taken in the study are as follows:

a) Five test specimens were prepared, and each sample code, as shown in Table 2.

b) LDO0-coded specimens were tested for hardness and corrosion rate and subjected to microstructural
observations using a scanning electron microscope. With microstructural analysis, the hardness
number was obtained.

c) Steps (a) and (b) perform on the LD1, LD2, LD3, LD4, and LD5 specimens.

d) The test data of all specimens discussed, and conclusions were derived.

Making specimens
API 5L X65 pipe

A

Y Heating at 900 °C
a. Hardness test. Held in 30 min. — LDI
Wihout heat treated ) b. Scanning Electron i Held in 60 min. — LD2
Is LDO Microscope Held in 90 min. — LD3
C. Corrosion rate Held in 120 min. — LD4
Held in 150 min. — LD5
A
Results
Discussion
Conclusion

Figure 2. Research flowchart.

Table 2. Pengkodean benda uji.

Code Normalizing Holding time
LDO | Untested specimen None
LD1 900 °C 30 minutes
LD2 900 °C 60 minutes
LD3 900 °C 90 minutes
LD4 900 °C 120 minutes
LD5 900 °C 150 minutes

4 Results and discussion
4.1 Cracking
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The base metal was cold-rolled underwent cold rolling in the factory until it reached the plastic limit
(when the plates formed), and therefore the base metal contained residual stress. The outer surface of the
pipe experienced tensile stress, while the inner surface was subject to residual compression stress. These
two stresses make the API 5L X65 pipe sensitive to cold cracks at the fusion boundary in the HAZ of the
welding low carbon steel, low alloy, tempered, and tempered steel (on the API SL X65 pipe). This crack
occurs preferentially in alloy-rich bands in the right HAZ and adjacent to the weld interface—the material’s
sensitivity to cold cracks calculated by using Formula (1). With the elements in Table 1, the CE value equals
0.2296%, meaning it is not sensitive to cold cracking. However, the sensitivity of these cracks remains a
concern, mainly if the pipe use below sea level.

The sensitivity to reheat cracking is C = 3.6194%, which is very high. Reheat cracking occurred when
welding was performed. Therefore, normalizing heat treatment is needed. Steel that underwent hot cracking
with a UCS = 7.232% has a reasonably low crack sensitivity. However, one must minimize corrosion
susceptibility in seawater, especially with the residual stress from the previous manufacturing process. API
5L-65. Chemical content of the research specimen shown in Table 1. API 5L X65 pipe welded using SAW;
One welding imperfection is point defects on the surface, which trigger the corrosion rate. In addition, a fine
crack on the pipe surface (which contains residual tensile stresses resulting from the previous rolling
process) is in direct contact with seawater; this condition will also accelerate the corrosion rate. Therefore,
the prevention of corrosion in pipelines is a significant concern.

4.2 Percentage reduction of mass

Each specimen was corroded for 2.5 and 5 hours to observe changes in their mass, as shown in Table 3 and
Figure 3.

Table 3. Percentage reduction of mass.

2.5 hours 5 hours
W25h.(gr)| % W5 h. (gr) %
LDO 0.516 16.42 0.771 24.54
LD1 0.306 9.68 0.480 15.18
LD2 0.297 9.75 0.455 14.94
LD3 0.313 10.03 0.507 16.25
LD4 0.270 8.59 0.496 15.78
LD5 0.244 8.32 0.457 15.58

Code

25 e
20

15

10

s Il
0

LD0 LD1 LD2 LD3 LD4 LD5

Reduction of mass (%)

m25hours ™5 hours

Figure 3. Mass reduction VS duration of corrosion testing.
The outer surface of the pipe has a more significant mass reduction than the inner surface of the tube
because the outer surface experienced tensile stress. In contrast, the inner surface experienced residual



Yurianto Yurianto et al., Effect of Normalization to Ductility and Corrosion... 131

compression stress. Holding time has almost no effect on the reduction in specimen mass. The specimens
exposed longer in corrosive media exhibited a more significant mass reduction under 2.5 and 5 hours of
corrosion during normalization (Figure 3 shows the same graphic shape. The percentage reduction in mass
seems to be ultimately constant, which means that the mass did not reduce significantly with increased
holding time. The immersion of six test objects showed a tendency to decrease metal mass along with the
length of immersion time.

The longer the immersion time, the higher the percentage of mass reduction. Meanwhile, the reduction
of mass in the test object due to normalizing heat treatment with variations in holding time almost did not
change the reduction in metal mass. At the normalization temperature of 900 °C with various holding times,
the reduction in metal mass remains the same. Because the holding time used (30 to 150 min) is the
temperature at which the microstructure is microscopically stable. The grain structure remains constant.
From these conditions, the change in holding time does not affect the decrease in metal mass, but the longer
the immersion time shows, the more significant the reduction in metal mass. However, the LD4 (holding
time 120 minutes) and LD5 (holding time 120 minutes) specimens experienced a more significant decrease
in mass than the other specimens. It means that holding time that is too long causes a slightly more
significant reduction in mass.

4.3 Ductility

The ductility of the specimen before and after corrosion is shown in Table 5 and presented in Figure 4.
Ductility is obtained based on the diameter of the Vickers hardness indentation. The smaller the indentation
diameter, the higher the hardness (brittle). The elasticity of the specimen before and after exposure to
corrosive media was obtained by knowing the average diameter of the Vickers micro-hardness diagonal
indentation. Ductility increased significantly after the sample was normalized (with a holding time of 30
minutes) and decreased as the holding time increased to 60 minutes, with increasing holding time (90
minutes). With the use of steel plates for the manufacture of pipes, ductility is preferable to brittle. The
ductile pipe that will be damaged provides information before failure occurs. Meanwhile, brittle materials
fail immediately without any signs.

28
27
26
25
LD0 LDl

m Normal specimen Corroded specimen

LD2 LD3 LD4 LD5

Figure 4. The ductility of normal and corroded specimens.

4.4 Hardness

The standard LDO specimens have a hardness of 249.77 VHN, which increases to 252.26 VHN after
corrosion. The formation of carbide layers after corrosion on the specimen surface causes an increase in
hardness. The hardness of the LD1 specimens after corrosion decreased from the standard value of 179.75
VHN to 175.15 VHN. The sample became slightly brittle after corrosion (Table 5 and presented in Figure 5).
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Figure 5. The hardness of normal and corroded specimens.

The hardness of the standard LD2 specimens was 194.65 VHN, which increased to 205.2 VHN.
Carbides then formed on the specimen surface, which then became slightly brittle. The standard LD3
samples have a hardness of 191.4 VHN, which can lower to 177.5 VHN, indicating slight fragility. The
hardness standard LD4 specimens, 172.15 VHN, increased slightly to 176.45 VHN.

The size of the granular structure increased due to the increased holding time. In the standard LDS5
specimens, the hardness decreased slightly compared with the LD4 specimens, 170.9 VHN, and the hardness
was 176.45 VHN after corrosion (the same as the LD4 specimens). However, most corroded specimens were
slightly more brittle than before being corroded (in this case, using seawater).

4.5 Corrosiion rate

The relation between the corrosion rate and the duration of corrosion shows in Table 4 and Figure 6.
Specimens exposed to corrosive media for 2.5 and 5 hours will exhibit show corrosion effects. After
exposure to the corrosion medium also showed a slight change in the corrosion rate due to holding time
variations. In general, the longer the corrosion rate, the higher the value. For heat-treated specimens, the
corrosion rate decreased. This decrease in corrosion rate is due to the release of the residual stress (the rolling
process process during pipe loading) by normalizing heat treatment. The residual stress at the pipe surface is
the tensile stress. Figure 4 shows that the use of holding longer does not affect the corrosion rate.
Temperature 900 °C has a powerful residual stress release effect.

0.2
=2
=1

g 0.15
g
e

g 01
=1
g
o2
3]
@)

0

LDO LDl LD2 LD3 LD4 LD3

m25hours m5 hours

Figure 6. Corrosion rate vs duration of corrosion testing.

4.6 Microstructural analysis

The results of the microstructure analysis are graphically presented in Figures 7 — 12. In Figure 7a,
normal specimen LDO shows that most of the structure is ferrite with less pearlite, and the hardness of ferrite
is lower than that of pearlite. It appears that the fine grain structure indicates the ductile nature of the
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material resulting in a reliable APL 5L-X65 pipe. However, under normal circumstances, it also contains
residual stresses resulting from rolling. In addition, there are also some tiny defects in the form of point
defects, these minor defects are stresses, and these small defects will trigger corrosion.

This pipe containing small amounts of Nb have corrosion resistance, and V as and precipitate hardening.
Figure 7b shows a corroded specimen with seawater as the medium. When the surfaces corroded, valleys are
formed due to the stretching of the grain boundaries by the corrosion medium due to the residual tensile
stress (valley is the trigger for metal failure). The corrosion process produces corrosion flowers in the
valley. If this incident is continuous (plus fluid pressure from inside the pipe), there will be damage in the
form of a tear in the pipe. Figure 8a shows grain refinement due to heating at 900 °C with a holding time
of 30 minutes. In this heating, residual stress reduction occurs. Due to the fine structure, the ductility and
strength increased.

Table 4. Corrosion rate vs duration of corrosion testing.

Spec. 2.5 hours 5 hours
Code w .A A CR CR w 'A A CR CR
(gr) (in) | (mm?) | (IPY) |(mmph)| (gr) (in®) | (mm®) | (IPY) |(mmph)
LDO 0.516 0.207 | 27.644 | 67.62 0.196 0.771 0.207 | 27.644 | 50.52 0.147
LD1 0.306 0.210 | 28.452 | 39.54 0.115 0.480 0.210 | 28.452 | 31.02 0.090
LD2 0.297 0.207 | 27.644 | 39.01 0.113 0.455 0.207 | 27.644 | 29.88 0.087
LD3 0.313 0.210 | 28.452 | 40.49 0.117 0.507 0.210 | 28.452 | 32.79 0.095
LD4 0.270 0.207 | 27.644 | 34.14 0.099 0.486 0.207 | 27.644 | 31.91 0.093
LD5 0.244 0.208 | 27912 | 31.84 0.092 0.455 0.208 | 27912 | 29.69 0.087

Table 5. Ductility for normal specimen.

Spec. Normal specimen Corroded specimen
Code| D! D: D Dinean Hard Dy D» D Diean | Hard
pm) | ) | @m) | (um) @m | @m | @m | @m) | (VHN)
L0 —sae T it [ arsss | 277 | 2977 Do sy [aesus] 21 | 2522
LDy [ 3raa | atoes | 212 | 75 5550 [0t |33 5s] 260 | 17543
L0255 T 00 3086 2087 | 1965 [5ior 004 Ta00ss] 010 | 2052
D3| 553 [ aris |3 | 8| P14 Sy ey | 2 | 173
D4 [y T 38 [ aaas | 285 | 1THIS ST P gp ] 243 | 17645
LDS |55 T 3o [aosas | 22945 | 7109 [y re [ ] 242 | 17645

Small grains at the grain boundaries indicate grain growth. Figure 8b shows that the corrosion interest
is getting bigger. Corrosion results have tiny cracks and pitting, in addition to inclusions. Long-term
deposition of corrosion products and descaling will trap small amounts of moisture in the product oil,
creating conditions for corrosion and causing sub-scale corrosion, as shown by Wang et al. in [26]. Figure
9a shows a slightly larger grain (as compared to LD2). Due to the long holding time, the grain structure
slightly enlarged and decreasing the ductility. Here the grain growth appears to be getting more significant at
the grain boundaries with a holding time of 60 minutes. Figure 9b shows white lump-like cotton due to
corrosion and slightly eroded the metal surface underneath. The boundary surface between the lump and the
metal is a zone that is prone to cracking. In addition, the corrosion results on the LD2 specimen began to
show small cracks around the white lumps and would grow during corrosion. Cracks play an essential
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role in metal decay. Figure 10a shows the larger grain structure (LD3 specimen). At 90 minutes, holding
time allows moisture to evaporate. Ductility decreased compared to LD1 and LD2 specimens. In the picture,
it appears that grain growth occurs (at grain boundaries). Here the grain growth is more significant with
increasing holding time (90 minutes), especially at the branching of the three-grain boundaries. Figure 10b
shows the corroded lumps have solidified, and the crack intensity looks sharper (as indicated by the arrows).
Corrosion products such as inclusions and cracks will accelerate corrosion. Especially with coarser grains, it
will accelerate the corrosion rate, especially at the grain boundaries. Figure 10b shows the corroded lumps
have solidified, and the crack intensity looks sharper (as indicated by the arrows). Corrosion products uch as
inclusions and cracks will accelerate corrosion. Especially with coarser grains, it will accelerate the
corrosion rate, especially at the grain boundaries.

: AT N ) e |
(a) Without corrosion, magnified 1000 x (b) Corroded specimen, magnified 500 %

oy, et

Figure 7. Scanning Electron Microscope on LD0 specimens.

LB i

(b) Corroded specimen, magnified 500 %

Figure 8. Scanning Electron Microscope on LD1 specimens.
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(a) Normal specimen, magnified 1000 % (b) Corroded specimen, magnified 500 %
Figure 9. Scanning Electron Microscope on LD2.

A L o

(a) Normal specimen, magnified 1000 x (b) Corroded specimen, magnified 500 x

Figure 10. Scanning Electron Microscope on LD3 specimens.

Lah- N

(a) Normal [ specimen, magnified 1000 x (b) Corroded specimen, magnified 500 x

Figure 11. Scanning Electron Microscope on LD4 specimens.
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(a) Normal specimen, magnified 1000 % (b) Corroded specimen, magnified 500 x
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Figure 12. Scanning Electron Microscope on LD5 specimens.

Figure 11a shows the coarser grain structure. It is due to the use of a more extended holding (i.e., 120
minutes) so that the residual stress reduces the crack susceptibility. In the picture, it appears that the growth
of the grain structure (in the picture, it appears at the grain boundaries) is getting bigger. Figure 11b shows
the LD4 corroded specimen. The picture looks like a white lump like cotton shows a crack between the
white lump and the metal surface. Pitting appears more considerable, as do the cracks between the white
lumps and the metal surface. Figure 12a shows the LD5 specimen where the grain structure is larger than the
LDO, LD1, LD2, and LD3 specimens. Using a holding time of 150 minutes resulted in grain growth, which
resulted in a more prominent grain structure. Figure 12b shows cracks and steep valleys as corrosion. White
lumps with cracks underneath.

4 Conclusion

The hardness value obtained by the Vickers hardness test conducted on the API 5L X65 pipe is metal
without normalization (LDO) is 249.77 VHN. For corroded specimens, LD4 and LD5 are the same, namely
176.45 VHN. Corrosion test on API SL X65 base metal pipe showed the highest corrosion rate occurred in
the standard specimen. The corrosion rate decreased significantly and slightly fluctuated in the corroded
sample, with a value much lower than the untested specimen. Typical corrosion on APL 5L-65 pipe are
produces cracking and pitting. The most significant corrosion effect occurs on specimens subjected to
normalizing heat treatment.
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