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Abstract 

The work described in this thesis concerns the influence of chemical solvents (acetone 

and primer) on the strength and ductility of extruded chlorinated polyvinyl chloride 

(CPVC) sheet with a nominal thickness of 1/32-inch, and of pipe that is 2-inch in 

diameter. The work also includes finite element (FE) simulations of tensile tests of CPVC 

dog-bone specimens with and without immersion in acetone or primer.  

Dog-bone specimens from CPVC sheet and ring specimens from CPVC pipe were 

prepared for mechanical testing. Test results revealed opposite trends of change in 

ductility for these two types of specimens after exposure to chemical liquids. The 

ductility of dog-bone specimens increased after immersion in chemical liquids, whereas 

the ring specimens showed a ductility decrease under similar conditions. 

Upon local exposure of the inner surface of ring specimens to chemical liquids, ductility 

of the specimens also decreases. Post-test examination on specimens with local exposure 

on the inner surface showed cracks around the area that had been exposed to chemical 

liquids, suggesting that such exposure encourages crack initiation, resulting in early 

fracture. Based on experimental observation, ductility reduction is caused by early 

formation of cracks in the surface region that was exposed to chemical liquids, which 

introduces stress concentration leading to premature fracture.  

FE simulation of the mechanical behavior of CPVC dog-bone specimens in tension was 

used to establish the constitutive equations for linear and nonlinear deformation, neck 

initiation and strain hardening. FE models based on a one-quarter size specimen used in 

experimental testing were built using ABAQUS 6.12, with material input based on a table 
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of more than 1500 points, to closely mimic the experimentally determined force versus 

stroke curves.  

This thesis concludes that exposure to acetone and primer weakened the mechanical 

properties of extruded CPVC sheet and pipe, but generated a different effect on ductility, 

i.e., causing a ductility increase for sheet specimens, but a permanent ductility loss for 

pipe specimens. It is believed that early fracture of CPVC pipe was caused by contact 

with acetone and primer on the inner surface, which led to early yielding in the solvent-

affected-zone (SAZ) and resulted in stress concentration and crack generation. Therefore, 

solvents or detergent-based liquids should be carefully handled to avoid unnecessary 

contact with CPVC surfaces. Finally, it is suggested that the influence of chemical liquids 

on the ductility of CPVC material, especially in pipe forms, should be carefully 

characterized to ensure the reliability of the material in long-term service. 
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1. Chapter 1 Introduction 

1.1 Background and motivation 

The use of plastic pipe has multiplied since the mid-1940s, replacing metallic pipe for 

application such as gas and water transportation, waste drainage, and sewer distribution 

[1][2][3]. Plastic pipes are now widely accepted by the industry because they cost less 

than their metallic counterparts, and are easier to transport and install due to their 

lightweight [4][5]. Plastic pipes are also less noisy than copper pipes in service [6] and 

have fewer issues related to corrosion and condensation [4][6]. Among commercially 

available plastic pipes, polyvinyl chloride (PVC) pipe accounts for over 60% of the 

piping market [7][8][9]. Although PVC pipes have the benefits described above, they also 

have several shortcomings that could lead to catastrophic malfunctions [4]. Concerns 

about PVC pipes come from their brittle nature with low resistance to strike and abrasion 

[10], negative resistance to certain chemical liquids, such as some esters [11][12] and 

sensitivity to excessive heat or sunlight [13].  

Chlorinated polyvinyl chloride (CPVC) pipe is a heat-resistant version of PVC pipe that 

has been commonly used for hot-water transportation in residential buildings due to the 

significantly higher glass transition temperature (Tg) than PVC [9][14][15]. CPVC pipe 

was first introduced to the commercial marker by Lubrizol Advanced Materials in 1959, 

to replace metallic pipe in hot-water distribution systems or in chemical plants for 

transportation of caustic liquids of high pH [16][17]. Production of CPVC is through a 

chlorination reaction in manufacturing. The ratio of the chlorine atom  is increased from 

25% in PVC to about 40% in CPVC [18]. This additional chlorine in CPVC improves 

resistance to corrosive chemicals [16].  

To joint CPVC pipes in practise, one approach is called solvent bonding [19]. This 

strategy is increasingly significant in pipeline construction applications because it is 

relatively easy to handle, flexible and cost-efficient in service [20][21]. A representative 

of this strategy is the standard ASTM D2855 [22], two-step practice for manufacturing 

CPVC pipe joints that uses primer as a softener [23], and solvent cement as a gap filler  

[24].  
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Since chemical liquids is used in this approach, their effect on the properties of plastics in 

contact with needs to address. The intrinsic resistance of plastics to chemical liquids has 

been studied through solubility parameters, together with the structures of hydrogen 

bonding in plastics [25]. For plastic and chemical liquids that have a small difference in 

solubility parameters, the liquid is likely to promote cracking on the plastic, but if the 

difference is large, the liquid would often act as a crazing agent. When the solubility 

parameter is identical between the liquid and the plastic, the liquid can be a chemical 

solvent for the plastic [25].  

Existing studies also tend to characterize of the resistance of plastics to chemical liquids 

based on (a) observation on states of crazing, cracking or dissolution on bent (pre-

strained) plastic films while immersed in chemical liquids or (b) the calculated strain for 

geometric deformation of the specimens due to the immersion in chemical liquids 

[25][26]. Today, there are widely accepted standards to characterize the chemical 

resistance of plastics,  such as ASTM D543 [27] and ISO 22088 [28].  

ASTM D543 has two steps for characterization. The first step is related to physical 

appearance, which records the change in appearance and color of plastics after exposure 

to chemical liquids. The weight of the specimen before and after immersion is also 

measured, as well as the dimensions. The second step addresses mechanical properties, 

and aims to investigate mechanical property changes due to exposure to chemical liquids 

[27]. Tests are conducted to compare immersed specimens and non-immersed ones. The 

immersed specimens are also required to test immediately after removal from the 

chemical liquid or even while immersed [16]. A cooling operation is specified before 

mechanical tests if these specimens finished immersion in an elevated temperature 

environment. The tensile test is generally preferred for the study of mechanical property 

changes in plastics. Note that if the chemical liquids used are aqueous solutions, the 

control test should be conducted on specimens immersed in water as well [27]. 

ISO 22088 provides similar test processes to determine the chemical resistance of plastics. 

It provides two criteria to characterize the resistance performance of plastics, one being a  

gradually increasing load on the specimen until specimen fracture, and the other being the 

time duration for rupture of the specimens with a fixed load [16].  
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Standards covering the characterization for resistance of plastics to chemical liquids 

provide industry with guidelines to test CPVC for industrial use as a pipeline material, 

and the application of solvent-welding techniques in pipe structure. Most of these 

promote replacement of metallic pipe by CPVC pipe. However, leaking issues with 

CPVC pipe containing solvent-welded joints in industrial applications have attracted the 

author’s interests [26][29][30][31], because this type of CPVC degradation cannot be 

explained by exposure to intense UV light along with high moisture or temperature 

[32][33]. More importantly, it seems to be opposite to the perceived benefits of plastics in 

resistance to chemical liquids. 

 

1.2 Literature review on the fracture modes of CPVC pipe and the 

extrusion of CPVC in the form of sheet and pipe 

The chemical resistance literature reveals that CPVC has the premium capability to resist 

most chemical liquids [25][26]. However, concerns have been raised about the 

performance of solvent-welded joints in CPVC pipelines, because the welded joints have 

been reported to be able to withstand loads up to 70% of the strength of the parent 

materials [34], and the strength of the primer-affected-zone in CPVC ring specimens was 

found to recover up to 63% of the strength of the virgin ring specimen [29]. More 

importantly, the ductility of the primer-affected pipe is also greatly reduced [29]. Primer 

is a mixture of solvents, including methyl ethyl ketone (MEK), acetone, cyclohexanone 

(CYH) and tetrahydrofuran (THF) [35]. From the safety data sheet of the primer, acetone 

accounts for the highest weight per cent (wt%), for example, acetone make up 25%-40% 

by weight in purple primer [36], and in the clear primer used in the current work, acetone 

constitutes up to 60% [37].  

Even though the survey in 2012 reported that CPVC has the lowest break rate as a piping 

material [38], it is necessary to determine the common fracture mechanisms of CPVC 

pipe, which may provide insights into the role of primer in the rupture of primer-

contacted CPVC pipe. 
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The fracture modes relevant to CPCV pipe have been categorized as softening, 

degradation, erosion and cracking [39]. Softening is a typical fracture mode that is 

characterized by the presence of swelling or distortion that usually leads to a failure by 

ballooning or ductile ruptures. The reasons for softening are mainly material absorption 

of chemical solvents from the surroundings or exposure to an environment exceeding the 

recommended temperature or pressure. Among the chemical solvents (or plasticizers) that 

soften CPVC, the ketone family is typical, with the simplest form being acetone. 

Degradation occurs when materials are exposed to an environment with high temperature 

or to chemical liquids that destroy the vinyl resin or other ingredients in the polymer. Hot 

concentrated sulfuric or nitric acid may cause different degradations such as blackening 

and blistering, or whitening and surface etching. These acids were not used in this work, 

and therefore the related degradation is not discussed here. Erosion of polymers may 

come from an invasion of solid particles, or from fluids streaming on surfaces and 

causing degradation and embrittlement. Again, no such scenario is relevant to this work. 

Cracking of CPVC has been significantly discussed from the viewpoint of environmental 

stress cracking (ESC), which appears when polymers are exposed to chemical liquids that 

are weak solvents or non-solvents. These liquids may generate noticeable property losses 

in polymers, which is suspected to be caused by surface wetting and weak capability to 

penetrate deeper into the polymer leading to a localized low-tension region that 

encourages crack development.    

In addition, early fractures may occur due to pipe manufacture, design or installation of 

the pipeline. For example, a sewer pipeline failed to work after only 34 years, although it 

was designed for long-term service over 100 years [40][41]. Visual and micro-scale 

examination of broken samples proved that the pipe failure had no relation to contact 

with drain waste, but was rather due to the manufactured (inherent) flaws in the pipe wall 

and possible stress concentration (risers) originating from pipeline design and installation 

[42]. 

The CPVC specimens in the current work were manufactured by one of the common 

approaches widely accepted in the industry, (hot-melted) extrusion (HME). Extrusion is 

flexible and straightforward to changeover for running versatile manufacturing missions 
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[43][44]. In extrusion, a mixed plastic compound is melted and progressively pushed 

forward inside a heated barrel, which is usually realized by operation of a spiral-shaped 

screw or screw set mounted in the barrel. The molten plastic is conveyed to a die that 

generates the desired shape of the items, such as sheets or films, tubes, and frames then 

passed to impart a surface finish, and finally trimmed to design dimensions [45][46]. The 

properties of polymer flow are critical to the quality of the final products [43]. 

Improvements to extrusion process quality include adjusting the length-to-diameter ratio 

of the barrel for efficient heating, use granular feedstock and selection of a beneficial 

screw speed [47][48]. Study of the failure mechanism of premature CPVC fracture may 

be affected if the specimens tested were processed by different manufacturers.  

 

1.3 Objectives and outline of the thesis  

This work does not touch on the effect of manufacturing on the mechanical properties of 

CPVC specimens from either extruded sheet or extruded pipe. The potential fluctuations 

of test results were possibly due to the influence of manufacturing, i.e., extrusion, and 

efforts were made to minimize them by ensuring the consistency of raw material coming 

from the same manufacturer and the same batch. The diffusion rate difference within 

amorphous material as contact with chemical liquid, as described in the work of Titow et 

al. [49], has not discussed as well, with the assumption that the region of specimen 

exposure to chemical liquid is uniformly diffused.  

The author’s interests in this study come from the affinity of acetone to CPVC [29], 

because acetone accounts for the largest weight fraction in primer [36][37], and previous 

studies have simply indicated acetone as the simplest form of ketone that may soften 

CPVC pipe [16]. One of the goals of this work is to follow ASTM D543 [27] to 

determine the effect of acetone on the mechanical properties of CPVC sheets. The study 

includes an analysis of yield strength and initial slopes from the load-displacement curves 

of treated specimens. 

The main objective of this study is to investigate the ductility change in CPVC specimens, 

in the form of extruded sheet and pipe, due to exposure to chemical liquids. Previous 
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studies focused on both notched and non-notched CPVC specimens in immersion to 

primer as a treatment and only in the form of extruded pipe, which concluded the early 

fracture of pipe specimens [29][50]. In this study, CPVC sheet specimens were used to 

compare the ductility change between sheet and pipe specimens after the specimens were 

treated with chemical liquids. In addition, possible reasons for the ductility decrease of 

chemical affected CPVC pipe [29] were explored by conducting experimental testing on 

CPVC ring specimens after exposure to chemical liquids on local areas..  

The current work also uses a set of constitutive equations to simulate mechanical tests of 

CPVC sheet specimens with or without treatment by chemical liquids. Finite element (FE) 

simulations were conducted using ABAQUS 6.12. Yield stress-plastic strain relations 

were collected to compare the effects of different chemical liquids, i.e., acetone and 

primer on the elastic-plastic deformation of CPVC.   

Chapter 2 illustrates the design history of in-house-built equipment to perform the tensile 

test for a CPVC sheet specimen while immersing in chemical liquid [51], and presents 

some design considerations and installation steps that are required by the ASTM D543 

standard to be reported along with any experimental data [27].  

Chapter 3 provides details of the preparation of CPVC specimens for immersion and 

tensile tests, as well as relevant results. It includes observation and measurements of 

physical changes in CPVC sheet specimens during and after immersion in acetone and 

tensile tests of CPVC sheet specimens, either during immersion in acetone or after 

acetone or primer treatment and drying for a certain time. In addition, the chapter 

includes D-split tests on CPVC ring specimens after immersion or local exposure to 

acetone or primer and drying for a certain time. It also provides an analysis of the results 

of the tensile tests from CPVC sheet and pipe specimens. It summarizes the influence of 

acetone application to CPVC sheet specimens on the test results and compares the 

difference in the ductility change for CPVC in the form of sheet and pipe specimens. 

Most importantly, the chapter provides an explanation for the decrease in ductility of pipe 

specimens after treatment in chemical liquids, but the increase in ductility of sheet 

specimens after the similar treatment.  
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Chapter 4 discusses the application of constitutive equations to simulate the tensile test 

results of CPVC virgin sheet specimens after treatment (acetone and primer), up to a 

point before the onset of fracture. It includes an introduction to the method adopted in the 

current work and a comparison of the change in the equivalent stress-strain relations of 

specimens after treatment using different chemical liquids. 

Chapter 5 summarizes the findings of the current study and its potential limitations, as 

well as providing suggestions for relevant research areas that can be addressed in future 

work.  

 

 

 

 

 

 

 

 

 

 

 

 



8 

 

2. Chapter 2 Design process for in-house-built equipment and 

instructions for installation  

To study the resistance of CPVC material to acetone, mechanical tests should be 

conducted on CPVC specimens that have been immersed in acetone for a while or that 

are still being immersed during the test [16]. The equipment has been designed in house 

and can be installed in the screw-driven universal test machine. Critical functions for the 

design include: (a) to provide the test specimen with an environment that contains 

chemical liquid, (b) to enable the tensile test to be conducted while the specimen is being 

immersed, and (c) to prevent massive evaporation of chemical liquid.  

The first idea for the design was to fix the specimen by means of clamp arms, which were 

symmetrically designed as left and right subparts, as illustrated in Figure 2-1. The 

specimen is compressed by adjusting the position of the clamp arms and then finally 

tightening them together by the screw-and-nut structure on the side. Then the assembly is 

fixed to the test machine by hex screws through the slots as shown in Figure 2-1(c), 

which improves the degree of freedom (DOF) for the clamp arms to provide a suitable 

fixation position, and the container and the red cap are snapped to each other by screws. 

However, the design is difficult to continue, most importantly because of the 

insufficiency to realize tensile test for sheet specimen.  

(a) 

 

(b) 

 

(c) 

 

The second design follows the principle that the equipment should be based on the 

conventional fixtures for the tensile test. In this design, a container encloses the bottom 

Figure 2-1 Schematic illustration of original idea for the fixture design. 
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part of the fixture, as shown in Figure 2-2(a), replaced later by a cylinder-shaped 

container, as shown in Figure 2-2(b).  

 (a)

 

 (b) 

 

To prevent evaporation of chemical liquid, the container was designed to be sealable 

from the top with a hollow lid having no friction with the fixture that would move 

upwards in the tensile test. The bottom seat was also introduced to stop the chemical 

liquid from escaping. This idea is presented in Figure 2-3.  

 

Figure 2-2 Schematic illustration of draft idea for the second fixture design. 

Figure 2-3 Schematic illustration of the final idea for the fixture design. 

 

 

 

 

 

 

 

 

 

 

 



10 

 

The foundation of the fixture was now established, and the following steps addressed the 

problem of leaking among fixtures, and simplified the cover structure.   

Leaking could occur at two positions: the bottom edge of the container and the edges 

between the parts screwed to the bottom rod. Many plans were discussed, after which the 

decision was made to cut two grooves into the bottom seat as shown in Figure 2-4(a), 

where the grooves are used to house chemical-resistant O-rings. Sealing is provided 

through a thread fit to lock down the connecting parts and the compressed O-rings 

between them. The larger O-ring was compressed by assembling the bottom cap shown in 

Figure 2-4(b) and the container, as illustrated in Figure 2-4(c). To reach a seamless 

assembly, two blind holes were symmetrically drilled into the bottom cap, so that tools, 

rather than hands, could help fasten the assembly with high torque.  

The small O-ring was squeezed as the bottom fixture was screwed to the bottom seat, and 

the seat was stopped by the hex nut, as illustrated in Figure 2-4(c). The sizes of O-ring 

used in this work were selected from the chart of standard USA O-ring sizes, given in the 

Appendix.  

The top cover was simplified as a top cap. Half the top cap is in Figure 2-4(d), the other 

half has a shape symmetrical to the part shown. When assembled, the central cut-off 

region ensures that the tensile test is not affected by these caps. 
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(a) 

     

(b) 

 

c)  

 

(d) 

 

       

To ensure that the fixtures could sustain the tensile force needed to break the specimen, 

calculations of the relevant force were carried out based on Eq. 2-1,  where the force (𝐹t) 

is estimated by multiplying the tensile strength of the commercial CPVC plate by the 

cross-sectional area of the specimen. The tensile strength 𝜎 was found to be 58MPa, and 

the cross-sectional area (𝑎) can be obtained from Figure 3-5(a) as, 8mm ×
1

32
𝑖𝑛𝑐ℎ ≈

6.35𝑚𝑚2. 

 
𝐹𝑡

𝑎
= 𝜎 (2-1) 

The force needed then was estimated to be: 368.3N. Because the specimen is fastened to 

the fixtures by socket head screws, the contact region is assumed to be through friction 

with a static friction coefficient(μ) of 0.8. The least compression force (𝐹𝑐) required is 

obtained by satisfying Eq. 2-2: 

 𝜇 ∗ 𝐹𝑐 ≥ 𝐹𝑡 (2-2) 

Figure 2-4 Schematic illustration of parts and sealing mechanism of the design. 
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Considering the reasonably smooth surface of the specimen and fixture, it was decided to 

enlarge the clamping region of the specimen to create more contact area. Accordingly, 

the fixtures used to compress the specimen were also enlarged.  

Given a safety factor of 2, there are four socket head screws that fix the specimen, each 

of which provides a tightening force of about 230 N. After referring to the machinery’s 

handbook [52], the M18-8 stainless steel socket head screw was selected.  

Figure 2-5 shows an exploded view of the final version of the entire fixture. A detailed 

explanation with name and part number is provided in the Appendix. The dimensions of 

the CPVC sheet specimen that matched the fixture described here are given in Figure 3-5 

(a) of Chapter 3. 

 

Figure 2-5 Schematic illustration of the finalized fixtures with a specimen thickness of 4 mm for 
presentation. 
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A standard threaded nipple pipe was welded to the stainless-steel tube. The standard 

threaded nipple pipe contains an ON/OFF ball valve at one end to control the outlet of 

chemical liquids.  

As illustrated in Figure 2-5, the sequence to assemble the fixture is: 

• Put the bottom cap through the bottom screw rod and screw the hex nut 

into the bottom screw rod.   

• Assemble the bottom seat, screw the bottom fixture in the bottom screw 

rod, and fasten the rod to the test machine.  

• Fix the test specimen to the bottom fixture.  

• Put the stainless-steel container through the top fixture and hold it up to 

provide space to fix the test specimen to the top fixture.   

• Turn and tighten the stainless-steel container to the bottom cap. 

• Check that the ball valve is OFF, add chemical liquid into the chamber and 

cover the top cap before the test. 
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3. Chapter 3 Tensile test results on CPVC specimens of sheet and 

pipe 

This chapter describes the experimental work conducted in this study. It also includes 

observation of physical deformation of CPVC strip specimens while immersing in 

acetone and recording weight change before and after immersion. Dimensions of CPVC 

dog-bone and ring specimens are presented, following the introduction of their treatments. 

The cross-section of ring specimens after treatment is illustrated in a schematic way, 

which is mainly to point out the location of the ‘shell’ region and ‘core’ region. Results 

from tensile tests are summarized into two parts, i.e., tensile tests for CPVC dog-bone 

specimens and D-split tests for CPVC ring specimens. For CPVC dog-bone specimen, the 

results are divided into two parts, i.e., ‘wet’ and ‘dry’ tests, where ‘wet’ test was 

conducted while the specimen had been immersed in acetone for a period and still being 

immersed in the test, but ‘dry’ test, on the other hand, was conducted after specimens had 

been immersed in chemical liquids for a period and dried for different periods in the air. 

In addition, it is a description of the tested CPVC specimens, and to ring specimens, there 

are also comparisons about the fractured cross-sectional area. Finally, there is analysis 

and discussion about the findings from the overall tests.  

3.1 Preliminary test to investigate the effect of immersion in acetone on 

CPVC sheets 

According to practice in ASTM D543 for immersion test [16], the purpose of the 

preliminary test is to observe the physical change of specimens and record the weight 

change after immersion for different time periods. Weight change of the CPVC strips is 

to quantify the amount of acetone absorbed into the specimen, and the weight change as a 

function of immersion time is used as a reference to select of the length of immersion 

time for the study about the effect of acetone on the mechanical property of CPVC sheet. 

A series of preliminary tests were conducted, using the 1/32” CPVC strips with a length 

of 55mm, and width of 8 or 16mm, as shown in Figure 3-1.  
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Immersion of specimens in acetone was carried out in the fume hood. Strips were very 

prone to stick to the bottom surface of the container after immersion for about 3 minutes. 

This should be avoided as it would generate different absorption rate between the top and 

bottom surfaces of the strips, i.e., slow down the absorption process from the bottom 

surface to warp the specimen. The warping affects the flatness of the specimen, which 

may be worsened during the following drying process, eventually affecting the tensile 

test results. Warping would be more evident as the width of the specimen increase and 

thickness decreases.  

Therefore, the container was shaken periodically during the immersion process, and when 

specimens were found stuck to the bottom of the container, a razor blade was inserted 

between the specimen and the container surface to separate them. This process should be 

done with caution, and usually little insertion from an edge of the specimen would work.  

In general, specimens were found to undergo four stages during the immersion: 

a) Immersion in less than 30 minutes: no obvious deformation appears.  

b) Immersion in around 36 minutes: a noticeable wrinkle appears. 

c) Immersion in over 39 minutes: specimens become flat again.   

d) Immersion in around 2 hours: corners of the specimen are dissolved.  

Length of the immersion time in acetone was from 30 minutes to 42.5 hours. At the end 

of each immersion period, the specimen was carefully taken out of the container, with the 

residual acetone on the surface gently wiped off and then measured within a plastic bag 

Figure 3-1 Picture of specimens used in the preliminary tests. 
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to avoid contaminating tray of the electronic balance. The weight of the empty plastic bag 

was also measured. Weight gain (%) for the specimen after immersion in acetone was 

calculated using Eq. 3-1:  

 𝑊𝑔𝑎𝑖𝑛% =
𝑊𝑡𝑜𝑡𝑎𝑙

′ −𝑊𝑡𝑜𝑡𝑎𝑙

𝑊𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛
   (𝑔/𝑔)  (3-1) 

𝑊𝑡𝑜𝑡𝑎𝑙 is the weight (in gram) of the specimen before the immersion (Wspecimen) and the 

plastic bag,  𝑊𝑡𝑜𝑡𝑎𝑙
′  weight of the specimen after the immersion and the same plastic bag.  

Weight gain (%) is plotted as a function of logarithmic immersion time in minute. As 

shown in Figure 3-2, the weight gain for specimens of 8mm in width, immersed in 

acetone increased gradually to reach the value of 104.60% after the immersing for 2 

hours, after which the weight gain remained relatively constant till the immersion time 

reached about 14 hours when weight increase started to drop. The drop of weight increase 

suggests that the CPVC material dissolved in acetone is more than the weight of acetone 

absorbed into the specimen. The nonlinear relation between weight gain of CPVC 

specimens and the immersion time reflects the acetone diffusion in dog-bone specimen 

does not remain as constant, which indicates the Fick’s second law for diffusion may be 

applicable to build up the analytical model to the study of diffusion of acetone in CPVC 

material [53].  

 

                         Figure 3-2 Weight increase v.s. Immersion time of 1/32” CPVC film in acetone with size of 
8mm by 55mm. 
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Since CPVC strip specimen showed apparent dissolution in acetone after immersing for 

around 14 hours, the immersion process with equal or over 14 hours would not be 

considered for the immersion treatment.  

The study investigated the effect of immersion in acetone for dog-bone specimens of 

three specific periods, 30, 40 and 55 minutes. Profile of CPVC dog-bone specimens used 

is discussed later, in Figure 3-5. In general, longer immersion time yields higher acetone 

absorption to the specimen, corresponding to a larger value for the weight gain. However, 

the weight increase of these specimens after drying for 6 hours in air shows inconsistency 

as plotted in Figure 3-3. 

Figure 3-3 showed that the specimen with the longest immersion time of 55 minutes has 

the lowest value of weight gain among data within the three immersion periods selected 

for the study. The other two cases, i.e., immersed for 30 and 40 minutes, show consistent 

weight gain with only 0.1% difference. This indicates that immersing CPVC dog-bone 

specimens in acetone for 55 minutes is too long to avoid dissolution of CPVC in acetone.    

 

A more remarkable presentation can be seen when combining values of weight gain for 

specimens right after immersion to those values after drying for 6 hours. It is shown in 

Figure 3-4 that weight increase of specimens right after immersion has nearly a linear 

increase with immersion time from 30 to 55 minutes, but, the 55-minute shows the lowest 
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Figure 3-3 Weight increase of CPVC dog-bone specimen after different immersion time in acetone and 
drying for 6 hours. 
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weight increase after being dried for 6 hours. This might be caused by dissolution of 

CPVC in acetone or material loss during the handling. 

Overall, there are risks to select immersion time equal to or over 55 minutes. Therefore, 

40 minutes was selected as the immersion time to treat CPVC dog-bone specimens in 

acetone, as it provides the higher averaged value of weight increase, i.e., about 54.9%. 

 

CPVC dog-bone specimens were found to be very tacky after immersion in primer for 15 

minutes and found to dissolve in primer after immersion longer than 15 minutes. 

Therefore, the immersion time of 10 minutes is selected to study the effect of immersion 

in the primer on the mechanical property change of the CPVC dog-bone specimen. The 

value of weight increase for CPVC dog-bone specimens after immersion in primer for 10 

minutes was found to be around 25.1%.  

 

3.2 Specimens dimensions and preparation  

Dog-bone specimens were prepared from commercial CPVC 1/32” (12”×12”) sheets 

through water-jet. Dimensions are presented in Figure 3-5(a). Ring specimens were 

prepared from commercial CPVC 4120 SCH80 2-inch (50mm) pipes. Dimensions are 
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Figure 3-4 Comparison of weight increase for CPVC dog-bone specimens. ‘Solid line’ represents the 
weight gain of specimens after immersion. ‘Dashed line’ represents the weight increase of the 

specimens after drying for 6 hours. 
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shown in Figure 3-5(b), where the nominal width(𝑤0) was designed to be same as the 

wall thickness(𝑡0). 

(a) 

 

(b)  

 

There are three types of tensile test conducted in this work, ‘wet’ and ‘dry’ tensile tests 

on CPVC dog-bone specimen, and ‘dry’ D-split tests on CPVC ring specimen.  

Treatment of specimens for ‘dry’ tests was conducted by immersing the specimens in 

liquid in the way shown in Figure 3-6 (a), illustrated using a ring specimen. Note that 

CPVC sheet specimens were immersed in acetone for 40 minutes and in primer for 10 

minutes, while CPVC ring specimens were immersed in acetone or primer for 30 minutes 

[29]. As mentioned earlier, the container was shaken every 2 minutes to avoid the 

specimens stuck to the bottom of the container. Drying time for dog-bone specimens in 

acetone ranged from 2.5 hours to 984 hours (41 days). In order to maintain flatness, 

specimens with drying time longer than 23 hours were sandwiched using PE blocks for 

the first 23 hours, and then uncovered to dry in the fume hood. Those acetone-affected 

specimens designed to dry less than 23 hours would only be exposed in the fume hood, 

i.e., specimens drying for 2.5 hours and 6 hours were not compressed by PE panel. 

Specimens with the drying time of 23 hours would be under compression till the end of 

drying. Drying time for dog-bone specimens immersed in primer is ranging from 96 

hours to 2230 hours, with the first 23 hours being sandwiched, then uncovered to dry in 

Figure 3-5 Schematic description of (a) dog-bone specimen, and (b) ring specimen. 
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the fume hood. The length of drying time for acetone-immersed ring specimens was 10.5 

days.  

In addition to immersion, ‘dry’ D-split test is also conducted to ring specimen contact 

with the chemical liquid in a local region on the inner surface, as described schematically 

in Figure 3-6(b). Chemical liquid (acetone or primer) was reapplied to the local region for 

every 90 seconds for a period over 2 hours. The inner part of the ring specimen was 

selected as it is subjected to tensile force during the D-split test, and more likely to 

fracture for investigation. Other attempts were also made to realize the local exposure of 

CPVC ring specimen to chemical liquid, as listed in the Appendix. However, these 

methods had unwanted parts of the specimen being exposed to the chemical liquid. The 

weight gain was calculated in the same way as specimens after the immersion treatment, 

i.e. 

Weight gain (%)=
Weight of specimen after treatment - weight of virgin specimen

Weight of virgin specimen
×100. 

For specimens subjected to the local treatment, D-split tests were conducted on the 

specimens after drying for at least ten days. Virgin CPVC ring specimen and dog-bone 

specimen were also tested for reference. All tests were conducted at room temperature.  

(a) 

 

(b) 

 

Since CPVC ring specimens were treated either by immersion or local exposure to 

chemical liquid, as shown in Figure 3-6, the affected region after the treatments should be 

different in dimensional change by the treatments.  

Ideally, in the immersion process, the chemical liquid is diffused into the entire cross-

section of the ring specimens through four directions, as depicted in Figure 3-7(a), while 

                   Figure 3-6 Schematic description of (a) whole-body immersion and (b) local contact treatment. 
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only one direction of diffusion for specimens subjected to local exposure, as depicted in 

Figure 3-7(b).  

(a) 

 

(b) 

 

Based on the previous scanning electron microscopy (SEM) of primer-immersed CPVC 

ring specimen [29], the extent of diffusion on the cross-section was expected to have a 

clear boundary to divide the affected and undiffused region, such as the ‘core-shell’ 

structure. For the immersed specimens, the ideal division between diffused and 

undiffused region is depicted in Figure 3-8(a), with the thickness of the shell region 

increasing with the increase of the immersion time. The ideal diffused region on the 

cross-section of ring specimen subjected to local treatment is depicted in Figure 3-8(b). 

As reported previously, the area ratio between the diffused and undiffused regions 

influence the mechanical property of the specimen [54].  

(a) 

 

(b) 

 

 

Figure 3-7  Schematic description of diffusion direction for (a) immersion and (b) local treatment.  

Figure 3-8 Schematic description of the cross-section after different treatment methods. 



22 

 

3.3 Details of mechanical test  

Study on the change of mechanical properties for CPVC specimens after exposure to 

chemical liquids was conducted through the tensile test. This section introduces the 

tensile tests conducted in the lab. All tests were conducted using Qualitest (Ft. 

Lauderdale, FL) Quasar 100 universal test machine at the cross-head speed of 1 

mm/minute. For each of dog-bone and ring specimens, this section provides a description 

of test equipment, calculation of engineering stress and tensile test results. Results from 

tensile tests of dog-bone specimens were further divided into ‘wet’ test and ‘dry’ test 

based on the different test environments.      

3.3.1 Equipment and equations of tensile tests  

The stroke value of CPVC specimens before the onset of fracture (𝑆𝑓) in the tensile test 

are represented as follows, 𝑆𝑓𝑤 for the ‘wet’ test, 𝑆𝑓𝑑1 and 𝑆𝑓𝑑2 are used for the ‘dry’ test 

where the former for acetone-affected dog-bone specimen and the later for the primer-

affected dog-bone specimen. In addition, 𝑆𝑓𝑟 is used for the ‘dry’ tests to ring specimens. 

Their value represents ductility of the specimen at the onset of fracture. ‘Wet’ tests were 

conducted using the equipment shown in Figure 3-9, and ‘dry’ test using equipment in 

Figure 3-10(a). 

Engineering stress (𝜎𝑒𝑛𝑔) for dog-bone specimens is calculated based on Eq. 3-2,  

𝜎𝑒𝑛𝑔 =
𝐹

𝑤𝑔𝑎𝑢𝑔𝑒  ×  𝑡𝑔𝑎𝑢𝑔𝑒
 

(3-2) 

where 𝑤gauge represents the width of gauge section, 𝑡gauge the thickness of gauge section. 

‘Wet test’ uses dimensions of the virgin specimen, and ‘dry test’ using the dimensions 

just before the test, i.e., after the drying for the designated periods. 
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(a) 

 

 

(b) 

  

CPVC ring specimens with immersion and local contact treatments, as shown in Figure 

3-6 were tested through fixtures schematically shown in Figure 3-10(b). Calculation of 

the engineering stress for ring specimen is through Eq. 3-3: 

𝜎𝑒𝑛𝑔 =
𝐹

2 × 𝑤′0 × 𝑡′0
 

(3-3) 

Where 𝑤′0 and 𝑡′0 represents the dimensions of the immersed ring specimens after drying 

for the designated length of time. Accordingly, the width(𝑤0) and wall thickness(𝑡0) are 

used for virgin ring specimens, as shown in Figure 3-5(b). 

 

 

 

 

 

Figure 3-9 (a) Setup of ‘wet test’  and (b) Schematic description to the inside of the setup (without showing 
on/off ball valve). 
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(a) 

 

 

(b) 

 

 

3.3.2 Test results of CPVC specimens  

Results are presented in groups based on the forms of specimens, i.e., dog-bone specimen 

and ring specimen. Data for the dog-bone specimen is further separated for the difference 

in test environments, i.e., ‘wet’ and ‘dry’ tests. 

3.3.2.1 ‘Wet’ test on CPVC dog-bone specimens 

‘Wet’ test is conducted using the in-house designed fixture shown in Figure 3-9. 

Immersion time before the commencement of the ‘wet’ test was 1, 5, 10, 15, 20 or 25 

minutes. Acetone was periodically poured into the chamber from the top to ensure that 

specimens were fully immersed before the start of the test. 

Two tests were conducted at each condition. Dimensions in the gauge section of every 

specimen were measured before the assembly of the fixtures. The cross-sectional area of 

the gauge section was used to calculate the engineering stress and then plotted as a 

function of stroke. Yield stress is selected as the peak value on the engineering stress-

Figure 3-10  Description of (a) ‘dry’ test for CPVC dog-bone specimen and (b) D-split test for CPVC ring 
specimen. 

F 

Top fixture 

D-shaped 

blocks 

Bottom fixture 

Pins 

Ring specimen 

F 

Bottom 

fixtures 

Dog-bone 

specimen 

Top 

fixtures 

Hex screws 

F 

F 



25 

 

stroke curve. For those curves showing no evident peak values, the largest engineering 

stress during the tensile test was used as the yield stress. 

Typical engineering stress-stroke curves are presented in Figure 3-11. It includes the 

experimental data of virgin CPVC dog-bone specimen and specimens with different 

length of immersion time in acetone. Only one curve is selected for presentation out of 

two tests for each condition, and specimens with an immersion time of 25 minutes or 

longer have a very small peak value to be visible. All of the peak stress and 𝑆𝑓𝑤 values 

are summarized in the Appendix. W0 represents the corresponding values for the virgin 

specimen. 

 

Figure 3-11 suggests that with the increase of immersion time, compliance of the 

specimens increases and the corresponding stroke for the yield point decreases, and the 

peak stress is reduced to virtually zero after immersion time over 25 minutes. The strokes 

for the peak stress points is presented in Figure 3-12.  
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Figure 3-11 Engineering stress-stroke curves of CPVC dog-bone specimens (‘Wet test’) after 
different immersion time in acetone, as indicated by the numbers (in minutes). The lowest curve with 

nearly no peak is the test after the specimen has been immersed for 25 minutes. 
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Yield stresses for each curve are summarized in Figure 3-13 to represent the change of 

yield strength as a function of immersion time. It shows that even immersion in acetone 

for 1.5 minutes could reduce the strength by about 50%, and no strength is detectable for 

the immersion time longer than 25 minutes. 

 

Numbers for 𝑆𝑓𝑤 represents the stroke values for the onset of fracture in each curve, i.e., 

the corresponding stroke value where a quick load drop starts. Take the case of the 

specimen after immersion for 20 minutes as an example, the value of force fluctuated 
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Figure 3-12 Stroke of yield point as a function of immersion time for specimens in ‘wet’ tests.                 

Figure 3-13 Yield stress as a function of immersion time of dog-bone specimens in ‘wet test’. 
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around zero in the elongation range from about 6 to 8mm. Through zoom-in, it was found 

that there is a plummet of force from positive to negative in the stroke range from 7.0 to 

7.2mm, as shown in Figure 3-14. Then, in the following test, when such a plummet 

occurred, the specimen was checked immediately and found to be broken. As a result, the 

corresponding value of elongation at the onset of force drop is denoted as 𝑆𝑓𝑤. In the case 

shown in Figure 3-14, the 𝑆𝑓𝑤 value is 7.01mm. 

 

Then, stroke for the onset of fracture for dog-bone specimens from the ‘wet’ tests is 

plotted as a function of immersion time, as shown in Figure 3-15. The figure shows that 

the stroke value increases gradually towards a plateau of about 7.01mm. This suggests 

that the immersion process could postpone the onset of fracture, and longer the 

immersion time, bigger the stroke for fracture of the specimen. The delayed fracture 

suggests that the ductility increases, which is consistent with the ductile rupture of CPVC 

material reported by Knight [39]. Based on the observations in the preliminary tests, 

swelling is not visible for the dog-bone specimens in the ‘wet’ tests with the length of 

immersion time up to 25 minutes, but longer the immersion time, bigger a curved region 

appeared around the fracture location in the gauge section, and it is still visible after the 

drying, which will be discussed later in Figure 3-27.  
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Figure 3-14 ‘Wet’ test result of CPVC dog-bone specimen after immersed into acetone for 20 
minutes. 
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3.3.2.2 ‘Dry’ tests on CPVC dog-bone specimens 

1) ‘Dry’ test after immersion in acetone 

First, the weight increase change of dog-bone specimens as a function of drying time is 

plotted in Figure 3-16, where the time is on a logarithmic scale. It can be seen that value 

for weight increase drops down dramatically at the beginning of the drying process and 

then decreases gradually later. The last four data points in Figure 3-16 were used to 

predict the value of weight gain, which should be around 1.04% when the drying time is 

beyond 1000 hours.   
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Figure 3-15 Stroke for the onset of fracture as a function of immersion time from the ‘wet’ test. 
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The dimensional increase in the gauge section from the immersion is also plotted as a 

function of drying time, as shown in Figure 3-17 for width and Figure 3-18 for thickness, 

to be about 1.26% and 0.3% for width and thickness, respectively, at the drying time of 

1000 hours. 
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Figure 3-16 Weight increase as a function of drying time for CPVC dog-bone specimens after 
immersion in acetone for 40 minutes. 

Figure 3-17 Width increase as a function of drying time for CPVC dog-bone specimens after 
immersion in acetone for 40 minutes. 
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Typical engineering stress-stroke curves from dry tests on dog-bone specimens immersed 

in acetone for 40 minutes are presented in Figure 3-19, including results from a virgin 

specimen as the reference. Only one curve is selected for the presentation out of two tests 

for shorter drying time, and three tests for longer drying time such as Da984. Values for 

peak stress and the initial slope of each curve are summarized in the Appendix, as well as 

the stroke value for the onset of fracture (𝑆𝑓𝑑1), where D0 represents the value for the 

virgin specimen. Both yield strength and initial slope show recovery with the increase of 

drying time.  

Property recovery (%) = 
The corresponding value for treated specimen

Mechanical property of the virgin specimen
×100 
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Figure 3-18 Thickness increase as a function of drying time for CPVC dog-bone specimens after 
immersion in acetone for 40 minutes. 
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As mentioned earlier, the engineering stress in ‘dry’ tests was determined by dividing the 

load by the cross-sectional area of the gauge section just before the test. Due to the 

immersion in acetone, dimensions for the gauge length and thickness increase, but as 

shown in Figure 3-20, the dimensional increase become negligible after a drying period 

of 6 hours, with an overall increase of the cross-sectional area is merely 0.18%. 
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Figure 3-19 Engineering stress-stroke curves of CPVC dog-bone specimens (‘Dry test’) after immersion in 
acetone for 40 minutes and with different drying time (in hours) as indicated by the number. 

Figure 3-20 The change of cross-sectional area of CPVC dog-bone specimens as a function of drying time.  
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Yield stress of every curve is plotted as a function of drying time on the logarithmic scale, 

as shown in Figure 3-21. The figure shows that with the increase of drying time, yield 

stress of the acetone-treated dog-bone specimen increases towards the value for the virgin 

specimen. Note that after the drying time of 984 hours, i.e., the very right data point in 

Figure 3-21,  the yield strength reaches about 44.3MPa (around 75.2% of the yield 

strength for the virgin specimen). However, stroke for the yield point of these specimens 

does not show a trend of change as a function of the drying time.  

 

The initial slope of every curve is also plotted as a function of drying time on the 

logarithmic scale, as shown in Figure 3-22. It shows that the initial slope has recovered 

quickly during the drying process, to reach about 83.5MPa after drying for 41 days, with 

the cross-sectional area also reducing to the original value. This suggests that the elastic 

modulus can recover to about 68.2% of the value for the virgin specimen. 
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Yield strength and the initial slope of the dog-bone specimens from the ‘dry’ test were 

also fitted using the tangent function, as shown in Figure 3-21 and Figure 3-22. Matlab 

codes for these curve fitting processes are given in the Appendix. The curve fitting 

focuses on the prediction of the treated specimen in the long-term drying process. As a 

result, the experimental results with a very short drying time of 2.5 and 6 hours, which do 

not fit into the tangent function, are excluded here. These curves suggest that based on 

the predicted values for the yield strength and initial slope for the CPVC dog-bone 

specimens after a long drying time, an irreversible damage is introduced by the acetone-

immersion treatment. As the fitting curves suggest, the yield strength for CPVC dog-bone 

specimen can recover only up to about 91% for the virgin specimen, and the initial slope 

up to 75%.  

On the other hand, the phenomenon of ductility increase before the fracture, observed 

from the dog-bone specimens in ‘wet’ tests, was also observed from ‘dry’ test on 

specimens with drying time up to 41 days. However, the additional stroke from that 

required for fracture of the virgin specimen, decreases with the increase of drying time, as 

shown in Figure 3-23.  
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Figure 3-22 Initial slope versus logarithmic of drying time for dog-bone specimens immersed in acetone 
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It is believed that due to the drying process, the stroke for fracture is reduced to be close 

to the value for the virgin specimen. Nevertheless, as suggested by results from the dog-

bone specimens after immersion in acetone for 40 minutes and dried for 984 hours, the 

stroke for fracture is still much bigger than that for the virgin specimen.  

 

It noted that for the dog-bone specimens immersed in acetone for 40 minutes and dried 

for a period shorter than 96 hours did not show any sign of fracture at the end of the test, 

i.e., with the elongation of 10mm. The specimens showed significant transverse 

contraction in the gauge section. Therefore, data for drying time less than 100 hours do 

not provide stroke values at the onset of fracture. 

 

2) ‘Dry’ test after immersion in primer 

The weight increase change of dog-bone specimens immersed in primer for 10 minutes, 

is plotted in Figure 3-24 as a function of drying time. The figure shows a trend that the 

weight increase reduces significantly at the beginning of the drying process but is 

gradually stabilized to be around 9% after drying for over 2000 hours. 
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Figure 3-23 Semi-logarithmic plot of stroke for the onset of fracture versus drying time for dong-bone 
specimens immersed in acetone for 40 minutes. 
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Typical engineering stress-stroke curves of CPVC dog-bone specimens immersed in 

primer for 10 minutes, and dried for various periods are presented in Figure 3-25, along 

with the result from a virgin specimen as a reference. Only one curve is selected for 

presentation out of at least two tests for each condition. The peak stress and the initial 

slope values for all curves in Figure 3-25 have been collected in the Appendix, also the 

stroke value for the onset of fracture, 𝑆𝑓𝑑2.   
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Figure 3-24 Weight increase as a function of drying time for CPVC dog-bone specimens after immersion 
in primer for 10 minutes.   

Figure 3-25 Engineering stress-stroke curves of CPVC dog-bone specimens (‘Dry test’) after immersion in 
primer for 10 minutes and  with different drying time (in hours) as indicated by the number. 
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3.3.2.3 D-split test on CPVC ring specimens 

Typical engineering stress-stroke curves from D-split tests on CPVC ring specimens are 

presented in Figure 3-26, where Figure 3-26(a) represents results from ring specimens 

treated by whole-body immersion as shown in Figure 3-6(a), and Figure 3-26(b) 

corresponds to the treatment of local contact to chemical liquid as shown in Figure 3-6(b), 

where ‘IMA’ stands for specimens after immersion in acetone, ‘IMP’ immersion in 

primer and ‘LCP’ local contact with primer and ‘LCA’ local contact with acetone. 

Numbers after these abbreviations are the number of hours for the treatment. Values for 

peak stress and initial slope of each curve are summarized in the Appendix, as well as the 

stroke value for the onset of fracture (𝑆𝑓𝑟), where V-R represents the value for the virgin 

ring specimen. 

Specimens used for Figure 3-26(a), were dried for 10.5 days before the D-split test, to be 

consistent with the drying time used in the previous study after which recovery of the 

ductility reached the maximum value, and the result for IMP0.5 is taken from the 

previous work [29], while the rest conducted in the current study. Two duplicated tests 

were conducted for each condition, and only one curve is selected for the presentation 

here. Figure 3-26(a) indicates that acetone-immersed and primer-immersed ring 

specimens after a drying period of 10.5 days could fracture at a stroke smaller than that 

for the virgin specimen, while acetone-treated specimens show a better strength recovery 

than the primer-treated specimens. In addition, the former shows that the initial slope of 

the curve can be almost fully recovered after drying for 10.5 days, but the latter, as 

reported [29] needs a drying period of 113 days.   

The drying period for ring specimens with local contact with acetone and primer, as 

shown in Figure 3-26(b), is at least 10 days. Three duplicated tests were conducted for 

each condition, and only one curve is selected for the presentation here. They fractured at 

a stroke smaller than that for the virgin specimen, but specimen contact with acetone has 

the strength fully recovered. The specimens contacting with primer, on the other hand, 

shows a brittle fracture.  
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(a)  

 

(b) 

 

 

3.3.3 Description of fractured specimens  

CPVC dog-bone specimens after the ‘wet’ tests in acetone are shown in Figure 3-27. All 

specimens were fractured within the 10mm elongation, and no apparent dimensional 

change was found on the specimens. This is consistent with the observation in the 

preliminary study using CPVC strips, as discussed in section 3.1.  

The broken section of specimens with 1- and 5-minute immersions are relatively flat 

compared to other specimens with a longer immersion time, possibly because of the less 

dimensional change in the length direction for immersion in acetone for 1 up to 5 minutes. 
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Figure 3-26 Engineering stress versus stroke of CPVC ring specimens after immersion in acetone 
(IMA), immersion in primer (IMP) [29], local contact to acetone (LCA) or local contact to primer (LCP) for 
different periods in hour, as shown by the number after IMA, IMP, LCA and LCP. 
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Acetone-immersed dog-bone specimens after ‘dry’ tests are shown in Figure 3-28, for the 

length of drying time of 6, 23, 96, 312 and 984 hours for specimens from left to right. 

Specimen with the drying time of 23 hours is not completely fractured within the 10mm 

elongation in the ‘dry’ tests, and specimens with drying time of 6 hours did not break.  

 

‘Dry’ test of primer-immersed dog-bone specimens are shown in Figure 3-29, the length 

of drying time was 96, 312, 984 and 2230 hours from left to right. Specimens with drying 

time less than or equal to 312 hours did not fracture within the 10mm elongation. 

Figure 3-27 Presentation of acetone immersed CPVC dog-bone specimens in ‘wet’ tests. From left to right, 
the immersion time of specimen is 1, 5, 10, 15, 20 and 25 minute(s).  

Figure 3-28 Presentation of acetone-immersed CPVC dog-bone specimens in ‘dry’ test. The length 
of drying time is 6, 23, 96, 312 and 984 hours from left to right. 
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Comparing to the acetone-treated specimens in Figure 3-28, surfaces of these specimens 

are relatively rough with loss in light reflection. 

 

CPVC ring specimens after the D-split tests are shown in Figure 3-30. Specimen after the 

full immersion for 30 minutes or with a local contact for 2.5 hours, in acetone show, 

crack initiation within the wrinkled region, while the specimen after local exposure to 

primer for 30 minutes shows a regular and flat crack.  

                                                          

Figure 3-29 Presentation of primer-immersed CPVC dog-bone specimens in ‘dry’ test. The length of 
drying time is 96 hours, 312 hours, 984 hours and 2230 hours from left to right. 

Figure 3-30 Presentation of CPVC ring specimens after D-split tests. 

Immersion in acetone Local contact acetone the 

wrinkled region 

Local contact, as indicated 

by circle, to primer 
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The cross-sections of acetone-treated ring specimens after fracture are shown in Figure 

3-31. Difference of the fractured surfaces is the crack initiation and propagation behavior, 

i.e., crack is from the inner surface of the immersed specimen, while from a corner of the 

contact region for the local contact specimen as shown in Figure 3-33. Crack propagation 

of the immersed specimens is along inner surface uniformly, to form nearly horizontal 

ridges, but the local contact specimens in a radial direction from the corner. 

  

The cross-sections of ring specimens after the local exposure to acetone and primer are 

shown in Figure 3-32. The fracture surface of primer treated specimen is relatively 

smooth and flat and no obvious deformation-introduced roughness was found around the 

fracture region. Crack for specimens having local contact with primer was also initiated 

from the contact region, and propagated quickly through the thickness to generate a neat 

and clean surface, while the specimen contact with acetone has a rough cross-section with 

a river-flowing pattern and the radial traces for fracture. It is also noted that ring 

specimens after the local contact to acetone presented a slow crack growth (SCG) 

behaviour starting from the solvent-affected-zone (SAZ), as illustrated in Figure 3-33. 

 

Figure 3-31 Fracture features of CPVC ring specimens after immersion and local contact with acetone. 

Outer surface 
Outer surface 

Inner surface 
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3.4 Analysis and discussion  

This section is first to summarize the ‘wet’, and ‘dry’ tests of acetone treated dog-bone 

specimen to provide a viewpoint about the influence of acetone on mechanical properties 

of CPVC sheet, and then the results of ‘dry’ dog-bone specimens are compared to results 

of ‘dry’ ring specimens to illustrate the opposite trend of the ductile fracture behavior 

between CPVC sheet and CPVC pipe specimens.  

Figure 3-32  Fracture features of CPVC ring specimens after local contact with acetone and primer.  

Figure 3-33 Slow crack growth (SCG) of CPVC ring specimen in the tensile test after local contact 
with acetone. 
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Most importantly, this section will attempt to provide an explanation for the premature 

fracture of CPVC ring specimens after the exposure to acetone or primer. This includes 

the observation of the fracture of ring specimens during tensile test, and a comparison of 

the test results of CPVC ring specimens with two different treatment methods, i.e., full 

immersion and local contact.  

 

3.4.1 Influence of acetone on CPVC sheet    

Based on the results from ‘wet’ test, immersion time longer than 25 minutes in acetone 

would reduce stiffness and yield strength for the dog-bone specimen to nearly a non-

detectable level. Although the drying process for 41 days could recover the yield strength 

and elastic modulus to about 75.2% and 68.2%, respectively, of the virgin specimen 

according to the ‘dry’ test results, fracture of the specimens is still in a ductile manner 

with elongation and transverse contraction in the gauge section more than those for the 

virgin specimen. Therefore, immersion in acetone increases ductility of CPVC dog-bone 

specimen, to result in ductile rupture in tensile tests even after majority of the acetone has 

been removed by the drying process.  

 

3.4.2 Influence of chemical liquids on the ductility change of CPVC sheet and 

pipe specimens  

Trend of ductility change by drying for primer-treated CPVC dog-bone sheet specimens 

and CPVC pipe-ring specimens were found to decrease with the increase of drying time, 

but the former is still above the ductility of the virgin specimen and the latter below the 

ductility of the virgin specimen. This difference is consistent between primer and acetone 

as the chemical liquid. 

In the following discussion, the stroke recovery is defined as the ratio of the stroke value 

before fracture of the treated specimen to the corresponding stroke for the virgin 

specimen. A similar definition is given for the yield stress. The yield stress recovery for 

primer-treated ring specimen is focus on the yield stress for the ‘shell’ region, while for 

the acetone-treated ring specimen on the entire cross-sectional region.  
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Figure 3-34 presents the stroke and yield stress recovery as a function of drying time for 

primer-treated dog-bone sheet specimens and pipe ring specimens, the latter from a 

previous study by Chen et al. [29]. Comparison between the two trends suggests that the 

ductility change of CPVC pipe by immersion in primer cannot be predicted using the 

result of dog-bone specimens from CPVC sheet, as the immersion treatment tends to 

increase the ductility for the sheet specimens but to decrease the ductility for the pipe 

specimens, though ductility for both sheet and pipe specimens show a trend of decrease 

with the increase of drying time. The main difference is that for the sheet specimens, the 

ductility is decreased towards the value for the virgin specimen, but for the pipe 

specimens, the ductility decrease to become even less than the ductility of the virgin pipe 

specimen. Results in Figure 3-34(a) also shows that during the length of drying time 

between 168 hours and 252 hours, treated ring specimens show a slightly larger value for 

the stroke recovery than the other drying periods. 

(a) 

 

(b) 

 

Stroke recovery and yield stress recovery for acetone-treated dog-bone specimens and 

ring specimens as a function of drying time are also plotted in Figure 3-35. The CPVC 

sheet specimens show increase of ductility from that of the virgin specimen, even the 

amount of increase is gradually decreased with increase of drying time, while the ring 
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specimens [29] after immersed in primer. 
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specimen shows decrease of the ductility from the virgin specimen, as in Figure 3-35(a). 

Note that the length of immersion time for CPVC ring specimen in acetone was 30 

minutes the same as that used for the primer treatment in the previous study [29]. 

(a) 

 

(b) 

 

Furthermore, based on the results shown in Figure 3-34(a) and Figure 3-35(a), even 

though ductility of CPVC ring specimens decreases by both the primer and acetone 

treatments, the degree of ductility decrease depends on the type of chemical liquids that 

contact the specimens.  

The ductility difference of stroke between sheet and ring specimen in Figure 3-34(a) and 

Figure 3-35(a) does not appear on the yield stress, and overall pipe specimens or regions 

within pipe specimen after chemical treatment have a better recovery rate than sheet 

specimens on yield stress, as shown in Figure 3-34(b) and Figure 3-35(b).  

Note the acetone-treated CPVC ring specimens with specific drying time have also been 

used to identify the reason of early fracture in the following section. 
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and pipe specimens after immersed in acetone. 
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3.4.3 Discussion about premature fracture of CPVC ring specimens after the 

exposure to chemical liquids. 

Exploration to the ductility decrease of chemical liquid treated CPVC ring specimens, is 

through comparison of the fully immersed specimens and specimens with local exposure 

to the chemical liquid.  

The D-split test results of CPVC ring specimens after immersion in chemical liquids, and 

after local contact as shown in Figure 3-26, is rearranged in Figure 3-36, which could 

compare the influence of different treatments to ring specimens from the same chemical 

liquid. For example, in Figure 3-36(a) specimens with either immersion or local contact 

to acetone have decreased ductility from that for the virgin ring specimen. On the other 

hand, primer would decrease the ductility and the yield strength of ring specimen, as 

shown in Figure 3-36(b). Overall, Figure 3-36 suggests that ring specimens after local 

exposure to chemical liquids also have ductility decreased compared to that for the virgin 

specimen.  

(a) 

 

(b) 
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Consider the slow crack growth (SCG) behaviour of ring specimens after the local 

contact to acetone, presented before in Figure 3-33. The crack initiation is schematically 

illustrated in Figure 3-37, which also illustrates the crack growth to the unaffected region 

of the ring specimen along the dotted line. Although, the actual route for the crack 

propagation may be different from specimen to specimen, as mentioned in a previous 

study for the cause of cracking [29], due to the different coalescence of cracks on a cross-

section or the defects on the border between the ‘core’ and ‘shell’ region on the cross-

section, the generation of a crack due to the presence of the affected region and the 

associated stress concentration resulted in a premature, brittle fracture of the specimen.  

Ring specimens after the local contact to primer, also encountered an early fracture and 

the fracture appeared in the affected region. But because the fracture is a process of very 

quick development, it is difficult to capture the different stages for initiation and 

propagation.   

 

 

The appearance of ductility decrease for CPVC ring specimen with two different 

treatments, i.e., immersion and the local contact to a chemical liquid, suggests the 

possibility that the crack was first initiated in the chemical liquid affected region, due to 

its lower resistance to tensile loading. The presence of the crack reduced the load-

carrying ability of the specimen, and an early fracture occurred [55]. 

Figure 3-36 Engineering stress v.s. stroke of virgin CPVC ring specimens and specimens with different 
treatments. ‘IMA’ and ‘IMP’ result from ring specimens with treatment of immersion in acetone and 
primer respectivley, and ‘LCA’and ‘LCP’ from the corresponding treatment through local contact. The 

treatment time is the number followed in the unit of hour. ‘LCP’ had the drying time for 10 days, the rest 
of all had the drying time 10.5 days. 

Figure 3-37 Schematic illustration of tensile test for ring specimen after local contact treatment, and the 
schematic description of fracture mechanism. 
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Note that the premature crack initiation of ring specimens after local contact with primer 

may lead to brittle fracture [56], which provides some explanation for the environmental 

stress cracking (ESC) of CPVC pipelines that are contaminated by chemical liquid 

[57][58][59]. Except for contact to chemical liquids,  presence of premature fracture on 

CPVC pipeline in industrial service may also be caused by other reasons such as the 

potential stress concentrations due to pipeline design and installation [60], and the 

working environments that involve heating and UV light. Therefore, more studies are 

needed to fully understand the causes for ESC. 
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4. Chapter 4 Finite element simulation of the force-elongation 

relationship of solvent-treated CPVC sheet 

Based on the tensile test results of CPVC dog-bone specimens, the analytical modelling 

using the phenomenological approach was employed to simulate all phases of the force-

elongation curve before the onset of fracture. Contents for this chapter include an 

introduction to the phenomenological approach, some features of the FE model, criteria 

used for evaluating the stress-strain relationship, and divisions of entire strain range of 

specimen in tensile testing for the governing laws. Finally, the equivalent stress-strain 

relations of acetone-affected CPVC dog-bone specimens were compared to those 

specimens affected by primer.  

4.1 Constitutive model based on the phenomenological approach 

This approach is one of the three methods that use numerical simulations to investigate 

the stress-strain relations of polymer deformation. The other two approaches were called 

(a) slip-link (or tube models) that reckons response from chain entanglements to 

deformation, and (b) models consider relations between molecular interactions and 

deformation [61]. Research in this work is based on the phenomenological approach of 

the FE method.  

The phenomenological approach requires developing constitutive models that govern 

stress response to macroscopic deformation of the specimen. Stress response to 

deformation in different strain ranges were built up by a set of constitutive equations with 

various parameters. This approach could mimic the elastic-plastic deformation with 

necking initiation and propagation in the polymeric materials [62][63][64][65][66], and 

the rate-dependent or rate-independent deformation at the macro scale [67][68]. This 

approach has also been used to simulate the viscoelastic deformation [69][70], the time-

dependent behavior for rate reversal during creep [71][72], and the response of polymer 

under high-speed dynamic loading [73].  

In this phenomenological approach, inputs of material properties to an FE model are 

governed by the constitutive equations in which the unknown parameters are determined 

through iterations. Input of material properties to the FE model is calibrated by the 
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experimentally determined force-elongation relationship of CPVC virgin specimen and 

those specimens after treatment with chemical liquids. Considering chemical liquids may 

soften specimens and introduce the time-dependent deformation behavior [61], creep was 

also considered as material information for simulations using the FE model. 

 

4.2 FE modelling and illustration of application to simulate the 

tensile test of CPVC virgin dog bone specimen 

Force-elongation relations in this section coms from the tensile tests with loading speed 

of 1mm/min. The force-elongation relation could be separated into the linear, non-linear, 

necking, strain hardening and fracture stages with a quick load drop. The simulation work 

focused on stages from the linear to the strain hardening deformation. Given the thin 

sheet specimens used in the current work, the simulation would be based on the plane 

stress in tension, due to little strain generated along the thickness direction.   

FE modelling was based on three-dimensional (3-D) dog-bone specimen. The model was 

developed in ABAQUS Standard (version 6.12). The 3-D dog-bone model consisted of 

(C3D20R) 20-node quadratic brick with reduced integration in the gauge section and 

totally over 13,200 nodes, were used to determine the force-elongation relationship under 

the displacement control.  

Due to the geometric symmetry of the dog-bone specimen, the FE model was half of the 

length and width for the specimen shown in Figure 3-5, i.e., one-quarter of the whole 

specimen. Necking of FE model was introduced by tapering width in the gauge section so 

that the gauge width a gradually decrease to arrive at the smallest width located at the 

middle of the gauge section where the reduction is 0.2%. The FE model has also been 

partitioned to mesh, as shown in Figure 4-1. The fine-meshed region includes the gauge 

section whose mechanical performance is of interests, as well as the region that is free of 

clamping by fixtures, that is, the area up to 8mm above the gauge section. Other areas of 

the FE model have coarse mesh to save calculation time, as compression by the fixture 

during tensile tests is not the focus of the study. 
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(a) 

 

(b) 

 

Criteria used to evaluate the stress-strain relationship were obtained from the tensile 

testing: (i) peak force value and the corresponding elongation, (ii) load-displacement 

curve profile at the initial of necking process, i.e., the load drop phase and (iii) flow force 

level during the neck propagation. When the FE models could satisfy the above criteria, 

the stress-strain relationship of specimen was deemed to be successfully established.  

The elastic-plastic deformation of the FE simulation was governed by the stress-strain 

relations in Equation 4-1 to Equation 4-4. These four equations were also employed to 

simulate those tensile tests results for CPVC dog-bone virgin specimens and specimens 

with immersion treatment in acetone or primer. In some cases, the FE model of treated 

specimen needs Equation 4-5 to consider creep deformation in the post-yield stage in the 

force-stroke relations.  

 

 

𝜎(𝜀) = 

3
2(1 + 𝜈)

𝐸𝜀 𝑓𝑜𝑟 𝜀 ≤ 𝜀𝑦 Equation 4-1 

𝑑 [(𝑎(𝜀 + 𝑏))
𝑐−1

− (𝑎(𝜀 + 𝑏))
−𝑐

] + 𝑒 𝑓𝑜𝑟 𝜀𝑦 < 𝜀 ≤ 𝜀𝑛 Equation 4-2 

𝛼𝑘𝜀𝑁 𝑓𝑜𝑟 𝜀𝑛 < 𝜀 ≤ 𝜀𝑡 Equation 4-3 

𝑘𝑒𝑥𝑝(𝑀𝜀𝛽) 𝑓𝑜𝑟 𝜀 > 𝜀𝑡 Equation 4-4 

�̇̅�
𝑐𝑟

= 𝐴𝜎𝑛𝑡𝑚 𝑓𝑜𝑟 𝜀𝑛 < 𝜀 ≤ 𝜀𝑡 Equation 4-5 

The overall stress-strain relations given in Equation 4-1 to Equation 4-5 are for σ as the 

equivalent stress and ε as the equivalent strain, whereas, the entire stain range is 

Figure 4-1 Presentation of the meshed quarter FE model for FE simulation (a) and a typical simulation 
result (b). 
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separated by 𝜀𝑦 as the critical strain for the transition from linear to non-linear 

deformation, 𝜀𝑛 the strain for the onset of necking, 𝜀𝑡 as the transitional strain for the 

strain-hardening and 𝜀̅̇cr as the equivalent creep strain rate. E is Young’s modulus, υ is 

Poisson’s ratio, and t is the time measured from the onset of necking. The rest of the 

parameters (a, b, c, d, e, α, k, N, M, β, Α, n, and m) are user-defined constants. Note that 

β value in 4-4 is fixed at 1.8, following what has been done previously [74], to provide a 

fast strain hardening rate. Values of other parameters were determined through iteration.  

Material input file to the FE model has more than 1500 discrete points in a table format. 

With such a high density of discrete points, minor adjustment is allowed by ABAQUS to 

satisfy continuity in the stress-strain relationship, especially to create a smooth 

connection in the transitions between the governing equations. The iteration process to 

determine values for the parameters was operated by considering all equations at the 

same time [75], that is, output of the FE model could be simultaneously experiencing all 

deformation stages from linear to strain hardening.  

Figure 4-2 compares the curve generated from the FE simulation result to the tensile test 

result of virgin CPVC dog-bone specimen, including linear and non-linear deformation, 

necking and strain hardening. Results from the FE model are also verified by comparing 

Young’s modulus (E) of CPVC in the literature and the value obtained from this work, 

the former in the range from 2.9GPa to 3.4GPa [58], and the latter 3.1GPa.  
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Figure 4-3 presents the equivalent input stress-strain relationship to the FE model in order 

to match the test results shown in Figure 4-2. Note that the number of data points plotted 

in Figure 4-3 was dramatically reduced from the numbers used in the simulation model to 

improve the clarity of the presentation.  
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Figure 4-2 Comparison of simulation result with the tensile test result for CPVC virgin dog-bone 
specimen. 

Figure 4-3 The equivalent stress-strain relation input into the FE model. 
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Table 4-1 listed values for each parameter in Equation 4-1 to Equation 4-4 to determine 

the equivalent stress and strain relationship plotted in Figure 4-3. It is found that one set 

of values for parameters of Equation 4-4 is not sufficient to simulate the behavior of 

strain hardening of CPVC in the tensile tests. This is resolved by subdividing the strain 

range for Equation 4-4 into several sections, all governed by Equation 4-4 but with 

different values for the parameters. This subdivision is known to be needed for cases that 

shows a relatively flat region after the necking in the force-stroke curve before the onset 

of quick load drop. Creep deformation, Equation 4-5, was found to be unnecessary to 

simulate the force-stroke curve of virgin CPVC virgin dog-bone specimen.  

Linear elastic in 

Equation 4-1 

E(MPa) 3100 

ν 0.385 

Non-linear 

deformation in 

Equation 4-2 

a 7 

b 0.02 

c 0.15 

d -20 

e 146.5 

Hollomon’s 

equation for plastic 

deformation in 

Equation 4-3 

 

αk 

 

123.7 

N 0.001 

Strain hardening 

deformation in 

Equation 4-4 

Section1 

k 119.8 

M 1.6 

β 1.8 

Section2 

k 120.3 

M 1.54 

β 1.8 

Section3 

k 130.5 

M 1.42 

β 1.8 

Table 4-1 Values of parameters in the constitutive equations for FE model of virgin CPVC 3-D dog-bone 
specimen. 
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Section4 

k 170.6 

M 1.2 

β 1.8 

The iteration process determined the values of each parameter in the constitutive 

equations and established the specific strain range for each of the stages during the 

deformation. For instance, the strain range for the strain hardening stage is 0.131~1.48 

for virgin dog-bone specimen, which has been further separated into four substages, each 

with a specific strain range. Note that number of substages does not have to be four, as 

long as results from the FE simulation agree with the results from the tensile test. As 

illustrated in the previous work [76][77], this phenomenological FE approach has a 

reasonable efficiency in establishing the stress-strain relationship for materials that 

experience inelastic and large deformation, such as polymers. 

Linear elastic in 

Equation 4-1 
0~0.02 

Non-linear 

deformation in 

Equation 4-2 

0.021~0.052 

Hollomon’s 

equation for plastic 

deformation in 

Equation 4-3 

0.053~0.13 

Strain hardening 

deformation in 

Equation 4-4 

Section1        0.131~0.27 

Section2        0.271~0.83 

Section3        0.831~1.14 

Table 4-2 The strain range for each of the constitutive equation in simulation of the tensile test of 
CPVC virgin dog-bone specimen.  
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Section4        1.141~1.48 

 

4.3 Comparison of equivalent stress-strain of acetone and primer 

treated CPVC sheet specimens 

Test results of CPVC dog-bone specimens with treatment in acetone or primer have been 

simulated using the set of constitutive equations mentioned above. Since the thickness of 

the sheet specimens used in the study is very small, the immersion process is expected to 

be able to generate a relatively uniform concentration of the chemical liquids along the 

thickness direction [78]. An attempt has been made to add Equation 4-5 to the other 

equations for simulation of the specimens that were treated with acetone with different 

drying time from 312 or 984 hours. As this phenomenological approach allows separation 

of constitutive equation for creep deformation from the elastic-plastic counterpart 

[79][80], the study on the creep behavior during the post-yielding deformation, especially 

during the neck forming process, is relatively straightforward.  

However, it was discovered from the study that the creep equation is not needed to 

simulate the deformation behavior which could be regenerated with a reasonable 

accuracy based on Equation 4-1 to Equation 4-4, as shown in Figure 4-4. This may be 

due to the short time period used for the tensile tests in the present work, often completed 

in less than 2 minutes [80]. Note that for the elastic deformation, Poisson’s ratio (ν) in 

Equation 4-1 is assumed have a fixed value and is equal to the value for the virgin CPVC.  

The simulation results of dog-bone specimens after immersion in acetone for 40 minutes 

or in primer for 10 minutes, and dried for various periods of time are presented in Figure 

4-4, using open circles and comparted with the test results. Reasonably good agreement is 

obtained between the simulation and the tensile test. 

(a) (e)  
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(b)  

 

(f)  

 

(c)  

 

(g)  

 

(d)  (h)  
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The corresponding inputs equivalent stress-strain relations for the FE model are 

summarized in Figure 4-5 for cases immersion in acetone, and in Figure 4-7 for cases 

immersion in primer. Equivalent stress-strain relation of the virgin specimen presents a 

relatively obvious uplifting tail in the graph, which is realized by increasing the M value 

in Equation 4-4. The main difference in Equation 4-1 to Equation 4-4 for acetone-treated 

specimens with different drying periods of 312 and 984 hours is the value for M. Larger 

the M value, higher the rate of strain hardening to  cross sectional reduction of the necked 

region [61]. This suggests that for those acetone-treated dog-bone specimens with the 

drying time from 312 to 984 hours, increase of the drying time still reduces transverse 

contraction in the gauge section, thus decreasing the ductility. 

Equivalent stress for onset of necking in Figure 4-5 is plotted as a function of drying time 

in Figure 4-6, along with peak engineering stress from tensile tests. Figure 4-6 suggests a 

slight difference of equivalent stress for onset of necking for acetone-treated sheet 

specimens between drying for 312 hours and drying for 984 hours, in other word drying 

acetone-affected CPVC sheet specimen longer than 312 hours will not contribute much 

stress to resist necking.  

Figure 4-4 Force-stroke relations from FE models and from tensile test of CPVC dog-bone specimens with 
different treatments: (a)-(e) presents the specimens with the immersion treatment in acetone for 40 

mins and for a drying period from 6 to 984 hours; (f)-(h) presents specimens with the immerison 
treatment in primer for 10 mins and for drying period from 96 to 984 hours. 
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Figure 4-5 Equivalent stress for onset of necking in FE models and peak engineering stress in tensile 
tests of acetone-treated CPVC dog-bone specimens for 40 mins as a function of drying time. 

Figure 4-6 Collection of equivalent stress-strain relations of acetone treated CPVC dog-bone specimens 
and comparison to that of the virgin specimen. 
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Equivalent stress for onset of necking in Figure 4-7 is plotted as a function of drying time 

in Figure 4-8, along with peak engineering stress from tensile tests. Figure 4-8 suggests 

that the equivalent stress for onset of necking is nearly stabled for primer-treated sheet 

specimens after drying for 984 hours.  

Figure 4-6 and Figure 4-8 also show that simulation to the equivalent stress before the 

onset of necking in simulation reasonably agree to the peak stress obtained from the 

experiment-determined engineering stress-stroke curve of chemical liquid treated CPVC 

sheet specimens.    
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Figure 4-7 Equivalent stress for onset of necking in FE models and peak engineering stress in tensile 
tests of primer-treated CPVC dog-bone specimens for 10 mins as a function of drying time. 
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Values for parameters in the set of constitutive law for Equation 4-1 to Equation 4-4 are 

listed in Table 4-3, for acetone treated and primer treated specimens, respectively. The 

corresponding strain ranges for these constitutive equations are given in Table 4-5 and 

Table 4-6, for acetone and primer treatments, respectively. 

  A6 A23 A96 A312 A984 

Linear elastic in 

Equation 4-1 

E(MPa) 121 900 1500 1800 1770 

ν 0.385 0.385 0.385 0.385 0.385 

Non-linear 

deformation in 

Equation 4-2 

a 7 1 7 4 10 

b 0.01 0.02 0.02 0.02 0.02 

c 0.4 0.18 0.15 0.03 0.15 

d -1.8 -2.2 -4 -4 -15.7 

e 5.4 60 73.2 112 109 
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Figure 4-8 Collection of equivalent stress-strain relations of primer treated CPVC dog-bone specimens 
and comparison to that of the virgin specimen. 

Table 4-3 Value of parameters in the constitutive equations for FE models of acetone affected CPVC dog bone 
specimens. The number following ‘A’ indicates the drying time of specimens with a unit of hour. 
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Hollomon’s 

equation for 

plastic 

deformation in 

Equation 4-3 

 

αk 

 

6.66 35.6 69.3 85.4 90.2 

N 0.1 0.05 0.01 0.01 0.001 

Strain hardening 

deformation in 

Equation 4-4 

Section1 

k 5.23 31.1 67.6 73.2 63 

M 1.1 0.6 0.2 0.45 0.6 

β 1.8 1.8 1.8 1.8 1.8 

Section2 

k 

NA NA 

60.5 

NA 

59 

M 0.45 0.7 

β 1.8 1.8 

  P96 P312 P984 P2230 

Linear elastic in 

Equation 4-1 

E(MPa) 168 483 1580 1640 

ν 0.385 0.385 0.385 0.385 

Non-linear 

deformation in 

Equation 4-2 

a 18 2.8 1.3 1.3 

b 0.02 0.02 0.01 0.01 

c 0.3 0.04 0.3 0.3 

d -4 -0.5 -1.2 -1.2 

e 4.1 15 58.5 50.6 

Hollomon’s 

equation for 

plastic 

deformation in 

Equation 4-3 

 

αk 

 

7.6 20.4 62.05 

 

54.5 

N 0.2 0.15 0.05 0.06 

Strain 

hardening 

deformation in 

Section1 

k 5.97 14.4 54.8 46.95 

M 0.3 1.4 0.9 0.9 

β 1.8 1.8 1.8 1.8 

 

 

Table 4-4 Values of parameters in the constitutive equations for FE models of primer affected CPVC dog bone 
specimens. The number following ‘P’ indicates the drying time of specimens with a unit of hour. 
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Equation 4-4 

 

 
A6 A23 A96 A312 A984 

Linear elastic in Equation 

4-1 
0~0.025 0~0.013 0~0.035 0~0.036 0~0.036 

Non-linear deformation 

in Equation 4-2 
0.026~0.085 0.014~0.027 0.036~0.057 0.037~0.046 0.037~0.052 

Hollomon’s equation for 

plastic deformation in 

Equation 4-3 

0.086~0.135 0.028~0.343 0.058~0.185 0.047~0.586 0.053~0.786 

Strain 

hardening 

deformation 

in Equation 

4-4 

Section1 0.136~1.89 0.344~1.89 0.186~0.685 0.587~1.89 0.787~0.836 

Section2 NA NA 0.686~1.89 NA 0.837~1.89 

 

 
P96 P312 P984 P2230 

Linear elastic in Equation 

4-1 
0~0.0075 0~0.015 0~0.022 0~0.016 

Non-linear deformation 

in Equation 4-2 
0.0085~0.0275 0.016~0.083 0.023~0.056 0.017~0.051 

Hollomon’s equation for 

plastic deformation in 

Equation 4-3 

0.0285~0.4075 0.084~0.135 0.057~0.172 0.052~0.266 

Table 4-5 The strain range for constitutive equations governing the FE models of acetone affected CPVC 
dog bone specimens. The number following ‘A’ indicates the drying time of specimen in the unit of hour. 

Table 4-6 The strain range for constitutive equations governing the FE models of primer affected CPVC dog 
bone specimens. The number following ‘P’ indicates the drying time of specimens in the unit of hour. 
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Strain 

hardening 

deformation 

in Equation 

4-4 

Section1 0.4085~1.49 0.136~1.49 0.173~1.49 0.267~1.49 

 

Young’s modulus used for the FE models to mimic the CPVC dog bone specimens after 

the treatment by acetone or primer is summarized in Figure 4-9, together with the values 

for the virgin specimens.  

 

It is seen that recovery of elastic modulus for the acetone-treated specimens is faster than 

that for the primer-treated specimens, as the elastic modulus for the former increases 

dramatically in the beginning of the drying stage, and stops after drying for 312 hours. 

For primer treated specimens, the recovery is at a linear rate until the drying time is 

around 984 hours before a plateau is reached. Interestingly, both treatments, to either 

acetone or primer, the CPVC dog-bone specimens seems to eventually reach a plateau 

value for the elastic modulus that is much lower than the elastic modulus for the virgin 

0

500

1000

1500

2000

2500

3000

0 500 1000 1500 2000

El
as

ti
c 

m
o

d
u

lu
s 

(M
Pa

) 

Drying time (hours)

Acetone treated specimens

Primer treated specimens
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specimen. This may indicate that acetone plays key role in primer to affect stiffness of 

CPVC sheet. However, more tests are needed to examine influence of other ingredients in 

primer on the stiffness change of CPVC.  
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5. Chapter 5 Summary and future works 

Main findings of the current work are summarized in this chapter, followed by some 

suggestions for future investigation. 

5.1 Summary of current work 

CPVC has been widely accepted by the industry as pipeline material, given the reliability 

and outstanding price-performance ratio. Although equipped with good capability of 

chemical resistance, primer-immersed CPVC pipe specimens were found suffered 

strength and ductility loss.  

Based on that, this thesis conducted some detailed study and concluded that immersion in 

acetone, (the ingredient with the highest wt% in primer) would weaken the strength of 

extruded CPVC sheet specimen and a drying process for acetone or primer-treated sheet 

specimens for thousand hours could not fully recover the mechanical properties. The 

extruded CPVC pipe specimen with a similar treatment shows better strength recovery 

after drying process, possibly due to larger thickness of the pipe than the sheet, but 

ductility of the treated ring specimens is still reduced from the ductility of the virgin ring 

specimen from the pipe. This is different from the ductility decrease of sheet specimens 

in the drying process, as the ductility of the treated sheet specimens is always higher than 

the virgin specimen.  

Premature fracture occurs to the CPVC ring specimens after immersion in or local 

exposure to acetone or primer. Crack was initiated on a solvent-affecting-zone (SAZ) for 

ring specimens that had a local contact to acetone or primer on the inner surface. Due to 

crack initiation and gradual propagation, it results in the early fracture. Therefore, 

chemical liquids should be carefully handled to avoid unnecessary contact with CPVC 

surface. Finally, it is suggested that the influence of chemical liquids on the ductility of 

CPVC material, especially in the pipe forms, should be carefully characterized to ensure 

the reliability of the material in the long-term service. 

The main contributions of this thesis are summarized below. 

1) Design a new fixture for ‘wet’ test of dog-bone specimens 
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Characterization to the resistance of plastics to chemical liquids requires to conduct 

tensile test to sheet specimen while it is being immersed in the chemical liquid. An in-

house-designed of fixtures was established and manufactured to study mechanical 

property change of CPCV sheet during the immersion in acetone or primer.  

2) Propose a concept for the premature fracture of CPVC pipe in 

contact with chemical liquids  

Premature fracture of 2-inch CPVC specimens in the mechanical, after in contact with 

chemical liquids (acetone and primer) has been found, which shows a different trend 

from that shown in extruded 1/32” CPVC sheet specimens with a similar treatment. 

Furthermore, experiments have been conducted to examine the ductility change of pipe 

due to local contact with chemical liquids. The results suggest that crack initiated from 

the chemical liquid affected zone is responsible for the premature fracture. This is the 

first time that experimental evidence is obtained to explain the brittle fracture of PVC and 

CPVC pipe materials that shorten their service life.  

3) Determination of equivalent stress-strain relations of CPVC sheet 

with and without immersion treatment in chemical liquids  

A phenomenological approach is successfully used to simulate the elastic-plastic 

deformation of CPCV dog-bone specimens to examine the influence of using chemical 

liquids on their stress-strain relationship. Creep deformation was found to have little 

influence on the stress-strain relationship determined from the tensile test of CPVC 

specimens.  

The equivalent engineering stress-strain curve from the FE model reflects the different 

effect of acetone and primer on the mechanical property change of CPVC sheet 

specimens, and the role of drying time on the mechanical property recovery of these 

specimens.  
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5.2 Future work 

Study in this thesis provides an idea about the failure mechanism that is responsible for 

premature fracture of CPVC pipe when contacting with chemical liquids. Given the 

complexity of this topic, future work is needed to verify the failure mechanism for the 

ring specimens prepared from different manufactures and in different batch. The future 

work could also be conducted to characterize the different level of premature fracture of 

CPVC pipe in contact with different chemical liquids. Detailed examination of the 

influence of local contact to primer on the brittle fracture of the ring specimen also needs 

further investigation.  

The current work on the effect of immersion in acetone on the change of mechanical 

property for CPVC ring specimen is only focused on specimens after drying for up to 252 

hours. Even though the results could support the idea proposed in this thesis, a series of 

tests with different length of drying time should be conducted in the future to verify the 

concept for the premature brittle fracture.   

A study has been carried out using the constitutive model to estimate the elastic-plastic 

deformation of CPVC sheet specimens through correlating the mechanical property 

change with the exposure to chemical liquids. Further study is suggested to apply the 

knowledge obtained from the current work to simulate the mechanical performance of 

CPVC ring specimens in different loading modes, after being in contact with chemical 

liquids. Influence of variation in the ‘shell’ region of ring specimens could also be 

considered in the future work, to understand the effect of diffusion of the chemical 

liquids in CPVC pipe and their influence on its mechanical behavior.  
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APPENDIX 

 

Dimensions of the standard O-rings used in the current work, pointed by red arrows.  
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Detailed information of the in-house-designed fixtures. 
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Collection of 𝑺𝒇𝒘 and 𝝈𝒆𝒏𝒈_𝒘 of CPVC sheet dog-bone specimens in ‘Wet test’ The 

number following ‘W’ is the length of time immersing in acetone in minutes. 

 W0 W1.5 W5.4 W10.4 W15.3 W20.3 

𝑺𝒇𝒘(mm) 1.96 3.57 4.92 5.91 6.78 7.01 

𝝈𝒆𝒏𝒈_𝒘(MPa) 58.90 29.20 18.06 11.51 5.83 1.64 

 

 

Collection of 𝑺𝒇𝒅𝟏 and 𝝈𝒆𝒏𝒈_𝒅𝟏 of CPVC sheet dog-bone specimens in ‘Dry test’ after 

treatment in acetone. “D0” represents the virgin CPVC dog-bone specimen. “--” 
indicates specimens have exceptional ductility. The number following ‘Da’ is the 
length of drying time in hours. 

 D0 Da2.5 Da6 Da23 Da96 Da312 Da984 

𝑺𝒇𝒅𝟏(mm) 1.96 -- -- -- 6.36 5.58 4.22 

𝝈𝒆𝒏𝒈_𝒅𝟏 (MPa) 58.90 1.52 2.74 13.70 31.77 39.00 44.25 

Initial 

slope(MPa/mm) 
122.40 1.39 4.60 35.58 67.12 81.23 83.50 

Recovery of yield 

strength 
-- 2.6% 4.7% 23.3% 53.9% 66.2% 75.1% 

Recovery of initial 

slope 
-- 1.1% 3.8% 29.1% 54.8% 66.4% 68.2% 
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Collection of 𝑺𝒇𝒅𝟐 and 𝝈𝒆𝒏𝒈_𝒅𝟐 of CPVC sheet dog-bone specimens in ‘Dry test’ after 

treatment in primer. “D0” represents the virgin CPVC dog-bone specimen. “--” means 
specimens having outstanding ductility. The number following ‘Dp’ is the length of 
drying time in hours. 

 D0 Dp96 Dp312 Dp984 Dp2230 

𝑺𝒇𝒅𝟐(mm) 1.96 -- -- 5.57 5.52 

𝝈𝒆𝒏𝒈_𝒅𝟐 (MPa) 58.90 2.09 5.66 20.25 18.81 

Initial 

slope(MPa/mm) 
122.40 4.65 15.98 57.93 55.86 

Recovery of yield 

strength 
-- 3.5% 9.6% 34.4% 31.9% 

Recovery of initial 

slope 
-- 3.8% 13.1% 47.3% 45.6% 

 

Collection of 𝑺𝒇𝒓 and 𝝈𝒆𝒏𝒈_𝒓 of CPVC pipe ring specimens in ‘Dry test’. ‘V-R’ represents 

the virgin ring specimen. Immersion in acetone (IMA),  Immersion in primer (IMP), 
Local contact to acetone (LCA) or Local contact to primer (LCP) for different periods in 
hour(s); “--” means not applicable.Drying time for LCA is 10.5 days, and 10 days for 
LCP.) 

 V-R IMP0.5 IMA0.5 LCP2.5 LCA2.5 

𝑺𝒇𝒓(mm) 18.33 5.73 8.08 1.37 11.86 

𝝈𝒆𝒏𝒈_𝒓(MPa) 42.71 33.14 42.67 24.22 42.70 

Initial slope(MPa/mm) 22.64 21.44 22.37 22.31 22.63 

Recovery of ductility -- 31.3% 44.1% 7.5% 64.7% 

Recovery of yield strength -- 77.6% 99.9% 56.71% 99.9% 

Recovery of initial slope -- 94.7% 98.8% 98.5% 99.9% 
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Other attempts to have ring specimens with a local contact to chemical liquid. 

 

 

Matlab codes to curve-fit the yield strength change of acetone-treated dog-bone 
specimens as a function of drying time on the logarithmic scale.   

Input experimental data of yield strength 

logoftime = [1.361727836,1.981138783,2.494154594,2.992995098]; 
yieldstresses = [13.7,31.77,39,44.245]; 
plot(logoftime,yieldstresses,"ok") 
box off 
 
line([35,35],[0,60],'color','k'); 
line([0,35],[60,60],'color','k'); 

Determine the value of parameters 

constant = lsqcurvefit(@func,[1.5;1;0.04;21],yieldstresses,logoftime) 
a =constant(1) 
b=constant(2) 
c=constant(3) 
d=constant(4) 

Plot on the same graph 

xfit=0:0.5:52; 
yfit = func(constant,xfit); 
 
hold on 
plot(yfit,xfit,"k","LineWidth",1.5) 
plot([0,35],[58.85,58.85],"linewidth",1.5) 
hold off 
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Matlab codes to curve-fit the initial slope change of acetone-treated dog-bone 
specimens as a function of drying time on the logarithmic scale. 

Input experimental data of initial slpoe 

logoftime = [1.361727836,1.981138783,2.494154594,2.992995098]; 
initialslopes = [35.58 67.12 81.23 83.504]; 
initialslopes = initialslopes'; 
plot(logoftime,initialslopes,"ok") 
box off 
 
line([50,50],[0,140],'color','k'); 
line([0,100],[140,140],'color','k'); 

Determine the value of parameters  

constant = lsqcurvefit(@func1,[1.5;2;0.004;41],initialslopes,logoftime) 
a = constant(1) 
b = constant(2) 
c = constant(3) 
d = constant(4) 

Plot on the same graph 

xfit=0:0.5:90 
yfit = func1(constant,xfit) 
 
hold on 
plot(yfit,xfit,"k","LineWidth",1.5) 
plot([0,42],[122.4,122.4],"linewidth",1.5) 
hold off 

 

 

 

 

 


