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Abstract

A failure analysis investigation was carried out on a high-temperature studded pipe used in a
convection module for heat recovery in an oil and gas refinery application after leakage was
detected during pre-commissioning hydrotesting. The investigated pipe was manufactured
from AISI 316H austenitic stainless steel, and carbon steel studs had been joined to its outer
surface by high-frequency resistance welding. Two leaks were reported in the pipe under
investigation, and a sample containing one leaking region was removed for detailed
examination. The failed sample was examined by visual inspection, dye penetrant testing,
optical emission spectroscopy, stereomicroscopy, metallographic sectioning, scanning electron
microscopy, and energy-dispersive spectroscopy. The leak was associated with a longitudinal
crack that propagated through the pipe wall thickness and exhibited a predominantly
intergranular morphology. Metallographic examination further showed that one end of the

crack was located at a lack-of-fusion region between the stud and the external surface of the
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pipe. Localized bulging and heat tint were also observed in the damaged zone. A copperish-
colored matter was observed along the crack surfaces during optical examination, and EDS
analysis later confirmed the presence of copper both on the opened fracture surface and along
the internal crack surfaces in cross-section. Based on the combined metallographic,
fractographic, and elemental evidence, the failure was attributed to an intergranular decohesion
mechanism consistent with liquid metal embrittlement of austenitic stainless steel by copper
during the stud welding stage, likely assisted by local overheating. Further investigation into

the source and transfer route of copper contamination was strongly recommended.
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1. Introduction

Studded piping is used in convection modules for heat recovery in oil and gas refinery
applications, where structural integrity and fabrication quality are critical to safe operation. In
the present case, leakage was detected during hydrotesting of a high-temperature studded pipe
prior to commissioning. Since hydrotest leakage indicates the presence of a through-wall
defect, a detailed failure analysis was undertaken to determine the cause of crack initiation and
propagation in the affected component. The submitted pipe section was made of AISI 316H
austenitic stainless steel and had carbon steel studs joined by high-frequency resistance
welding. Two leaks were reported in the tube under investigation, and one of the leaking regions
was selected for detailed examination. The purpose of the investigation was to determine the
crack morphology, verify the material chemistry, identify any microstructural anomalies or
contamination, and establish the most probable root cause of the failure. The analytical
approach combined surface inspection, chemical analysis, optical and stereomicroscopic
examination, metallographic sectioning, and SEM/EDS investigation. These techniques were
employed to characterize the crack path, identify the fracture mode, and assess whether the
damage was associated with material non-conformance, welding-related discontinuities, or

localized contamination introduced during fabrication.
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2. Component Description and Fabrication History

The failed component was part of a convection module designed for heat recovery. The pipe
material was identified as grade AISI 316H stainless steel. Carbon steel studs had been attached
to the outer surface of the pipe by high-frequency resistance welding. According to the source
report, the welding operation reportedly involved tools containing copper parts, which later
became significant in the interpretation of the failure mechanism. During hydrotesting prior to
commissioning, two leaks were detected in the investigated pipe. A section containing one of
the leaking areas was cut from the component and submitted for failure analysis. The leaked
region was marked on the received sample, and the selected portion was subsequently sectioned

for detailed examination by metallography and SEM/EDS (Figure 1).

Figure 1: Studded pipe sample, as received

3. Failure Event and Hydrotest Observation

The failure was identified during hydrotesting carried out before commissioning. Two leak
locations were found in the tube under investigation. One leaking location was selected for
detailed examination in order to determine the mechanism responsible for crack formation and
leakage. Since the failure occurred prior to service exposure, the observed cracking was
considered to be associated with fabrication or pre-service processing rather than long-term
operational degradation [2]. This is an important aspect of the case because it places emphasis

on manufacturing-induced metallurgical damage as the probable origin of the failure.
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4. Materials and Methods

4.1 Visual Examination and Dye Penetrant Inspection

Before sectioning, the internal surface of the pipe was cleaned and then subjected to dye
penetrant inspection. The penetrant test confirmed the presence of one surface-breaking
indication in the investigated region. The indication was linear in morphology and consistent
with a longitudinal crack. In addition, the pipe exhibited localized bulging along

circumferential regions near the crack location (Figure 2 & 3).

Figure 2: Pipe sample with dye penetrant inspection Figure 3: Condition of the pipe internal surface

4.2 Chemical Analysis

Optical emission spectroscopy was performed on a sample cut from the pipe section. The
measured composition was compared with the nominal chemical composition for AISI 316H
stainless steel. The reported results were 0.04% C, 0.40% Si, 0.89% Mn, 0.002% S, 0.035% P,
16.3% Cr, 11.1% Ni, 2.8% Mo, 0.16% Co, 0.29% Cu, and 0.063% N, which were considered
consistent with the specified grade (Table 1).

Table 1: Chemical analysis results [Zowt.]

%C %Si %M| %S %P %Cr % Ni %M %C|  %C| %N
Grade AISI 316H
nominal 0.04- 1.00 2.00| 0.030 | 0.045 16.0- 10.0- 2.0- - - -
composition [2] 0.10 18.0 14.0 3.0
Lab Check Test 0.04 0.40 0.89| 0.002 | 0.035 16.3 11.1 2.8 0.16f 0.29/0.063
Results

4.3 Visual and Stereomicroscopic Examination
The external and internal surfaces of the selected sample were visually examined, and the crack

location was identified on both sides. The internal surface of the pipe exhibited heat tint. Close-
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up examination by stereomicroscopy showed that the crack path on the internal surface had a
morphology consistent with intergranular cracking. Part of the crack was forcibly opened to
allow stereo and SEM fractography, while the remaining section was retained for
metallographic examination in the transverse direction. Two views of the crack path, with
respect to the stud positioning and weld region, were investigated to understand crack

propagation (Figure 4a & 4b).
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Figure 4: Crack location on the external (a) and internal (b) surface.

A general view of both sides of the sample, selected for further investigation, is shown in figure
4. In detail, the crack location is marked in figure 4a and 4b for the external and internal surface,

respectively. As evident in figure 4b, the pipe surface exhibits heat tints (Figure 5 & 6).

Figure 5: Additional close-up locations on the internal surface, x7.
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Figure 6. A 70.
A general view of the crack path, as better visible by stereomicroscopy, is shown in figure 5

and 6 close-up view of the crack. As shown in the close-ups below, the internal surface exhibits

an intergranular pattern (Figure 7 & 8).

11000.00pm|

Figure 7: Cutting plan for micro sectioning.

Figure 8: Matching fracture surfaces.

Micro sectioning was carried out as illustrated in figure 7. As visible below, the right portion
of the crack was forced open to allow stereo and SEM fractography (figure 8). The remaining
part of the crack was used for metallographic examination along the transverse direction. Two
views of the crack propagation path, with respect to the stud positioning and welded joint was

investigated for crack propagation pattern to study.
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4.4 Metallographic Examination

A representative microsection from the cracked region was prepared and examined before and
after etching. The selected cross-section was taken transverse to the leak and was intended to
show the relationship between the crack path, the pipe wall thickness, and the stud attachment
area. Additional micrographs were recorded to assess crack morphology and the condition of
the surrounding microstructure. An additional microsection was also cut from a region away
from the leaking area. This was done to determine whether similar cracking or contamination
features were present elsewhere in the sample. A general view of the selected area is visible in
figure 8 where the regions subjected to observation are illustrated. As evident below, the main
crack path runs transversally through the pipe wall thickness with one end located at the lack
of fusion between the right stud and the pipe external surface (figures 9 and 10b). Additional
micrographs of the cracked area are verified prior and post etching respectively. Based on the
metallographic evidence, the crack path appears to be predominantly intergranular in nature.
Presence of a copperish-coloured matter was also observed along the crack internal surfaces

(Figure 9 & 10).

Figure 10: Cracked area condition prior etching.
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5. Results

5.1 Macroscopic Features and Surface Condition

Visual examination and dye penetrant inspection confirmed the presence of a longitudinal,
surface-breaking crack at the leaking location. The crack was associated with localized bulging
in nearby circumferential regions. These observations indicated localized mechanical or
thermal damage in the region rather than generalized degradation of the entire pipe wall. The
internal pipe surface also exhibited heat tint near the damaged area. The presence of heat tint,
together with the observed bulging, suggested that the region had experienced a localized

thermal excursion during fabrication or processing.

5.2 Bulk Chemical Composition

The OES results showed that the bulk chemical composition of the pipe was consistent with
the nominal composition of AISI 316H stainless steel. No evidence of incorrect base material
chemistry was identified. This finding supports the view that the failure did not arise from alloy

substitution or bulk compositional non-conformance.

5.3 Crack Morphology

Stereomicroscopy of the crack surface showed that the crack path was predominantly
intergranular. The morphology observed in close-up views was consistent with grain-boundary
separation rather than trans granular tearing. This interpretation was later confirmed by

metallographic and SEM examination.

5.4 Metallographic Findings

Metallographic examination of the section taken transverse to the leak showed that the main
crack extended across the pipe wall thickness. One end of the crack was located at a lack-of-
fusion region between the right stud and the external surface of the pipe. This observation is
important because it associates the crack directly with the stud attachment zone. The crack path
was found to be predominantly intergranular in nature. In addition, a copperish-colored matter
was observed along the internal surfaces of the crack. The surrounding microstructure of the
pipe was considered consistent with the expected condition of the austenitic grade under

investigation.

6. Discussion
The combined observations indicate that the investigated failure was caused by a localized

cracking mechanism rather than by bulk material non-conformance. The OES results
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confirmed that the pipe chemistry was consistent with AISI 316H, and the metallographic
observations showed that the microstructure of the pipe was consistent with the expected
condition of the austenitic alloy. Accordingly, the failure cannot be attributed to an incorrect
base material. The crack was longitudinal, through-wall, and predominantly intergranular in
morphology. This conclusion was consistently supported by dye penetrant inspection,
stereomicroscopy, metallographic examination, and SEM fractography. The fracture path
indicates intergranular decohesion rather than transgranular fracture or ductile overload. One
of the most significant findings of the investigation was the repeated observation of copper
along the crack path. Copperish-colored matter was first observed optically, and confirmed the
presence of copper on both the opened fracture surface and the internal crack surfaces in cross-
section. This direct association between intergranular fracture and localized copper presence
led to the interpretation that the failure was consistent with liquid metal embrittlement of
austenitic stainless steel by copper [1]. The fabrication context given in the source document
supports this interpretation. The report states that the welding operation reportedly involved
tools containing copper parts and that the welding process may have provided temperatures
high enough for the detrimental mechanism to occur. Localized bulging and heat tint observed
in the damaged region further support the possibility of local overheating during the stud
welding stage. Metallography also showed that one end of the crack was located at a lack-of-
fusion region between the stud and the external pipe surface. This observation places the crack
in direct association with a local fabrication discontinuity and strengthens the view that the
failure originated during or in connection with the stud welding operation. The additional
analyses performed away from the main leaking area suggest that copper contamination was
localized rather than generally distributed throughout the sample. Although another crack was
found in a secondary region, copper was not detected in the three additional analysed areas.
Instead, those areas showed oxygen, carbon, or silicon, with silicon likely attributable to
preparation consumables. This contrast supports the conclusion that the principal failure

involved a localized copper-assisted embrittlement event.

7. Root Cause Assessment

Based on the results of the investigation, the root cause of the cracking issue affecting the
submitted pipe sample was identified as copper contamination of the austenitic stainless steel
in the failed region, resulting in intergranular embrittlement. Metallographic examination, SEM
fractography, and EDS analysis all demonstrated a predominantly intergranular crack path with

copper present along the fracture and crack surfaces [3]. This combination of findings was
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considered consistent with liquid metal embrittlement of austenitic stainless steel by copper.

The fabrication stage most strongly implicated by the observations was the stud welding

operation. The source report notes that copper-containing tooling was reportedly involved

during welding and that sufficient local temperature may have been generated for this

mechanism to occur. The observed heat tint, bulging, and lack of fusion near the stud/pipe

interface provide further support for the conclusion that fabrication-related overheating and

copper contamination played a key role in crack initiation and propagation [4-10].

9. Conclusions

1.

The bulk chemical composition of the failed pipe was consistent with the nominal
composition of AISI 316H stainless steel.

Dye penetrant inspection revealed a linear surface-breaking indication consistent with
a longitudinal crack.

Localized bulging and heat tint were observed in the damaged region, indicating
possible local overheating.

Stereomicroscopy and metallographic examination showed that the main crack
propagated through the wall thickness and was predominantly intergranular in nature.
One end of the crack was associated with a lack-of-fusion region between the stud and
the external surface of the pipe.

SEM fractography confirmed the intergranular character of the fracture and the brittle
nature of the cracking mechanism.

Copper-rich matter was observed along the crack path and was confirmed by EDS on
both the opened fracture surface and the internal crack surfaces in cross-section.

The overall failure mechanism was considered consistent with copper-induced liquid
metal embrittlement of the austenitic stainless steel during the stud welding stage under
conditions of elevated local temperature.

Further investigation into the origin and transfer mode of copper contamination was

strongly recommended.
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