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Abstract

The use of high-density polyethylene pipes in gas and water distribution networks is steadily growing worldwide. If the resistance
of plain pipes is at present time well established using appropriately designed standards, welding issues continue to be globally
approached equally in terms of structure and mechanical properties. Consequently, further practical investigations should be
aimed at studying mechanical properties in the weld region which includes the melt zone and its heat-affected zones. This work
presents a method based on removing layers in order to assess localized variances in mechanical properties throughout the weld
seam in both radial and circumferential directions. An experimental plan based on specific machining operations allowed testing
39 standard specimens representing the weld volume matter in three concentric layers for given pipe dimensions and their
counterpart standard unwelded ones. The typical stress—strain behavior of semi-crystalline materials is preserved in welded
and unwelded specimens but with different characteristic limits. At the weld inner layers, properties such as elastic modulus,
yield, and failure stresses displayed lower values, whereas in welded outer layers, the tendency is inversed. The cold drawing
extend remained approximately steady for unwelded and welded cases across the pipe wall. This property is less affected by the
presence of the weld as it described a constant material flow which is mostly a function of available material quantity for yielding.
The approach developed in this study gives consistent indications on welding quality around the pipe weld and across the
thickness. Accordingly, outermost and innermost welded layers may exhibit lower or even bad-quality welds as imperfections
can concentrate stresses at the joint interface because of cold weld problems. Such method enabled detecting 23% of failures at
the weld seam from outer and inner layers while the middle layer did not reveal any failure at the weld. The causes of this
behavior are approached using crystallinity evolution in welded and unwelded pipes.

Keywords HDPE pipe - Butt fusion welding - Mechanical properties - Radial direction - Circumferential direction - Structural
variances

1 Introduction

High-density polyethylene (HDPE) pipes continue to be the
focus of interesting and innovative studies in relation essen-
tially to manufacturing processes, structure—property relation-
ships, and novel applicative developments [ 1—4]. For instance,
many recent studies and reviews dealt with testing techniques
[5, 6], toughness evaluation [7], welding methods [8], aging
phenomena [9], machining operations [10, 11], and safety
appraisal [12, 13].

The issue of differences in mechanical properties through
the wall of extruded parts under specific conditions has been
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explained in terms of structural variances (morphology) and
residual (internal) stresses [14—17]. In the case of extruded
pipes made from high-density polyethylene resins, the prob-
lem was approached experimentally in two phases as it was
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necessary to solve difficulties related to the nature of the meth-
od to be adopted in order to extract the most wanted properties
(destructive or non-destructive). In the literature, non-
destructive methods are used to characterize only thin layers
out of the pipe wall. However, to achieve a whole idea on
property distribution and heterogeneities in thick pipes (thick-
ness > 10 mm), we need to use machining techniques at ade-
quate operating conditions which should minimize both ma-
terial deformations and frictional heat generation in order to
avoid needless structural changes [10, 11, 16, 18, 19].

In a primary phase, HDPE long filaments were orthogonal-
ly machined under specific conditions in order to illustrate the
entire thermal and structural history rooted in the pipe wall
because of manufacturing process (i.e., one filament extends
from the outside pipe surface to the inside). It has been shown
that a distribution of mechanical properties existed and was
correlated with pipe wall morphology using crystallinity [16,
20, 21]. These correlations were also found to be affected by
the presence of aggressive media such as acids, crude oil, and
other oxidizing environments [20]. In a second phase, follow-
ing several reviewers’ recommendations, the machining pa-
rameters were improved to produce standardized test speci-
mens according to ASTM representing different layers across
the pipe wall (i.e., in the longitudinal direction). As usual, the
lowest possible level of deformations, the least heat generation
(or lowest cutting zone temperature), and the minimum sur-
face roughness were sought to keep to a minimum structural
disturbances within the material [10, 11]. It was observed that
stress-related properties increased from outer towards inner
layers implying an important effect of morphology particular-
ly crystallinity and absorbed liquids [22, 23].

When standard specimens were exposed to aggressive envi-
ronments, it was found that mechanical properties for inner, in-
termediate, and outer layers followed similar degradation trend:
Toluene-methanol is the most aggressive followed by sulfuric
acid and then comes distilled water. It was also found that both
Young’s modulus and yield stress are increasing from outer to-
wards inner pipe layers in all testing environments. Such progres-
sion was essentially attributed to changes in crystallinity com-
bined with embedded internal stresses due to the extrusion pro-
cess and to the product geometry (cylinder) [22]. In a further
study, it was noted that mechanical properties of inner layer are
much better than those of outer one. The plastic hardening is
important at the outer surface most probably because of higher
compressive residual stresses imparted by extrusion process [23].

Many investigations have been conducted on butt fusion
welding (BFW) of polyethylene pipes under service condi-
tions and at laboratory scale. The objectives varied from un-
derstanding the mechanisms of the welding process and asso-
ciated phenomena responsible for the formation of the weld
seam to numerical simulations coupling both thermal and me-
chanical effects. Further industrial and methodological topics
are dealing with defect diagnosis and quality control methods
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for welded pipes, such as defect detection by thermal IR im-
agery or ultrasonic-phased array inspection [24, 25]. In addi-
tion, typical studies include mechanical characterization of the
weld joint [8, 14, 17], thermal studies [26, 27], and rupture/
failure phenomena [3, 28, 29]. An exhaustive study on butt
welding was performed to compare experimental and numer-
ical results in terms of temperature distributions, tube dis-
placements under the effect of welding pressure, and the di-
mensions of the created weld beads. The results are rather
reasonable since the simulations lead to weld beads whose
shapes are close to those experimentally obtained. Moreover,
temperature evolutions at various welding stages are compa-
rable to the measurements made via implanted thermocouples.
Simulated pipe displacements during welding stages are also
alike to measured ones in terms of direction of variation, al-
though the orders of quantities are different [27].

In the same tendency, a reasonable extension of the
already-achieved investigations [16, 20-23], a new research
should be devoted to ascertain the distribution of mechanical
properties in butt welds. This study must necessarily treat two
aspects: (i) the evolution of mechanical properties at the weld
seam, i.e., across the pipe wall (or radial direction) and (ii) the
variances of mechanical properties around the pipe boundary
(or circumferential direction). The experimental investigation
of these points should improve our understanding of both
weld-localized resistance and failure aspects in view of
existing standards [30-33].

The aim of this research is to establish and experiment a
method based on machining in order to obtain localized me-
chanical properties in butt fusion welds of polyethylene pipes.
In this work, the five steps of the method have been imple-
mented and the results are discussed in terms of mechanical
property variances between welded and unwelded material
using stress—strain behaviors. In addition, the method is used
to scrutinize the whole weld interface seeking probable weak
areas and to establish a relationship with the unwelded
matching counterparts.

2 Presentation of the method

Butt fusion welding of HDPE pipes is a common welding
technique which is performed in four successive steps while
controlling both time intervals and applied pressures (Fig. 1).
The welding surfaces are prepared according to approved
standard procedures to ensure a final proper joining of two
pipe segments [30—33]. Usually, these parameters are provid-
ed by manufacturers on a magnetic card for each pipe lot (pipe
resin, OD, t, and SDR) to make sure that corresponding
welding input data are exact and the operation is performed
at the optimal conditions in the field. The heating up to melt-
ing of polyethylene material is achieved using a hot metallic
plate under a precise pressure developed by a mechanical
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Fig. 1 a Diagram illustrating the A)

four steps of a butt fusion welding HDPE pipe
(BFW) procedure. b Welded To=25°C
HDPE pipe segments (in the field) /

Hot Plate
Tp=220°C

Welded bead

1) Bead Up

2) Heat Soaking

\
il o e

4) Welding and Cooling

3) Hot Plate Removal

apparatus which firmly holds both pipe segments. In the heat
soaking step, heating is kept on; however, the applied pressure
is reduced to allow melted material to grow up in depth. Once
the melting time is reached, the hot plate is removed in a very
short time to trim down heat losses and the melted pipe ends
are brought together rapidly. Finally, a specified pressure is
applied allowing the weld to shape up and the melt to flow
outward forming a curling. At the molten interface, polymer
chains are supposed to entangle with each other, and subse-
quently, progressive cooling and solidification take place at
ambient temperature [14, 27, 28].

Most probably, the main reason leading to suggest this
method is based on the analyses showing the contour of a butt
fusion weld (BFW) as it appears from a longitudinal pipe cut
as indicated in Fig. 2 [14, 28, 29]. The weld shape is charac-
teristic for this joining technique, and it can be deduced that
properties across pipe thickness are not homogeneous since
the melt zone does not have a homogeneous interface, i.e., it is
squeezed and reduced at the center and expanded at the bor-
ders (inner and outer surfaces). In order to investigate such
heterogeneity in pipe structure—property relationship, it is
mandatory to explore how to get to localized properties inside
the pipe wall. To fulfill the standard requirements for mechan-
ical testing, appropriate dimensions should be met. Figure 3
summarizes available standard dimensions for mechanical
strength tests under tension and indicates that type IV speci-
men is the only solution to extract three contiguous layers
from the given wall thickness that meet the requirements.
The proposal is to manufacture specimens which allow

obtaining properties at various depths across the thickness
within the pipe wall as presented in both Figs. 2 and 3.

The proposed method is a function of several factors which
may restrict the accessibility to different properties in the
welding zone. In fact, confined mechanical and structural
properties of the weld are not easily accessible by practical
and sensible non-destructive techniques as it is for conductive
metallic materials. Previously, a method with a similar object
has been anticipated, and it allowed the interpretation of some
property variances across pipe wall; however, the tested pipe
specimens were unwelded, and the results were obtained
using a non-standardized process based on filament machin-
ing [16, 20]. Another important limitation for current

BFW zone

Outer pipe surface

Thickness

Inner pipe surface

Fig. 2 Contour of a butt fusion weld (BFW) as it appears from a
longitudinal pipe cut and boundaries of the three contiguous layers
where welded specimens are extracted (WOL, WML, WIL). Arrow
(a) indicates the mid-plane of the weld where crystallinity is the
highest [14, 29, 34]
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T=4 mm
Wo=19 mm Type IV
We=6 mm (OL,ML.1L) t
(see Fig. 5) (This study)
T=10 mm
Wo=18 mm Type I
We=10 mm
T=10 mm
Wo=25 mm Type Il
We=6 mm
T=30mm
Wo=100mm Typel
We=25mm
l Cross-sectional area of a pipe )——L

Fig. 3 Standard test specimen type IV as a solution for manufacturing
three identical side-by-side specimens (IL, ML, and OL) from the pipe
wall thickness. (Right illustration is a cross-sectional pipe cut)

standards is testing pipe specimens with important thicknesses
and high outside diameters (OD) [30]. For instance, the min-
imum thickness of a 2000-mm OD pipe should not be less
than 48.8 mm which is far away from the 4 mm requested for a
type IV specimen [31]. Although it is accepted for unwelded
cases, but once the tested material contains a butt fusion weld,
the global approach ultimately will hide from view observa-
tions that are needed for weld performance assessment.
Finally, current standards do not mention any hint on the lo-
cation of the tested specimen since it is assumed that measured
properties are independent of radial positions.

The present method becomes interesting as it provides al-
ternatives to the previous limitations; i.e., obtaining an idea
about local properties within the weld at many positions along
the circumference and for three radial layers. By combining
machining processes, these layers were obtained in the form
of three concentric cylinders from the same tube provided that
not to lose any material at the interfaces [21, 22]. Figure 4
presents the five steps of the manufacturing processes devel-
oped to achieve such goals. The details of each phase of the
proposed method are illustrated in Table 1 together with the
different technical conditions and the appropriate standards
which guided parameter selection. In this case, the method
requires working on HDPE pipes that allow obtaining at least
three contiguous standard type IV specimens from the wall as
indicated in Fig. 3. In fact, such condition is governed by the
standard dimension ratio (SDR) parameter which is defined
for plastic pipe manufacturing by the following relationship:

spR — 2P (1)

min

with OD the outside diameter (mm) and f,;, the mini-
mum thickness (mm). The standardized HDPE outside
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diameters range from 16 to 2000 mm, which allows cor-
responding SDR values to vary from 6 to 41 [31]. In
phase 1 pipe dimension selection is decisive as SDR is
the criterion of choice based on the minimum thickness
that meets the prescribed condition (Fig. 1). In fact, a
minimum of three specimens is essential to build a trend
in the radial direction since non-uniformity effects on
weld resistance might not be severe along the circumfer-
ence as compared to the radial direction where crack
initiation and propagation are the most probable to hap-
pen. Therefore, the plan is to discern at least three con-
tiguous surface areas (Fig. 3) that are designated in this
study by WOL, WML, and WIL (Fig. 2) as indicated in
phases 2 and 3 (Fig. 4 and Table 1). It should be empha-
sized that machining conditions are very critical for such
studies because a choice of injudicious cutting parameters
will indeed influence measured results. Therefore,
adapted cutting regime is supposed to prevent higher ma-
terial deformation and should lower heat generation in
order to preserve the original structure [10, 11].

At the end of phase 3, properly identified HDPE samples
(0 and r) may be taken for structural or other characterizations
such as crystallinity or microindentation measurements [14,
21, 28, 29]. Then, once the dimensions are adequate, the ex-
traction of the standard test specimens is started simultaneous-
ly with codification and conditioning as illustrated in phase 4.
It should be noted that these operations are carried out at the
same time for welded and unwelded specimens. Finally, in
phase 5, the mechanical tests are performed according to the
standards and following the provided protocols of the method
(Table 2).

3 Experimental approach
3.1 Material

The material used in this study is a high-density polyethylene
(HDPE-100) water pipe. Its maximum service pressure is 10
bars (PN 10), and it was manufactured by the Algerian plastic
pipe company STPM CHIALL Sidi Bel-Abbes, Algeria [32].
It is extruded according to the standards EN 12201 (Parts 1-7)
and ISO 4427 (Parts 1-4) which correspond to the Algerian
Norm NA 7700 [32]. The pipe outside diameter (OD) is
200 mm, and its average wall thickness is 11.9 mm (SDR =
17). Table 3 summarizes some mechanical properties in the
solid state and at ambient temperature.

3.2 Butt fusion welding
The experimental work consisted in preparing, from the

same pipe section, three butt fusion joints following iden-
tical cutting, edge preparation, and welding conditions
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Fig. 4 Flow chart of process
method and its manufacturing
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(Fig. 1). The pipe cutting and welds are performed in a row
to keep original pipe orientation as it was manufactured
and to minimize any induced damages due to handling
operations. The welding operations were carried out in
the field using the BARBARA-J. SAURON PilotFuse
Unit, Type PL-315 according to ISO-12176-3 [33]. The
welding machine is able to perform pipe welds on diame-
ters ranging from 160 to 355 mm. It develops a nominal
power of 6 kVA when it is fed by 220 V. The work cycle is
unrolled automatically according to the digitally input data
of the pipe resin. It is noted that the operator intervenes
only for the implementation of auxiliary tools (pipe surface
planer and heating mirror) and for the visual control

operations (cleaning, alignment, and surface evenness). In
general, three essential elements contribute to obtain an
adequate weld: (i) cleanliness of joint surfaces, (ii) quali-
fied technical training for the manipulator, and (iii) prop-
erly dimensioned, controlled, and maintained welding
equipment according to the procedure [33, 35]. The param-
eters of the butt fusion welding phases which are equaliza-
tion, heating, plate retraction, and welding cooling are
shown in Table 2. In this study, a typical bead up time of
21 s is used while heat soak and dwell times were, respective-
ly, maintained at 180 and 10s. The measured average weld
seam widths and heights are, respectively, 18.32+0.31 and
4.73 £0.28 mm for the outer layers (WOL).
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Table 1 Manufacturing operations and technical conditions for the proposed method
IMANUFACTURING
PHASE SPECIFIC OPERATIONS PRODUCT DESIGN TECHNICAL CONDITIONS IMAJOR STANDARDS REFERENCES
OPERATIONS
HDPE, OD; SDR; * ASTM D-3035-03
Pipe . Specimen: Type IV, e EN 12201
1 . 2
Sampling Extruded pipe lots tmin : Nb. Specimens >3. e NA 7700 (30,32]
(Figs.2 and 3) (NA: Algerian Std.)
Pine ¢ [SO-12176-3
2 Wl:el din 3 Butt Fusion Welds (Fig.1 and Tab.2) ¢ ASTM D-2657-07 [33]
& o ASTM D-3261-03
(Previous Studies) Specific cutting tool;
Filament specimens: Specific regime: V. a, ; .
Orthogonal No feed rate (9); o No available standard [16,20]
3 Pipe Machining. Cutting: Through pipe wall.
Machining
. Specific : V; f; ap;
Stan(‘iard specimens: | Adapted tool geometry. «1S0 2818 (1994) [10,11,22]
Turning + Boring [31,35]
(Tab. 4)
Slit rings;
. ; t,, < 4mm; Type IV.
4 | Specimen Mechanical Press; s = M Type [21,22,36]
Punching Directions: 0, 1, z. (Figs. 3, 6 and 7c)
*[SO-527-1
i in): * ASTM D-638
Standard Universal Testing TeSth speed (mmy/min);
. . Ambient temperature; [23,28,34]
5 | Specimen Machines : ) | . DL
Testi Tensi Automatic Data Acquisition; [31,35,36]
esting ension... k- (Figs. 3, 6 and 7c)

3.3 Machining of welded and unwelded pipes

The machining of the HDPE pipe has been the subject of several
research studies seeking the most adapted cutting conditions
which improve surface roughness and, at the same time, reduce
generated heat at the tool-work piece contact edge [10, 11, 36].
Material removal was achieved on a TOS TENCIN lathe, model
SN 40 having 6.6 kW power on the spindle. The turning and
boring operations were carried out with the optimal parameters
published in [36] and which are as follows: V.=355 rpm, f=
0.56 mmy/rev, and a,,=1 mm. Two lots of pipe portions (three
unwelded and three butt fusion welded pipe segments) are pre-
pared accordingly in order to manufacture six pipe envelopes
defined by the limit condition [31]:

t (post—machining) <4 mm (2)

Table 2 Nominal parameters for butt welding phases used in this study

Details of envelope dimensions after machining are
indicated in Table 4. The objective is to manufacture
three pipe envelopes representing the unwelded cases
for outer, middle, and inner layers designated as UOL,
UML, and UIL and which are considered as references
for mechanical properties. Similarly, the welded pipes
are used to manufacture three equivalent envelopes
containing a specified part of the entire weld as illus-
trated in Fig. 5 (radial direction). The latter are desig-
nated by WOL, WML, and WIL and have alike posi-
tions as UOL, UML, and UIL, respectively (Table 4).
Since the machining operations require supporting the
plastic pipe by rigid steel sleeves, outer and inner
weld seams have been removed allowing firm han-
dling in lathe jaws [36].

Parameter Welding phases
Bead-up Heat soak Hot plate removal Welding and cooling
(Pipe pressed against hot plate) (Pressure reduction) (Dwell time) (Function of pipe dimensions)
Pressure (N/mm®) 0.18 <0.01 - 0.18
Temperature (°C) 220 220 — -
Time (s) 21 180 10 1265
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Table 3 Properties of HDPE-100 pipe material

Property Value Standard
Density (kg/m*) 949-961 ISO-1183
MFI (g/10 min) 0.2-0.5 1SO-527:2
Young’s modulus (MPa) > 1100

Failure stress (MPa) >24

Tensile strain at break (%) > 500

Shore D-hardness at 20 °C 59 ISO-868
Carbon black content (%) 2.0-2.5 1SO-6964

3.4 Specimen preparation and testing conditions

In order to experimentally assess the mechanical proper-
ties throughout the pipe wall, the recommendations of
ASTM D-638 standard are applied [31]. The normalized
testing specimen geometry type IV is shown in Fig. 6. In
this work, the condition imposed by Eq. (1) about thick-
ness remains unchanged. The tensile tests are carried out
in the longitudinal direction (and around the pipe) which
is perpendicular to the weld plane. The weld joint must be
exactly in the mid-span of all the welded specimens (3 x
13 specimens), i.e., at a distance equal to G/2 (Fig. 6).
This condition is important because the test specimens are
designed to evaluate the resistance of the joint which must
be aligned vertically with the tensile testing machine jaws.
Figure 7 illustrates the three welded envelopes (inner:
WIL, middle: WML, and outer: WOL) and the positions
of extracted test specimens by press punching.

The tests were carried out on a ZWICK-Z010 testing ma-
chine having a maximum load cell of 10 kN. All tests were
conducted at laboratory ambient temperature and at constant
loading speed of 100 mm/min which has already been used in
other studies [16, 21, 37]. The testing operation and data ac-
quisition were monitored by a computer system, and the

results were processed via the TestXpert® Software Version
9.01.

Crystallinity measurements were carried out using a DSC
apparatus Type TA Instruments according to ISO-11357
which is a specific standard for polymers. The heating rate
was 5 °C/min, and the value of reference enthalpy considered
is 293 J/g.

4 Results and discussion
4.1 Basic pipe stress-strain behavior

Figure 8 shows the stress—strain behavior of test specimens
machined from the commercial pipe basic material. Generally,
for the three unwelded cases (inner: UIL, middle: UML, and
outer: UOL), the mechanical behavior is very similar. It shows
the three typical zones of semi-crystalline polyethylene resins
under tension loads: (I) an elastic region limited by € ~20%
and o, (Or Opax-clastic)» (II) a drawing zone characterized by
necking (or multiple necking) propagation up to € ~300%,
and (III) the plastic hardening phenomenon usually associated
with a rise of macromolecular chain orientation until ductile
failure occurs beyond £ ~450% [16, 20, 35, 37]. Since the
required results are approached through complex machining
and mechanical testing, reproducibility of the stress—strain be-
haviors (Fig. 8a—c) was an important criterion in order to en-
sure test reproducibility in the best conditions.

Results indicate that the inner layers (UIL, Fig. 8a) are
more resistant in terms of oy, than the UOL layers (Fig. 8c).
The dispersion between the different (0—<) curves becomes
apparent as the deformation increases until it becomes more
pronounced beyond 200% strain. On the other hand, the case
UOL presented the maximum of variations as plastic harden-
ing starts taking place; this could be in relation with the struc-
ture which is commonly more amorphous and subject to

Table 4  Pipe dimensions after machining outer, middle, and inner layers for unwelded and welded cases

PIPE HDPE-100 (SDR 17.6)  Original pipe dimensions

Dimensions after machining

Outer layer (OL) Middle layer (ML) Inner layer (IL)
UOL WOL UML WML UIL WIL
(1 2) 3) ) ) (6)
OD (mm) 200 200 192 184
ID (mm) 176.2 192.2 184.2 176.2
Mean radius (mm) Based on OD 100 96 92
Number of punched specimens (type IV) 13 13 13 13 13 13
tmin (Mm) 11.9 398 £0.17 398+0.15 391+0.10 393+0.15 3.87+0.15 3.96+0.11

fmin (sought after machining) 4 mm
U unwelded, W welded
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Fig. 5 a Schematic of HDPE
weld across the pipe wall. b
Identification of (I) inner, (M)
middle, and (O) outer welded
layers: WIL, WML, and WOL

0200 mm

compressive internal stresses towards external pipe layers
[21-23]. However, such dispersion at this position is less pro-
nounced for UIL and UML cases (Fig. 8a, b) as the crystallin-
ity usually increases when moving towards the innermost pipe
layers. At the beginning of the plastic hardening stage (¢ >
325%), every curve for all layers (UIL, UML, and UOL) re-
vealed a flatten portion (constant stress) within the strain in-
terval 350 up to 400%, which is probably due to structural
chain breaking down as a result of high stretching. For the
average stress level of zone II (o.g), it is observed that the
drawing is taking place with a decreasing stress from IL to-
wards OL. The approximate upper and lower limit intervals
for UIL, UML, and UOL are [16-18 MPa], [14—17.5 MPa],
and [13-16 MPa], respectively (Fig. 8). Finally, it should be
noted that the developed testing procedure allows illustrating a
2D synchronized representation of every single possible
stress—strain curve for the unwelded cases (i.e., a total of 13
per layer, in this study) all along the pipe circumferential di-
rection and at different positions in the radial direction (i.e., a
total of 3).

ZAO b)

4.2 Welded pipe stress—strain behavior

Figure 9 shows the stress—strain behavior of the three case
studies (WIL: inner layer, WML: middle layer, and WOL.:
outer layer) once machined and prepared from butt welded
pipes. Similarly, the three zones observed in Fig. 8 are main-
tained, but the limit values are quite different because of the
welding joint incidence and the resulting effects generated by
thermomechanical changes within the structure [17, 26, 27,
37, 38]. Therefore, it can be argued that a properly made weld
should not modify the overall mechanical behavior of the
material. In addition, standards for pipe manufacturing and
joining impose that each time external parameters are
changed, the alteration of the initial microstructure should be
spared if not ameliorated for a better resistance and much safer
service operations [38].

In the first place, the observed reproducibility of the
stress—strain curves of the inner layers (WIL) is prominent
for the test specimens having broken off the welding joint
(Fig. 9a); however, dispersion increases and becomes

Fig. 6 Normalized dimensions
for standard type IV welded Lo=115
specimen PSR— — — = -
D=65+5
- L
~
R
Q} \Vel(‘i Joint B
v SO I I
[ I
PR 2 R
> 4 Z =
¥, G=25%013
—
L=33x05 T<4
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Fig. 7 a Pipe turning. b Pipe
boring. ¢ Extraction of standard
test specimens out of inner (1.
WIL), middle (2. WML), and
outer (3. WOL) layers

a) Turning

noticeable in zone III when moving in the radial direction
of the pipe, i.e., from WIL towards WOL. Indeed, Fig. 9a—
¢ indicates that the dispersion is initiated at different levels
of deformations (300, 250, and 25%, respectively, for WIL,
WML, and WOL). Also, the mechanical properties repre-
sented by o,, 0 and erincreased, which indicates a higher
resistance and a better ductility of the outer welded layers
(WOL) compared to WIL and WML despite the recorded
differences. When considering the welded inner and outer
layers, o, and o, increased by 19 and 22%, respectively,
whereas the increase of the same properties among WIL
and WML remains much lower, i.e., 12 and 6%, respec-
tively. The resulting deformations at break (/) showed lit-
tle variation in the three cases, and they are spread out
approximately between 425 and 600% with a slight impor-
tance for the WOL layers.

Throughout zone 11, a small drop in the cold drawing stress
is observed for each stress—strain curve of welded specimens
as confirmed from literature [35]. This intrinsic instability
corresponds to the moment when the neck passes through
the weld causing a stress drop. Both size and shape are kept
more or less invariant for all curves of the given layers (WIL,
WML, and WOL). These events took place in the cold draw-
ing zone at relatively specified intervals of fairly constant
stresses (0.q). It should be noted that the occurrence intervals
are functions of the position through the pipe wall. In terms of
% deformations, these ranges are [28-95%], [105-160%],

¢) Test specimen extraction

and [160-230%], respectively, for WIL, WML, and WOL.
When superimposing the three results, it becomes evident that
these ranges encompass a continuous span of the cold draw-
ing zone equivalent to more than one half (> 50%) of zone II
(Table 5). The average stress level (o.q) increased as a func-
tion of layer position when going towards the outer layer
(WIL ~14 MPa, WML ~15.5 MPa, and WOL ~ 17 MPa)
(Fig. 9).

4.3 Comparison of unwelded and welded behaviors

Figure 10 compares each couple (unwelded and welded)
stress—strain curves with the highest o, among the six cases
considered in this study when the final failure took place out-
side the joint. For unwelded and welded sets, the identified
tests are (UILO6, UMLO06, UOLO1) and (WILOS, WMLOS,
WOLO7), respectively. The observed orders as a function of
o, are as follows:

Oy\uIL > OylumL > Oy|UOL (3)

aylwoL > Oy\wML > Oy|WiL (4)

It is noticed that the orders are inverted as the unwelded
case indicates that the inner layer is the strongest; the higher
crystallinity at the pipe inner surface usually enhances such
strength [16, 21]. For the welded cases, melting, mixing, and
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Fig. 8 Unwelded pipe o—¢ curves: a inner (UIL), b middle (UML), and ¢

outer (UOL) layers

cooling operation offer a new mechanical behavior to the com-
pound in addition to heat-affected zones around the weld and
the indications (a), (b), and (c) shown in Fig. 10 point at the
onset of weld material drawing [17, 29, 38]. In the same way,
Fig. 11 compares stress—strain behavior with the highest o,
when failure occurred at the weld (WIL0OS, WMLO08, WOL07)
and out of the joint (WIL10 and WOLO02). For instance, when
the failure took place at the joint, o, for WOL02 dropped by
27% (reference WOLO7) and €, for WIL10 jumped down by
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Fig. 9 Welded pipe o—¢ curves: a inner (WIL), b middle (WML), and ¢
outer (WOL) layers

more than 74% (reference WIL08). Compared to correspond-
ing normal curves, brittle-like failure at the weld shows in-
credibly unacceptable results. Again, the order is respected for
the welded case although the middle layer did not provide any
failure at the weld (Inequality 5):

ailure at weld ailure at weld
Ao > o )
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Table5 Comparison of <A&.q>, <Atyeld streching™ % failures, and relative decreases of o,, £; and o4 for the welded layers (WIL, WML, and WOL)

Characteristic Symbol/unit WIL WML WOL
Overall extent of drawing, zone 11, Fig. 9 (failure off weld) <Ag.g>, % strain 17-310 25-330 20-350
Corresponding strain interval for stress instability due to weld <AEyeld stretching™> % strain 28-95 105-160 160-230
stretching, zone 11, Fig. 9 (failure off weld)

Failures at weld % 23.07 0 (No Failure) 23.07
Relative decrease of o4, zone 11, (failure off weld vs. at weld) % 29.80 - 31.30
Relative decrease of oy, zone 11, (failure off weld vs. at weld) % 22.83 - 25.92
Relative decrease of & zone II, (failure off weld vs. at weld) % 24.51 - 31.56

On the other hand, approaching properties in radial and cir-
cumferential directions made it possible to detect the weakest
parts of the weld by reducing the cross-sectional area for me-
chanical characterization (i.e., instead of one test specimen, this
method allowed the confection of three specimen lots as shown
in Fig. 7). Therefore, a field weld which might be accepted after
visual inspection may well reveal local substandard portion of
the complete joint. In this study, it turned out that six test pieces
belonging to WIL and WOL (three of each) have failed at the
weld interfaces and show low elongation at break (Fig. 9). As
expected, the mechanical characteristics are significantly re-
duced by almost a quarter for o, and by a third for £, The cold
drawing zone is also largely affected by the joint failure; the
average value of o4 dropped by ~30% and evolved without
ultimate plastic hardening. Finally, the middle layers (WML)
remained firm and reliable as they did not show fracture at the
welding joints, probably because the edges of the WML spec-
imens were not affected by the formation of seam beads and
that material fusion has proceeded correctly along the contact
melting area (Fig. 11). On the other hand, brittle-like failures
caused by incomplete fusion, dusty environment, and initial

40 -
354
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25

Stress (N/mmz)
S

e . R Y

] 1 I
10 1 1 Welded Un-welded
1 : : —wiog | | uIL06
5 I i —WMLO8 [ [ UML06
1 1 —woLo7| |- uUoLo1
] T |
0 » rr L Ll L T N T » T ¥ T
0 100 200 300 400 500 600

Strain (%)

Fig. 10 Comparison between representative o— curves for unwelded
(UIL, UML, and UOL) and welded (WIL, WML, and WOL)
specimens. Dotted lines “a,” “b,” and “c” show the onset of weld drawing

surface defect, for the cases WIL and WOL, are possible at both
external and internal surfaces.

4.4 Mechanical property evolution

Figures 12, 13, 14, 15, 16, and 17 illustrate some typical
mechanical properties of polyethylene for the three cases: (i)
unwelded, (i) failure at the weld, and (iii) failure outside the
weld throughout the pipe wall layers (IL, ML, and OL). The
analysis is made on the basis of a comparison between results
at the three positions (inner, middle, and outer). The Young’s
modulus of the as-received material exhibits the following
order (Fig. 12):

inner middle outer
E unwelded > E unwelded > E unwelded (6)

When considering the welded case, the opposite order is
observed; i.e., the maximum E is associated with WOL. These
conclusions are identical for the yield stress (Fig. 13) and the
nominal failure stress (Fig. 14). It should be mentioned that
the properties resulting from weld joint failure are generally
much lower (Figs.12, 13, and 14). In terms of deformation at

40+
35
304
<
£ 254
E 1
£ 204l
P I
3 |
S 154
N 4 Failure
104 \ 1 ,‘ Outside joint At joint
1 | ——WiIL08 _wiL1o
5 o ——WMLO08 ---- WOL02
] ' ! ——WwoLo7 None WML
0 T v T T ¥ T T
0 100 200 300 400 500 600

Strain (%)

Fig. 11 Comparison between representative o—¢ curves for welded
specimens with a highly ductile rupture outside the weld (WILO0S,
WMLO08, WOLO07) (left picture) and b failure at the joint with reduced
ductility (WL10, WOLO02) (right picture). No weld failure observed for
the middle layer (WML)
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Fig. 12 Young’s modulus
variation for different positions
across pipe wall 1400

1600

1200

1000

800

E (N/mm?)

600
400

200

break, the three positions provided practically the same values
for the unwelded case; however, the introduction of the weld
disrupted such steadiness as £, dropped between 14 and 18%
for inner and middle layers. On the outer layer, the deforma-
tion at break of the welded case remained comparable to the
unwelded case while it decreased as much as 78% for failure
occurring at the welding joint (Fig. 15). Usually, weld quality
can be checked through 4 i.e., the closer the % elongation at
break to that of unwelded material, the better it is [27, 35, 38].
In this study, such condition is validated particularly for WOL
as the variation of average ¢, between unwelded and welded
specimens is close to zero and it did not exceed 20% for both
WIL and WML.

The other two important properties of semi-crystalline
polyethylene which were analyzed are cold drawing stress
level (o.q) and the extent of the drawing zone (Ae.q) [16,
20]. It is observed that the tendency for o4, when going from
inner to outer layers, is the same as for E, o,, and o/ (i)

Fig. 13 Yield stress variation for

different positions across pipe 30
wall
25
20

¢, (N/mm?)
&

W
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IL ML OL

B Un-welded

IL ML OL

mUn-welded W Failure at weld ™ Failure outside weld

M Failure at weld M Failure outside weld

decreasing for the unwelded cases and (ii) increasing for the
welded cases no matter where the failure is occurring
(Fig. 16). For Ae.q, the overall results show almost the same
levels within less than 9% difference for unwelded and failure
outside the weld specimens. It is concluded that this property
is not affected by the presence of the weld; in other words,
material drawing is mostly a function of the available amount
of material to deform (Fig. 17). In Figs. 12, 13, 14, 15, 16, and
17, breaking at the weld yielded the lowest properties in terms
of stresses and deformations in all layers.

4.5 Microstructure evolution

Auvailable research literature, in connection with the present
study, treated butt fusion welding in the framework of three
complementary aspects: (i) mechanical properties associated
with weld microstructure seeking descriptive details and ex-
planatory arguments [35, 37, 38], (ii) search for novel and
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Fig. 14 Nominal failure stress
variation for different positions
across pipe wall
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efficient characterization techniques (especially NDT methods)
to analyze the melting zone and its phases [24-26, 29, 39], and
finally (iii) weld quality, defect analysis, reliability, and long-
term durability [40—43]. Although many authors have tried to
establish correlations between structure and mechanical prop-
erties in semi-crystalline bulk PE, the underlying explanations
are not well understood since pipe chemical composition is
constantly ameliorated by co-polymerizations and new addi-
tives (stabilizers, antioxidants, pigments. ..) and under the pres-
sure of industrials who keep on validating newly developed
products for practical requirements such as double-walled
pipes, corrugated pipes, and large-diameter plastic pipes [39].
For structure characterization, it has been established that
the initial elastic deformation (zone I, Figs. 8 and 9) is a com-
bination of lamellar separation, interlamellar shear, and lamel-
lar stack rotation [38]. On the other hand, literature identifies a

Fig. 15 Failure strain variation
for different positions across pipe
wall
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400

g (%)

300
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100

IL ML OL

m Un-welded

IL ML OL

®m Un-welded

m Failure at weld ~ ® Failure outside weld

lot of mechanisms of plastic deformation in zones II and III
such as chain slip, lamella fragmentation and cavitation, de-
formation twining, and transverse slip [17, 38]. It is also ad-
vanced that during welding, two regions are competing at
different scales: (i) a zone of thermal and gross rearrangement
of structure and (ii) a zone of actual interdiffusion. In this
study, it was observed that middle layers (UML and WML)
have very similar mechanical properties related to stresses (E,
0,, 0 and o). Similar e, values have been observed particu-
larly for UOL and WOL, while those related to WML and
UML are a little lower, but since all of them are > 400%, this
is a good indication that they were performed at optimum
conditions (Fig. 15). Usually, when the weld is carried out
correctly, failure occurs through fibrillation (highly yielded
fibrils), and our findings are in agreement with literature re-
sults especially for o, and £,[17, 29, 35, 38].

m Failure at weld  ® Failure outside weld
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Fig. 16 Cold drawing stress
variation for different positions
across pipe wall 18

6.4 (N/mm?)

(= S

Weld mechanical properties are also functions of the con-
ditions in which welding was performed as any overdesigned
dwell time (Table 2) may influence poorly both stress and
strain parameters [17]. When studying the micromechanical
properties across butt fusion welds using microindentation
(MI) technique, it is revealed that the melt zone (MZ) is
surrounded by a heat-affected zone (HAZ) characterized by
an ongoing rise in material properties in comparison to parent
material [29]. In addition, MI conclusions allowed drawing
the HAZ boundaries and put in evidence annealing as the
main cause of micromechanical property amelioration. It
was also observed that the size of the MZ is the smallest at
the pipe wall midpoint and widens gradually as it gets to outer
and to inner borders (Fig. 2) [12, 29, 34]. As a result, this
finding is in correlation with our study in order to explain

Fig. 17 Extent of cold drawing
variation for different positions 350
across pipe wall
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@ Springer
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® Un-welded

m Failure at weld  ® Failure outside weld

superior performance of WML specimens (0% failure at weld)
compared to both WIL and WOL ones where 23% failure
was observed at the weld (Table 5). Alternatively, it is
established that microstructural changes in the HAZ start
with a thin and fine spherulitic zone which is formed due to
rapid cooling followed by a columnar zone (or lamellar-
type structure) and finally comes the deformed zone (often
called shear melt zone) having relatively coarse spherulites.
One way to explain differences between properties shown
in Figs. 12, 13, and 14 could be the presence of coarse
spherulite boundaries which are the most probable trajec-
tories followed by brittle failure [40].

Table 6 summarizes welding conditions and results of sev-
eral studies that have examined the evolution of polyethylene
pipe microstructure [13, 17, 2629, 38]. The welded zone

IL ML OL

mUn-welded ®Failure at weld ~ mFailure outside weld
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material undergoes many transformations such as melting,
deformation, and molecular interpenetration, and then follow-
ed by recrystallization, i.e., formation of new structure under
the imposed stress state of the welding process [38].
Consequently, microstructures of the weld interface and its
heat-affected zones establish the ultimate mechanical proper-
ties of the joint [40]. In other words, both heating and cooling
processes at the weld creates microstructures that differ from
unwelded material. In principle, mechanical properties and
interfacial strength of the joint are affected by the thickness
of the MZ as thin ones give the weld brittleness and lower the
strength whereas higher MZ thickness and wider HAZ in-
crease the weld strength. In addition, residual stresses are usu-
ally caused by the non-homogeneity of flow and temperature
gradients during welding. Such findings led to distinguish five
zones in weld microstructure by which are (i) skin remnant;
(ii) spherulitic, slightly elongated; (iii) columnar; (iv) bound-
ary nucleation; and (v) spherulitic [34, 44]. The last zone made
of spherulites has been recognized as the basic morphology of
semi-crystalline polymers.

Usually, the degree of crystallinity is the first structural
parameter that has been correlated to mechanical properties
at different zones of butt fusion joint [44]. During welding,
the process that pipes undergo from fusion temperature to
room temperature is the same as an annealing process. So,
the more high anneal temperature is, the more high crystallin-
ity degree of polymer is, which “explains crystallinity evolu-
tion throughout the pipe wall” [45]. Crystallinity comparisons
are principally made on welded and unwelded pipes using the
DSC method and sometimes the XRD method. Two types of
comparisons are reported according to the location of the mea-
surement of crystallinity. In other words, either the crystallin-
ity is measured globally or by considering localized sampling
positions in the wall following the three previously delimited
layers (IL, ML, and OL) (Table 4 and Fig. 2). Since the
welding conditions are dictated by the standards and the man-
ufacturers’ recommendations, they are supposed to provide
more resistant joints compared to the original material. For
the overall sampling measurements, it is found that crystallin-
ity increases for the welded material as the differences are
within the interval 3 to 10%. Therefore, it can be stated as a
general rule:

Xwelded > Xunwelded (7)

For that reason, it is reasonable to observe higher mechan-
ical properties for welded cases as it was discussed for E, o,,
and oy (Figs. 12, 13, and 14). The same argument can be
invoked for the cold drawing stress (o4, Fig. 16). The mea-
surements made according to this proposed method using the
three layers (IL, ML, and OL) are in conformity with those of

@ Springer

the literature, and it is concluded that there is an evolution of
crystallinity throughout the pipe wall for welded (Eq. 8) and
unwelded (Eq. 9) cases as follows:

inner middle outer

Xwelded < Xwelded < Xwelded (8)
inner middle outer

Xunwelded > Xunwelded > Xunwelded (9)

These results indicate that the effect of the supplied heat
and the material melting contributed in creating a more
ordered structure as deduced from crystallinity data. By
performing the proposed localized analysis, it is found that
the outer layer (OL) always follows the same trend as in
inequalities (8) and (9). Indeed, the crystallinity in our case
increased by 15% as confirmed by other studies for the OL
layer [13, 38]. For the intermediate layer (ML), the results
found indicate very little change in the crystallinity be-
tween the welded and unwelded specimens with a differ-
ence < 1%. This is in agreement with results of other stud-
ies of the literature on crystallinity [13, 27]. This might
have a relation with the position of this layer which is
protected by the other two layers and thus limiting the
effects of external disturbances in terms of unwanted ma-
terial cooling or heat loss by natural convection. Although
the interface is made of molten material from both pipe
ends, chain entanglements and cooling are achieved under
conditions similar to extrusion, and thus, the final structure
would be at a similar level of crystallinity [13, 27]. Lastly,
crystallinity measurements for the inner layer (IL) are in
favor of the welded pipes compared to unwelded ones;
however, some studies did not find significant variations,
and they generally remain below 1% [27]. This conclusion
can be extended even to the welding of pipes of dissimilar
resins (HDPE-100 and HDPE-80) where it has been found
that crystallinity is improved up to 20% for welded cases as
shown in Table 6 [26]. Also, globally, crystallinity results
show variations within the range 3 to 20%, whereas for the
localized measurements, the % changes are smaller espe-
cially for the inner layers (1 to 7%). For the middle layer
where the weld quality is found to be the highest as no
failure was observed for this lot, crystallinity measure-
ments are less dispersed and the percent change remained
below 1%. On the other hand, for the outer layers, the
differences ranged from 5 up to 15%.

Figure 18 illustrates the results obtained in this study. An
increase in crystallinity is observed for welded pipes from
inner to outer layers, while for unwelded ones, the evolution
is in opposite direction. Such situation is confirmed by the
literature data as discussed previously for Table 6. In addition,
for the base pipe (unwelded), the evolution is also confirmed
by other studies for two different pipe resins (HDPE-80 and
HDPE-100) [22, 23]. The study of crystallinity in welded and
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Fig. 18 Crystallinity evolution
for unwelded and welded pipes as 80
a function of wall position
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unwelded pipes has established that the presence of a weld
gives better mechanical strength, and if a fracture will take
place, the probability that it will occur at the weld is very
low given the crystalline structure which settled down.
Therefore, the observed failures at the weld in Fig. 9 and
whose rate reached 23% (likewise WIL and WOL, Table 5)
are a good indication that this method is capable of providing
information and detecting localized defects usually unnoticed
during global testing. Furthermore, this method could be used
to verify the adequacy between welding parameters (Table 2)
and newly fabricated polyethylene resins to discern possible
localized weld weaknesses.

Weld quality faces many challenges such as welding
different HDPE resins or the new double walled HDPE
pipes designed for specific fluid transport. For instance,
when manufacturing joints involving PE-80 and PE-100,
which is a real situation in today’s network functioning
(repairs or new extensions), it is revealed that reorganiza-
tion of crystalline phases occurs and crystalline areas with
higher mechanical and thermal properties appear due to
the increase of crystallite quantity, their bigger size, and
the better crystallite packing [39]. For irregular joining
area topology, likewise double-walled pipes, butt fusion
welding technique can be also employed successfully.
Microscopic weld investigation confirmed a uniform melt
area without defects and a complete interface fusion
which prevented the reduction of the mechanical perfor-
mance [26]. These examples emphasize the increasing
technical difficulties in studying the weld zone in future
possible new designs. The existing characterization
methods are adapted and improved whenever possible,
but the objectives usually stay unchanged in terms of best

Inner Layer

Middle Layer Outer Layer

Pipe Wall Position

mechanical properties, homogenous microstructure, and
reliable welding techniques.

5 Conclusion

This investigation is designed to set up a method in order to
evaluate the intrinsic localized resistance of HDPE pipes.
The method compares stress—strain behaviors of welded
and unwelded pipes. Test specimens are extracted from ma-
chined pipe portions along the circumference for varied
thicknesses.

The main conclusions which can be drawn from this re-
search work are

1. An experimental method is established to study localized
stress—strain behaviors based on standard mechanical
tests. It consists of five simultaneous steps: (i) pipe prep-
aration based on SDR, (ii) pipe butt fusion welding, (iii)
combined turning and boring machining at specified con-
ditions, (iv) standard specimens cutting, and (v) mechan-
ical testing.

2. The method is successfully applied for welded and
unwelded 200-mm OD pipe. The most important result
is the 23% failure at weld for WIL and WOL, while no
weld breakdown was observed at any WML-localized
positions. This indicates that the most vulnerable parts
are those being rapidly cooled by ambient air (cold weld
phenomenon). Such problem cannot be detected when
testing the whole pipe thickness.

3. The three characteristic zones of stress—strain behavior in
semi-crystalline materials are preserved even in the
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presence of a butt fusion weld. The effects of weld on the
mechanical properties have been evaluated. At the inner
layers (WIL), the properties E, o,, 05 and o4 displayed
notably lower values, whereas in the outer layers (WOL),
the tendency is inversed.

4. The values of Aeq remain approximately steady for
unwelded and welded cases across the pipe wall. It can
be concluded that this property is less affected by the
presence of the weld since it describes a constant flow
of material and is mostly a function of material quantity
available for cold drawing.

5. Microstructure analysis shows that welding contributed to
crystallinity increase giving higher strength to the joint.
When applying the proposed method, it is found that crys-
tallinity decreased for unwelded pipe from inner to outer
layers and the inverse is observed for the welded case.
Such reorganization of structure crystallites explains the
mechanical properties tendencies.

6. Whenever failure occurs at the weld, all properties resulting
from stress—strain behavior show a net regression.
Consequently, the approach developed here gives consis-
tent indications on welding quality and goes further by
allowing access to the different segments of the various
layers of a pipe. Moreover, the outermost and innermost
welded layers may exhibit lower or yet bad-quality welds
as imperfections can concentrate stresses at the joint inter-
face and allow crack initiation. It can be advanced that the
presence of coarse spherulite boundaries in the HAZ is a
probable trajectory which can be followed by brittle-like
failure when occurring at the weld.

7. This method is an attractive example when compared to
the microindentation technique as both approaches help
extract complementary information and may validate each
other. For instance, elastic modulus data issued by the two
techniques are in good agreement, but the MI technique
allows defining the contour of both MZ and HAZ. On the
other hand, “localized” mechanical testing gives prompt
information for quality control and provides other
methods with needed validation data.
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