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INTRODUCTION

chlorinated polyvinyl chloride (CPVC) has been widely used in industries for water, wastewater, and gas

transportation [1]. The CPVC is also less expensive when compared with the copper [2]. This polymer is produced
through a post-chlorination process that raises the chlorine content from 57.4% in PVC to 70% in CPVC [3]. This
modification is intended to raise the glass transition temperature T, of the base resin from 95°C to 115-135°C and improves
its mechanical characteristics at elevated temperatures [4]. The CPVC pipes have higher temperature and pressure rating
than PVC pipes, making them suitable for hot water delivery systems and other applications requiring higher temperatures
and pressure ratings [5]. For this reason, studying the mechanical properties and damage of the polymer material is essential
to avoiding partial and total fracture [6]. The knowledge gained from these studies can be used to improve the design,

R ecently, due to its beneficial physical and chemical properties, such as temperature, corrosion, and impact resistance,
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manufacture, and maintenance of these materials, as well as the safety of their utilization [7]. Many efforts have been devoted
to studying the main parameters that affect the mechanical behaviors of polymers and the CPVC material [8]. Joshi et al,
observing and reported an improvement in the mechanical characteristics of PVC as a function of graphene oxide loading.
Both the yield stress and elastic modulus were increased during this loading [9]. Merah and his team studied the effect of
temperature on the mechanical behavior of CPVC pipe. The study's findings demonstrated that the Young's modulus and
vield stress decreased as the temperature increased [10]. Liao et al. examined the tensile deformation and tensile failure
behavior of transparent polyurethane under a range of temperature and strain rate conditions. Tensile tests were conducted
on samples of polyurethane at various temperatures and strain rates. The results showed that the strain rate and temperature
had a significant effect on the tensile deformation and failure of the polyurethane. At higher strain rates, a greater amount
of strain was observed compared to lower strain rates, while higher temperatures resulted in greater plasticity and strain
recovery [11]. Reis et al, analyzed the influence of temperature and strain rate on the mechanical properties of recycled
HDPE. The authors found that changes in temperature and strain rate can significantly alter the tensile behavior of recycled
HDPE. Moreover, the results suggest that temperature changes have a larger effect than strain rate changes on the tensile
behavior of HDPE [12]. In a study conducted by Kendall et al, the temperature and strain rate dependance in PVC were
showed that the temperature and crosshead speeds have a significant impact on the mechanical characteristics such as yield
strength and Yong’s modulus. These parameters decrease with increasing temperature and increase with increasing strain
rate [13]. En-naji et al, examined the properties of ABS polymer plate subjected to uniaxial loading. The authors employed
a standardized damage model to characterize the underlying mechanical behavior of the plate [14]. Plaseied and Fatemi
examined the effects of strain rate and temperature on the tensile properties of a vinyl ester polymer. The results of tensile
tests conducted at a range of strain rates and temperatures are used to analyze the effects of these factors on the mechanical
properties of the material [15]. Yang et al, investigated the temperature and strain rate sensitivity of the yield strength of
amorphous polymers. The researchers aimed to characterize and model the influence of temperature and strain rate on the
yield strength of these materials. To this end, a series of experiments were conducted to determine the temperature and
strain rate sensitivity of the yield strength of polycarbonate, polybutylene terephthalate, and polymethyl methacrylate [16].
Gugouch et al. explored how the fracture properties of CPVC pipes with defects are affected by burst pressure and predicted
the fraction of life that these pipes can be expected to survive. The authors discussed the types of defects that can occur in
CPVC pipes and the effects that these defects can have on their fracture properties. They also examined how burst pressure
affects the fracture properties of CPVC pipes and the fraction of life that these pipes can be expected to survive [17].
Khtibari et al. examined the effect of strain rate on the damage of CVPC compound at room temperature. They found that
the damage of the CVPC compound increases with an increasing strain rate. These findings could be used to improve the
design and manufacture of CVPC compounds and to develop materials with enhanced resistance to high strain rate loading
[18]. In this context, we choose to characterize the mechanical characteristics of chlorinated PVC (CPVC) due to their
applications. For this raison, tensile tests were carried on the compounds at different temperatures ranging from -20 to 90°C
and crosshead speeds from 5 to 500 mm/min. The results were analyzed to determine how crosshead speed and temperature
affected on the mechanical characteristics of CPVC specimens. Two damage models were developed, one obtained by
adapting the unified theory version and the other a quasi-experimental static damage based on ultimate stress. These models
allow us to evaluate the damage evolution of CPVC samples and to determine the safety and maintenance intervals of this
material.

EXPERIMENTAL PROCEDURE

to measure the amount of stress that can be applied to a material before it breaks or deforms permanently [19]. This

information is useful for engineers and manufacturers to determine the suitability of a material for a particular
application or product [20]. To do this, the samples for tensile test were used 10.16 cm schedule 80 CPVC pipes with a 9.5
mm wall thickness, these values obtained from commercial sources. 50 mm wide rings were cut from the pipes and slit to
be flattened, as illustrated in Fig. 1. Following this, they wete heated in an electric oven at 120°C for 65 minutes, then
straightened in a designed mold shown in Fig. 2.
The straightened plates were then used to fabricate the components. The machining process was completed using coolants
to avoid any damage to the material caused by the heat created. Samples have been prepared according to the ASTM D638-
01 standard (Fig. 3). The dimensions and geometry of the tensile compounds used in this work are illustrated in Fig. 4. We
used an Instron 8501 material. The system's primary control modes are load (£100 kN), strain (£10%), and position (£75
mm).

T he aim of the tensile testing is to identify the tensile characteristics of the CPVC specimens. Tensile testing is used
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Figure 1: Ring width equal fifty millimeters was cut from CPVC Figure 2: Designed mold for straightening compounds.
pipe.
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Figure 3: The CPVC specimen. Figure 4: Dimension and geometry of the tensile compound used
in the work.

Users of the control limits can be view on the digital control panel at any time during the test. Fig. 5 shows a photograph
of the testing frame with an environmental chamber and video camera. Throughout the test, specially machined inserts were
used to verify the samples vertical alignment. At each of these temperatures -20, 0, 10, 25, 50, 70, and 90°C, and at three

crosshead speeds 5, 50 and 500 mm.min!, three tensile tests were performed. The results of the tests presented in the
subsequent section.

Figure 5: Thermal environmental chamber.
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RESULTS AND DISCUSSION

Effects of temperature and crosshead speed on tensile properties
he stress-strain curve of chlorinated polyvinyl chloride (CPVC) is an important indicator of its mechanical properties
and performance. Investigating the stress-strain curves of CPVC at various crosshead speeds and temperatures can
help us to gain a better understanding of the material's behavior. Fig. 7, illustrates the evolution of the nominal
stress-strain relationship according to these two parameters.
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Figure 6: The nominal Stress-Strain of Chlorinated Polyvinyl Chloride were investigated at various crosshead speeds ranging 5(a), 50(b)
and 500(c) mm/min, and temperatures ranging from -20 to 90°C.

It is evident that the effects of temperature and crosshead speed on CPVC’s stress-strain characteristics are significant. The
results of the tensile tests indicate that brittle fracture occurs at temperatures below 25°C and ductile fracture appears at
temperatures above that. At lower temperatures (-20, 0 and 10°C), there is less strain energy available to deform the CPVC
material, making it easier for a fracture to occur, while at temperatures between 50 and 90°C, the plastic behavior is
predominant because the material has more energy available to deform and bend before it breaks, making it more ductile
[21]. From the Fig. 6, the important features such as yield stress and elastic modulus can be determined. The impacts of the
temperature and the crosshead speed on the median values of these two mechanical characteristics are displayed in Figs. 7,
8, 9 and 10. The evolution of the median yield stress with various crosshead speed and the temperatures is shown in Fig. 7.
Fig. 7 shows that the value of yield stress increases logarithmically with increasing of the crosshead speed. In detail, as
crosshead speed increases from 5 to 500 mm/min, the average yield strength increases from around 46 MPa to around 60
MPa at room temperature. The increase of yield strength can be explained by the decreased molecular mobility due to the
short time available for the plastic zone, resulting in low ductility [10, 11]. The variation of yield strength with various
temperatures is illustrated in Fig. 8.
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Figure 7: Tensile nominal yield stress with various crosshead speed.
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Figure 8: Tensile nominal yield stress with various temperature.
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From Fig. 8, we can note that as the temperature increased from -20°C to 90°C at 5 mm/min, the yield strength of the
material decreased drastically from 59.18 to 18.50 MPa. This can be attributed to the increased molecular mobility at higher
temperatures, making it easier for the molecules to move and become more malleable under stress. Additionally, plastic
deformation of the CPVC material is more likely to occur at higher temperatures due to the increased mobility of the
molecules, further reducing the yield stress [21]. The median values of elastic modulus CPVC as a function of crosshead

speed are displayed in Fig. 9.
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Figure 9: Tensile Young’s modulus with various crosshead speed.
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From this figure, we can see that the value of Young’s modulus increases logarithmically with crosshead speed . The higher
crosshead speed causes more molecules to become aligned, which increases the stiffness of the material [22]. The results of
the study on the impact of temperature on Young’s modulus for CPVC at various crosshead speed are cleatly visible in Fig.
10. It is shown that the elastic modulus decreases linearly with increasing temperature. At temperatures below room
temperature (i.e., -20, 0 and 10°C), the elastic modulus is relatively high. As the temperature continues to rise, however, the
elastic modulus decreases, leading to an increase in the free volume between the chain molecules which further enables
longer chain motion. As evidenced by the data, at high temperatures of 50, 70 and 90°C, the elastic modulus is significantly
lower compared to those at lower temperatures. Unsurprisingly, this decrease in elastic modulus leads to increased flexibility
of the material. [23].
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Figure 10: Tensile Young’s modulus with various temperature.

Experimental Damage

Permanent damage of material leads to the reduction on mechanical properties, resulting in a reduced static tensile strength
and fracture energy [24, 25]. If not properly maintained or repaired, the damage can lead to decrease in the functionality and
performance of material, and eventually, to the breakdown of the material [26]. To this end, the ERISMANN model [27]
has been proposed, which models damage in terms of certain physical parameters (e.g., load drop, ultimate stress, and
modulus of elasticity...) at any point in material's life cycle, as desctibed by the following equation [28]:

e P~ ®xy) 0
D(xy ) — D(xp)

®(x): a monotonic function of x that is precisely defined.

x: the value the damage to the property.

O: start life material and R: End life material.

The function ¢ is used to represent the vatiation of some charactetistics including load drop, ultimate stress, and modulus

of elasticity, etc. According to the ERISEMANN law, it can be observed that the variation of the residual ultimate stress is

represented by the function ¢, and x denotes the life fraction 8. This, in turn gives the static damage by ultimate stress with

the following expression: ¢ (x) = ou.

o, —O0
I):: ur U (2)
O-a_o-ﬂ

0 . is the value of ultimate stress in MPa at 90°C.

o ur 1s the residual ultimate stress in MPa.

oy is the ultimate stress in MPa.
The results of the damage quantification based on the ultimate residual stress values are promising. By fitting the two
different damage laws with the stress method, the varying degrees of damage stages can be accurately identified and
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validated. This information, in turn, can be used to inform future research on failure prediction under realistic loading
conditions. Ultimately, this could help improve the accuracy of structural models and optimize engineering designs.
Fig. 11 demonstrates the evolution of experimental damage based on ultimate stress in function according to life fraction §

[14-29].

pett

P e— (3)
T, =T e

where T z0°c is the temperature value at -20°C, Tjinstantaneous temperature, and Tt the highest temperature.
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Figure 11: Variation of experimental damage with different temperature and crosshead speed ranging 5(a), 50(b) and 500(c) mm/min.

This figure shows the evolution of damage in CPVC polymer over the life fraction B. As can be seen, the damage increases
with increasing B for given strain rate, indicating that the material is becoming increasingly brittle. The figure shows that the
damage increases significantly at different life fractions for different crosshead speed, indicating that the material is highly
strain rate dependent. We also note that as the fraction of life increases, the amount of damage done to the sample increases,
resulting in a decrease in the static tensile strength. This decrease is gradual because the material is slowly being worn down
until it eventually fails to resist the applied stress. The same figure allowed us to deduce the progression of damage in three
stages, depending on the change in curvature. The first stage when the curve is linear, corresponding to its initiation for a
fraction of life less than 20, 26 and 30%, respectively, when the crosshead speed is changed to 5 (a), 50 (b), and 500 (c)
mm/min. In this stage the damage grows slowly, and the test tube begins to lose its internal. The second stage of damage
occurs when the life fraction is found in the intervals [20- 80%] (when the crosshead speed is set to 5 mm/min), [26 - 84%)]
(when the crosshead speed is set to 50 mm/min), and [30 - 88%)] (when the crosshead speed is set to 500 mm/min). In this
stage, the damage is more severe, and the structure may still be safe with certain repairs and modifications. Also, at this
stage, the damage becomes progressive and dangerous, so predictive maintenance is required on the industrial side to pre-
vent any accidental service disruption. At the third stage, when the life fraction exceeds 80%, 84%, and 88% respectively of
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5, 50 and 500 mm/min. In this context, the damages are critical, and the structure may no longer be safe. At this point, the
structure may need to be completely replaced.

Damage and Reliability Relationship

The performance of system is determined by two key factors: damage D and reliability R. Damage D is a measure of the
physical wear and tear a system may experience, whereas reliability R is a measure of a system's ability to function as expected
over a given period of time. The lifetime of the system can be characterized by a combination of these two parameters and
can be used to estimate how long the system can be expected to last before needing to be serviced or replaced [30]. Since
these two parameters are complementary in nature, they can be expressed in the form of an equation.

R (B) = 1- D (B) )

In this equation, R symbolizes reliability and D represents damage. Moreover, the value of 1 is a mean that both parameters

must always be present to accurately study a system's lifetime. The Eqn. (3) permits us to plot the reliability-damage curves
according to the various life fraction (Fig. 12).
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Figure 12: Reliability and damage curves of CPVC.

From the Fig. 12, we observe that reliability decreases while damage increases. The intersection between these two models
allows us to determine the critical life fraction Bc values, respectively are Bc5 = 68%, Bc50 =76%, and Bc500 =80%. We
note that as the crosshead speed increases, the critical life fraction value also increases. This is because the higher velocity
of crosshead, the higher the strength and the lower the damage value [31]. Note that when the life fraction becomes critical,
predictive maintenance must be planned to avoid total failure of this material.

Unified theory model

One of the first law was Miner's, which was created in 1945 [32]. The underlying assumption of this law is that cumulative
damage in materials evolves lineatly with life fraction and is unaffected by loading levels. Bui-Quoc's groundbreaking unified
theory incorporates the theory of Henry, Gatts, Shanley, and Valluri to encompass a macroscopic perspective of damage
accumulation [33]. The unified model is defined as follows [34]:
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)

v-1

B+(1-P)

with:

y= Our /Oy and y.= o, /o,

B: denotes the life fraction.

m = 0.98: represents a constant material.

Fig. 13 shows a series of curves representing the damage versus life fraction for various loading levels of y. This parameter
employed to measure the material's response on mechanical load when applied varied levels at temperature and crosshead
speed. It helps to determine the safety and maintenance intervals of this material as presented in the Tab.. 1.

Crosshead speeds (mm/min) Maximum load level (y) Minimum load level (y)
5 2.3 1.2
50 2.8 1.3
500 3 1.8

Table 1: The maximum and minimum load level values at 5, 50, and 500 mm/min.

As seen in the Fig. 13 and Tab. 1, the maximum concavity is observed for the loading levels of y = 1.2, 1.3, and 1.8 at 5, 50,
and 500 mm/min respectively. It is evident that as the loading level rises, the damage caused by the cutve is becoming more
and more similar to the damage caused by the Miner linear model. We can distinguish the three stages of damage due to the
alteration of the curvature. The beginning of damage for a zone life fraction begins at 0-22%, 0-26%, and 0-28%,
respectively, when the crosshead speed is changed to 5 (a), 50 (b), and 500 (¢) mm/min. The second stage of damage
propagation, which is particular importance in the industrial applications, it was found in the intervals [22 - 82%)] (when the
crosshead speed is set to 5 mm/min), [26 - 85%)] (when the crosshead speed is set to 50 mm/min), and [28- 87%)] (when
the crosshead speed is set to 500 mm/min). The third stage of the damage accumulation process is particulatly significant,
as it is responsible for critical damage that requires predictive maintenance. It was found that the critical life fraction during
this stage was highly dependent on crosshead speed, with values of 82%, 85%, and 88% observed for 5 mm/min (a), 50
mm/min (b), and 500 mm/min (c), respectively. Notably, the damage during this stage accelerates suddenly to reach a value
of unity and can result in sudden rupture, leaving the specimen useless. Therefore, due to its drastic and unpredictable
nature, this stage requires extra attention when it comes to predictive maintenance.
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Figute 13: Damage by using the unified model at different temperature and crosshead speed (5(a), 50(b) and 500(c) mm/min).
CONCLUSION

were studied based on tensile tests at different crosshead speeds and temperatures.

After analyzing and discussing the experimental data and damage models presented, we can be made those tensile

properties including Young’s modulus and yield stress of chlorinated PVC were shown to be strongly crosshead speed and
temperature-dependent. The modulus of elasticity and the yield stress increased with increased crosshead speed at different
temperatures and decreased as the temperature increased at different crosshead speeds. The average yield strength increases
from around 46 MPa to around 60 MPa when the crosshead speed changes from 5 to 500 mm/min at room temperature
and decreases from 59.18 to 18.50 MPa when the temperature changes from -20 to 90°C at 5 mm/min. Then, the
establishment of the relationship between damage and reliability enables identification of the critical life fraction and
prediction of the ideal moment for transitioning to predictive maintenance.
Additionally, we developed two damage models, one model obtained by adapting the unified theory version and the other
quasi-experimental static model based on ultimate stress. Both models, experimental damage and unified suggested,
indicated that the initiation, propagation, and acceleration stages of the damage evolution were similar for this material.
Comparison of the two models revealed that they adequately described the damage of CPVC, as evidenced by the critical
life fraction Bc values of 82%, 85%, and 88% for 5, 50, and 500 mm/min, respectively.

I n this study, the relationship between temperature, crosshead speed, and the mechanical behavior of CPVC samples
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