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Sammanfattning 
 
En trend på PVC-marknaden är att ersätta eller minska mängden ftalat mjukgörare på grund av 
deras hälsorisker. Efterfrågan på ftalatfria mjukgörare växer därför snabbt. Mineraloljor används 
idag som mjukgörare i en mängd olika gummi och polymertillämpningar. Men deras användbarhet 
i PVC är begränsad på grund av deras låga polaritet. Mineraloljor skulle kunna användas som en 
sekundär mjukgörare tillsammans med en primär mjukgörare i syfte att förbättra plastens 
egenskaper samt sänka produktionskostnaden. Många av de ftalatfria mjukgörarna fungerar som 
som rena lösningsmedel och har en alltför snabb och plasticerande effekt. Detta kan orsaka 
problem i befintlig PVC produktion. Ftalatfria mjukgörare har ofta en bra kompatibilitet med 
mineraloljor, och därför kan dessa användas tillsammans i PVC. Mineraloljor kan sänka 
mjukgörarnas lösningsförmåga så den passar med produktionsparametrar avsedda för ftalater. 
 
Syftet med denna studie var att utvärdera möjligheten att använda mineraloljor som en sekundär 
mjukgörare i ett ftalatfritt system för PVC. Formpressning utav PVC filmer gjordes utav tre 
stycken ftalatfria mjukgörare, i kombination med fyra olika mineraloljor.  
 
Dragprover och mätningar av plastfilmernas hårdhet visade att mineraloljan inte bidrog med någon 
mjukgörande effekt. Hårdheten ökade istället något i jämförelse med proverna utan mineral olja. 
Detta tyder på att mineraloljan antingen är mindre effektiv som mjukgörare eller att den påverkar 
den primära mjukgörarens avskärmning av intermolekylära krafter mellan PVC kedjorna. 
 
Ett åldringstest visade att migrationen av mineralolja generellt var acceptabel, särskilt dom 
tjockare kvaliteterna visade låg migration. Plastfilmerna exponerades även för UVA ljus och där 
fick framförallt dom tjockare mineraloljorna problem med missfärgning. Missfärgningen är 
troligen relaterad till oxidationsstabiliteten och innehållet av polycykliska aromatiska kolväten 
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Abstract 
 
A key trend in the PVC market is to replace or decrease the amount of phthalate plasticisers used 
due to increasing health concerns. Therefore, the demand for non-phthalate based plasticisers is 
growing rapidly. Mineral oils are used in a variety of rubber and polymer applications as 
plasticisers; however, due to the lower polarity their applicability in PVC compounds is limited. 
Therefore, these materials are typically used as secondary plasticiser along with a primary for the 
purpose of improved properties and cost reduction. Some of the non-phthalate based solutions are 
fast fusing plasticisers, which act like solvents and have too rapid and too high plasticizing effect. 
This makes the compounding difficult and could cause problems in production. These substances 
have good compatibility with mineral oils, and using them together in PVC compounds can help 
the compounding issue by reducing the solvent power and increasing the fusion time to a level 
where the production parameters are similar to compounding with phthalates.  
 
The aim of this study was to evaluate the use of mineral oils as a secondary plasticiser in a non-
phthalate system for PVC. Four different grades of mineral oil and three non-phthalate plasticisers 
were used in compounding and compression moulding of PVC sample films. Mechanical, physical 
and chemical testing were done to assess the properties in a comparative study with phthalate 
plasticized PVC. 
 
Tensile testing and hardness measurements showed that the mineral oils did not contribute with 
any plasticizing effect for the non-phthalate plasticisers tested in the study. The hardness was 
instead slightly increased for all the sample films that contained mineral oil. This indicates that the 
mineral oil either is less efficient than the primary plasticiser or that it affects the primary 
plasticisers intramolecular shielding between the PVC chains.      
 
The shrinkage test showed that the migration of mineral oil was acceptable, especially the thicker 
grades of mineral oils had low migration. Colour stability test showed that the thicker mineral oil 
grades had some problems with discolouration. The discolouration is probably related to content 
of polyaromatics and oxidation stability. 
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NOMENCLATURE 

 

Abbreviations 
AP  Aniline point 
ASE  Alkylsulphonic phenyl ester 
ASTM  American Society for Testing and Materials 
ATC  Acetyl tributyl citrate 
CaSt  Stearic acid calcium salt 
COC  Cleveland open cup  
CST  Critical solution temperature 
DEHP  Di-2-etylhexyl phthalate 
DES  Di-2-etylhexyl succinate 
DIN  German Institute for Standardization 

DINCH  
1,2-cyclohexanedicarboxylic acid diisononyl 
ester 

DINP  Diisononyl phthalate 
DOP  Di-2-etylhexyl phthalate 
DOTP  Bis-2-ethylhexyl benzene-1,4-dicarboxylate 
DPGD  Dii-propylene glycol dibenzoate 
DSC  Differential Scanning Calorimetry 
DSR  Dynamic Shear Rheometry 
ESO   Epoxidized Soy Bean Oil 
ISO  International Organization for Standardization 
MO  Mineral Oil 
OIT  Oxidative induction test 
PHR  Parts per hundred resin 
PMCT  Pensky-Martens closed tester 
PVC  Polyvinyl chloride 
RT  Room temperature 
SCI  Compatibility index 
VGC  Viscosity gravity constant 
ZnSt  Stearic acid zinc salt  
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1 INTRODUCTION 

1.1 Purpose of Study 
The purpose of this thesis is to: 
 

• Investigate available non-phthalate plasticisers for PVC and get understanding of 
PVC-plasticiser mechanisms 

 
• Suggest non-phthalate primary plasticisers to use together with mineral oils as a secondary 

plasticiser 
 

• Evaluate mineral oil as a secondary plasticiser in a non-phthalate system for PVC 
 

• Compare plasticiser systems; non-phthalate / mineral oil with phthalate / epoxidized soy 
bean oil     

1.2 PVC 
Polyvinyl chloride (PVC) is together with Polyethylene and Polypropylene the most produced 
plastics. PVC is produced in over 20 million tonnes annually and growing around 3-4% each year 
(Patrick, 2005). PVC is a thermoplastic, which means that the polymer chains are not covalently 
linked to each other but rather entangled and held together by secondary forces between the 
polymer chains. Commercial PVC is primarily amorphous with small crystalline regions 5-10%. 
(Grossman, 2008) PVC is used in almost all types of applications from soft and flexible plastic 
films to hard and resilient building materials. The properties of PVC are dependent on the type of 
PVC resin together with the additives that are being used. The K-value of different PVC resins 
reflects the degree of polymerization and molecular weight. High K-value resins give better 
mechanical properties but demands more plasticisers and is harder to process. Low K-value PVC 
resins provide more processability but lower mechanical properties. A PVC compound has several 
different components beside the base polymer. The most important elements are plasticisers, 
stabilisers, lubricants, fillers, pigments, extender and impact modifiers. Stabilisers are added to 
prevent degradation of the polymer during processing and to increase UV-stability and general 
stability. Temperature stabilisers prevent the dehydrochlorination process that starts at 150°C 
where hydrogen chloride (HCl) are formed during degradation of the polymer. Without stabilisers 
it would not be possible to process the polymer properly without severe degradation (Brydson, 
1999). The need of plasticisers in PVC is due to the polymer´s chemical structure. PVC is a mainly 
linear polymer consisting of a carbon-carbon bonded (C-C) backbone with an electron 
withdrawing chlorine atom sitting on every other carbon in the backbone. This highly polarised 
Carbon-Chlorine (C-Cl) bond is the reasons to the strong interchain attractions that make PVC 
hard and durable, (Daniels, 2009) but also increase the need of plasticisers significantly. Without 
plasticisers the chains would be tightly packed, and the material would be hard and brittle. 
Plasticised PVC, or flexible PVC can often have a plasticiser content higher than 50%. (Brydson, 
1999) 
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1.3 Plasticisers 
Plasticisers are used to change the properties of the base polymer, most commonly to make the 
plastic softer and more flexible, reduce modulus, lower the glass transition temperature (Tg) and 
melt viscosity (Rahman & Brazel, 2004). According to The Council of the International Union of 
Pure and Applied Chemistry (IUPAC) "A plasticiser is a substance or material incorporated in a 
material (usually a plastic or elastomer) to increase its flexibility, workability, or distensibility." 
(Godwin, 2011). There are different ways to categorise plasticisers. One way is to check how they 
are bonded to the base polymer. Internal plasticisers are covalently bonded to the base polymer 
either by copolymerization or addition to the finished polymer. External plasticisers are only 
bonded to the base polymer by secondary forces as dipole-dipole and van der Waals forces 
(Rahman & Brazel, 2004). For PVC, the most common and efficient plasticisers are the external 
ones (Godwin, 2011). Another classification of plasticisers is primary or secondary plasticisers. 
Primary plasticisers interact with the polymer directly while a secondary plasticiser interacts with 
the primary plasticiser to raise the compatibility between the polymer and the secondary 
plasticiser. Secondary plasticisers are often used to lower the cost of the finished PVC compound, 
but they can also be used to change a particular property as the low-temperature modulus. Different 
types of monomeric plasticisers or hydrocarbons as mostly used (Daniels, 2009). 
 
PVC-Plasticiser Interaction 
The interaction between the polymer and plasticiser is essential for the efficiency of the plasticiser. 
The plasticiser must be attracted to the polymer. Otherwise it will migrate thru the material and 
rather interact with itself than the polymer. The plasticiser should work as a low volatile solvent 
for the polymer with the exactly right solvating force. If the solvating force is too high, it will 
solvate the crystalline regions and weaken them.  The crystalline regions in PVC act as cross-links 
that strengthen the material and increases its shape memory (Daniels, 2009). If the solvating force 
of the plasticiser is too weak, it will not distribute evenly thru the amorphous regions and solvate 
these. This will lead to a less efficient plasticiser that more easily migrates out of the finished 
product.  A possibility to predict the compatibility of a polymer plasticiser system is by using 
solubility parameters. The Hildebrand or Hansen solubility parameters should be of similar 
magnitude for the plasticiser and the polymer to have good compatibility (Brydson, 1999) 
(Godwin, 2011). The predictions by solubility parameters are better if the plasticisers are within 
the same chemical substance group. For example, the difference between different Phthalate 
plasticisers can be better predicted by solubility parameters than the difference between plasticisers 
from different chemical substance classes. Flory-Huggins interaction parameters can also be used 
to determine compatibility between a polymer and a plasticiser. For PVC, it is important that the 
plasticiser contain both polar and nonpolar parts. The polar parts will interact with the polarised 
C-Cl bond while the nonpolar parts shield the polymer chain from other polar parts and increase 
flexibility (Titow, 1990). 
 
Fusion  
Fusion or gelation are different phases of the plasticization process. When PVC resin and 
plasticiser is heated together, the plasticiser will start to migrate into the resin particles and 
swelling and gelation of the PVC resin will begin to occur. With continued heating the 
morphological structure of the resin particles will collapse and a new more homogenised structure 
together with the plasticiser is created, this is called the fusion. The mechanical, chemical and 
physical properties of the plastic are highly dependent upon the degree of particle collapse. (van 
Oosterhout, 1999) The fusion process can be studied by many different methods. The PVC 
solubility temperature (Tm) is a measurement or practical test that can be used to get information 
about the solvent power and fusion characteristics. The test can also be called the clear resin 
temperature and is performed by heating up a mixture of PVC resin and plasticiser until all the 
resin particles are entirely solved in the plasticiser. The temperature can be compared with 
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literature clear resin temperatures from other PVC plasticiser system and conclusions can be drawn 
about the differences. Rheometric analysis like Dynamic Shear Rheometry (DSR) can measure the 
viscoelastic behaviour of a liquid or solid as a function of the temperature. The liquid or solid is 
exposed to either rotational or oscillating shear stress and the instrument measure the storage 
modulus, G´ (elastic component) and loss modulus, G´´ (viscous component) while the 
temperature is varied. These types of measurements can be very useful for studying of the gelation 
and fusion processes. 
 
Phthalate Plasticisers 
The most commonly used plasticisers for PVC are esters of phthalic acid. There are around 30 
different phthalates currently being used. Phthalate esters have been used for over 60 years and 
stand for 90% of the used plasticisers for PVC. Their strength is in their good overall properties, 
and excellent compatibility. Combined with low cost and low volatility at normal temperatures. 
Di-2-ethylhexyl phthalate (DEHP or DOP) has previously been the most used phthalate, and had 
over 50 % of the total phthalate market (Rahman & Brazel, 2004). Usage of DEHP has recently 
started to decline in Europe and USA, but DEHP still stands for 60 % of the total plasticiser market 
in Asia (Calvin, 2011). DEHP is primarily being replaced by diisononyl phthalate (DINP) and 
diisodecyl phthalate (DIDP). There are however concerns with phthalates, and new research shows 
possible interference with the endocrine system in humans and animals. DEHP has been classified 
by the REACH programme as “substance of very high concern”. The International Agency for 
Research on Cancer (IARC) now classifies DEHP as a possible cause of cancer (Rahman & Brazel, 
2004). The US Food and Drug Administration (FDA) forbids PVC manufacturers to use other 
alternatives then DEHP for PVC that is in contact with medical and food applications. Phthalates 
with a longer carbon chain and higher molecular weight are less volatile and considered safer than 
low molecular weight phthalates. DINP (C9) and DIDP (C10) both have higher molecular weight 
then DEHP.  
 
Common types: 
Diisononyl phthalate (DINP) 
Di-2-ethylhexyl phthalate (DEHP) 
Diidecyl phthalate (DIDP) 
Diisotridecyl phthalate (DITDP) 

 
Figure 1.Diisononyl phthalate (DINP) 

 
Non-Phthalate Plasticisers 
Most non-phthalate plasticisers are not newly discovered, instead many of them have been used a 
long time as speciality plasticisers or as secondary plasticisers together with phthalates. Many of 
the non-phthalate plasticisers are fast fusing and act more like a solvent than a plasticiser. One way 
to prevent this is to use a secondary plasticiser that can lower the solvent power and match the 
properties of the phthalates. The following non-phthalate plasticisers are the most commonly used 
and are suitable as primary plasticiser for PVC: 
 
Adipates 
Adipates provide excellent low-temperature flexibility but have limited compatibility with PVC. 
Adipates have high migration and low plastisol viscosity (Cadogan, 2006).They are often used as 
secondary plasticiser together with phthalates, but some types can also be used as a primary 
plasticiser for PVC. 

O

O

O

O



 12 

Types: 
Bis(2-ethylhexyl) adipate (DEHA) 
Diisononyl adipate (DINA) 
Dibutyl adipate 
Diisodecyl adipate 

 
Figure 2. Bis(2-ethylhexyl) adipate (DEHA) 

 
Alkyl Sulphonate Esters  
Sulfonic acid esters have good compatibility with PVC and good overall properties. Alkyl 
sulphonic phenyl esters are fast fusing plasticisers and less volatile than phthalates (Rahman & 
Brazel, 2004). Alkyl sulphonic phenyl esters (ASE) are marketed as Mesamoll®.  .  
 
Types: 
Alkyl sulphonic phenyl ester (ASE) 
Mesamoll®  
Mesamoll® II 
Mesamoll® TP LXS 51067  

 
Figure 3. Alkyl sulphonic phenyl ester (ASE) 

Benzoates 
Benzoates or dibenzoates are fast fusing and highly solvating plasticisers (Grossman, 2008). The 
most commercially important are di-propylenglycol dibenzoate (DPGD) which also is marketed 
as Benzoflex™ 9-88 (Krauskopf, 2003) and K-flex DP. Benzoates do not provide as good low 
temp flexibility as DEHP. Monobenzoates are mainly used as secondary plasticisers where they 
can decrease the fusing time and temperature (Godwin, 2011). 
 
Types: 
Di-propylene glycol dibenzoate (DPGD)  
Di-ethylene glycol dibenzoate (DEGBD) 
Propylene glycol dibenzoate (PGDB) 
Isodecyl benzoate (IDB) 
Isononyl benzoate (INB) 
Isononyl benzoate (INBB) 
Tri-ethylene glycol  
Dibenzoate 

 
Figure 4. Di-propylene glycol dibenzoate (DPGD) 

 
Cyclohexanote Esters 
Cyclohexanote acid esters have a chemical structure similar to phthalates. But the aromatic 
benzene ring in phthalates is in cyclohexanote esters hydrogenated into a hexane ring. 
Cyclohexanote acid esters have been used as PVC plasticisers since the 1970s (Godwin, 2011). 
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The most commercially important one is 1,2-cyclohexanedicarboxylic acid diisononyl ester 
(DINCH), which has the same carbon chain length as DINP. The plasticiser properties of DINCH 
are good and it can be used both for plastisol or dry blending. DINCH has low volatility, good 
migration resistance, UV-light resistance and excellent low-temperature flexibility (Wypych, 
2012). DINCH functions as a primary plasticiser for PVC but the solvent power are slightly lower 
than for DINP (Krauskopf, 2003). DINCH or Hexamoll™ that is the market name is considered a 
safer plasticiser then the phthalate alternative DINP and is currently used in both the medical and 
toy industry. 
 
Types: 
1,2-cyclohexanedicarboxylic acid diisononyl ester (DINCH) 
 

 
Figure 5. 1,2-Cyklohexanedicarboxylic acid diisononyl ester (DINCH) 

 
Citrate Esters 
Citrates are made from esterified citric acid. Citrate esters are relatively fast fusing plasticisers 
and the mechanical properties are almost as good as DEHP. But migration of the plasticisers is 
higher (Godwin, 2011).  
Citrate esters are considered safe in medical, toys and food applications. And are seen as a 
potential candidate for replacement of the phthalate plasticisers (Wypych, 2012). 
 
Types: 
Acetyl tributyl citrate (ATC) 
Acetyl triethyl citrate  
Tri-2-ethylhexyl citrate, 
Tributyl citrate  
Triethyl citrate 

 
Figure 6. Acetyl tributyl citrate (ATC) 

 
Succinate Esters 
Succinate esters are biobased and made from fermented biomass. They are biodegradable and are 
considered as more sustainable alternative to Phthalates. The plasticising effect of Bis(2-
ethylhexyl) succinate (DES) is slightly higher than for DEHP (Stuart, o.a., 2010). 
 
Types: 
Bis(2-ethylhexyl) succinate (DES)  
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Bis(2-octyl) succinate (DOS)  
Bis(2-butyl) succinate (DBS)  
 

 
Figure 7.Di-(2-ethylhexyl) Succinate (DES) 

 
Terephthalate Esters  
Terephthalate plasticisers have an almost identical molecular structure as traditional phthalates. 
However, instead of 1,2-position at the benzene ring, the carbon chains have 1,4-position.  Bis(2-
ethylhexyl) benzene-1,4-dicarboxylate (DOTP) is the commercially most used. DOTP has no 
regulatory restrictions as DEHP and is considered to have much better toxicological properties. 
 
Types: 
Bis(2-ethylhexyl) benzene-1,4-dicarboxylate (DOTP) 
 

 
Figure 8.Bis(2-ethylhexyl) benzene-1,4-dicarboxylate (DOTP) 

 
Tri- and Pyro-Mellitates  
Tri- and pyromellitates are similar to the phthalates in chemical structure. But instead of two 
ester functionality, they have three or four attached to the aromatic benzene ring (Godwin, 2011). 
Trimellitate esters provide good overall properties and are similar to phthalates regarding 
compatibility with PVC. Trimellitate esters very have low migration. 
 
Plasticiser: 
Tri-2-ethylhexyl trimellitate (TOTM) 
Tri-2-propenyl trimellitate 
 

 
Figure 9.Tri-2-ethylhexyl trimellitate (TOTM) 

 
Mineral Oil as Secondary Plasticiser 
Mineral oils can be used as secondary plasticisers for PVC. They can improve properties and lower 
total production cost. All primary plasticisers for PVC must have polar regions. This can be seen 
in both the phthalate and non-phthalate plasticiser structures that all have a number of polar groups 
(mainly esters). Mineral oils are usually considered rather apolar substances but there are degrees 
of polarity between different oil grades. Mineral oils are split into two main groups, naphthenic 
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and paraffinic oils. Naphthenic oils are higher in aromatic content and normally more polar than 
paraffinic oils. Characterization of mineral oils is done by measurement of Viscosity, Aniline point 
(AP), Flash point, Viscosity-Gravity Constant (VGC), Compatibility Index (SCI), Critical 
Solution Temperature (CST) and more. The viscosity of a mineral oil can give information about 
its hydrocarbon composition. A higher average molecular weight gives a thicker oil with higher 
viscosity and lower volatility. The VGC value for paraffinic oils is ~0.8 and ~1.0 for naphthenic 
oils. AP is a measurement of the lowest temperature that oil and aniline can have and still be 
miscible with each other (50/50 Wt. %). Aniline is a polar solvent so the aniline point test is more 
or less a measurement of polarity or aromatic content (Neau). Flash point is the temperature when 
volatile vapours of a material would ignite if exposed to an ignition source. In the industry its a 
critical factor since it can limit process temperatures. It is generally recommended that process 
temperature should be kept lower than the flash point temperature to prevent the formation of 
explosive gases. A high flash point also indicates that the volatility of the oil is low. For good 
compatibility between a mineral oil and a polar plasticiser, a good choice would be a naphthenic 
oil with a high VGC value and a low aniline point. This would give an oil with high polarity. The 
oil should also have a flash point that is high enough for PVC processing temperatures. 
Recommended load levels for Naphthenic oils as secondary plasticiser are around 10-15% of the 
primary plasticisers (Grossman, 2008).  
 
 
Epoxidized Soy Bean Oil 
Modified vegetable oils are currently being used in the industry as a secondary plasticiser for PVC. 
Epoxidized soy bean oil (ESO) is one of the most common and made from soy bean oil that has 
been chemically modified. The most common industrial production procedure is to form peroxy 
acid from a reaction with acetic acid and hydrogen peroxide. The peroxy acid then reacts with the 
unsaturated double bonds in the oil and forms epoxy groups (Tayde, Patnaik, Bhagt, & Renge, 
2011). The epoxy groups increase the compatibility with PVC. (Krauskopf, 2003) ESO has a high 
molecular weight (MW) ~1000 and has good resistance to migration (Rahman & Brazel, 2004).    
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2 METHOD 

2.1 Planning of Experiments 
 
The literature study showed that it is not a straightforward process to predict the compatibility of 
mineral oils in a PVC plasticiser system. A theoretical approach to see if two or more substances 
are compatible with each other would be to compare their Hansen or Hildebrand solubility 
parameters. PVC and traditional phthalates plasticisers are well documented and solubility 
parameters are available from previous research. However, for a mineral oil, the situation is 
different. A mineral oil is a polydisperse blend of various hydrocarbons which complicates the 
prediction of intermolecular forces. Determination of a mineral oils interaction with other 
substances can be partly described by the Aniline point, Viscosity-Gravity Constant (VGC), 
Compatibility Index (SCI) and Critical Solution Temperature (CST). Unfortunately, there is no 
simple relationship between the Hansen or Hildebrand solubility parameters and the data from the 
characterization used for mineral oils (Joona, u.d.). There are ways to determine solubility 
parameters for complicated structures like mineral oils but it involves empirical testing with a lot 
of different solvents and is beyond the reach of this thesis. A simpler but still relevant approach to 
see how similar in polarity two different liquids are is to test if they are miscible with each other. 
Another important parameter is the flash point. PVC processing often needs temperatures up to 
180-200°C so it is important that the constituent substances can manage those temperatures 
without extensive formation of explosive gases.  
 
Suitable methods to evaluate differences in solvent power and compatibility with PVC is both the 
solubility temperature and DSR analysis. This will give information about the differences of the 
plasticisers and also how the addition of mineral oil is affecting the gelation and fusion process. 
To be able to test and compare how the mechanical, physical and chemical properties of PVC 
plastic is dependent on differences in plasticiser composition, there has to be some PVC samples 
to run the analysis on. PVC sample films will be compression moulded from different grades of 
mineral oil and non-phthalate plasticiser. Sample films made with a traditional phthalate will also 
be created for reference.     
 
 
Experimental: 
 

• Miscibility screening and flash point measurement of plasticiser / mineral oil blends 
• Solubility temperature (Tm) of PVC resin and plasticiser / mineral oil blends 
• Rheometry analysis of PVC resin / plasticiser / mineral oil mixtures  
• Dry blending and compression moulding of PVC sample films 
• Tensile and hardness testing of PVC sample films 
• Determination of glass transition temperature Tg   
• Degradation testing of PVC sample films; colour stability, thermal ageing, mass & 

volume shrinkage and oxidation tests 
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2.2 Materials Used 
 
PVC Polymer 
The PVC resin used in this study is suspension PVC (s-PVC) from Shin-Etsu. The properties are 
suitable for film/sheet or extrusion of cables. It is a porous high K-value polymer with fast and 
high plasticiser absorption. See Table 1 for properties of the PVC resin.   
 

Table 1. Properties of PVC resin 

Property Value Test Method 
K-value 70 ISO 1628-2 

Bulk density 0.470 (g/ml) ISO 60 
Sieve Analysis >63µm ≥ 97 % ISO 4610 

Sieve Analysis > 250µm ≤ 0.5 % ISO 1269 
Volatile content ≤ 0.3 % ISO 4608 

Plasticiser absorption 36 % ASTM D3749 
Residual Vinyl Chloride < 1 (ppm) ISO 1628-2 

 
 
Primary Plasticisers  
 
Six different non-phthalate plasticisers; ASE, ATC, DES, DPGD, DINCH and DOTP, was 
selected to be included in the study. DINP was included as the phthalate reference. The Plasticisers 
were chosen because of their safety profile and because they are used commercially as a non-
phthalate alternative. See Table 2.  

 
Table 2. Properties of primary plasticisers 

Primary Plasticiser Molecular Weight 
(g/mol) 

CAS number 

ASE 370 091082-17-6 
ATC 402.48 77-90-7 
DES 342.51 2915-57-3 

DPGD 342.39 27138-31-4 
DINCH 424.7 474919-59-0 
DOTP 390.56 6422-86-2 
DINP 418.609 28553-12-0 

 
 
Mineral Oils / Secondary Plasticisers 
 
Four different naphthenic mineral oils were selected to be included in the study. The selection of 
mineral oils was made to increase compatibility to the primary plasticisers and PVC. See table 3 
for properties of the oils.    
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Table 3. Properties of mineral oils 

Oil Density 
(kg/dm3) 

Viscosity 
40°C  

(mm2/s) 

Viscosity 
100°C  

(mm2/s) 

Aniline 
Point 
(°C) 

Flash Point 
(°C) 

VGC 

A 0.888 9 2.2 70 146 0.862 
B 0.901 22.4 3.7 75 174 0.859 
C 0.915 108 8.8 95 214 0.856 
D 0.922 372 18 98 242 0.848 

 
 
Epoxidized Soy Bean Oils / Secondary Plasticisers 
 
Two different grades of Epoxidized soy bean (ESO) oil was selected to be included in the study. 
See Table 4 for properties of ESO. 
 

Table 4. Properties of epoxidized soy bean oils 

Secondary 
Plasticiser 

Density 
(kg/dm3) 

Viscosity 40°C  
(mm2/s) 

Viscosity 100°C  
(mm2/s) 

Aniline 
Point 
(°C) 

Flash 
Point 
(°C) 

ESO A 1.0003 160.26 19.346 RT 221 
ESO B 0.9968 186.92 21.346 RT 224 

 
 
Stabilisers 
Two different stabilisers were selected to be used in the PVC compounds. Stearic acid calcium 
salt and stearic acid zinc salt. See Table 5.  
 

Table 5. Properties of stabilizers 

Stabiliser Molecular Weight 
(g/mol) 

CAS number 

CaSt 607.02 1592-23-0 
ZnSt 632.33 557-05-1 

 

2.3 Testing 
 
Miscibility Screening 
Blends of plasticiser and oil were rigorously stirred in glass beaker and set to rest. The mixtures 
were then visually inspected for either phase separation or emulsion appearance. The blends were 
done at two different compositions of plasticiser and oil 90:10 and 70:30, See Table 6 for 
compositions.  The mixtures that were immiscible at room temperature was heated with a 
laboratory heater with rigorous stirring set at 200°C until one phase of clear solution was obtained 
and the temperature measured in the liquid was noted. 
 
Flash point 
The flash point temperatures were determined with a Herzog HFP 360 Pensky-Martens Closed 
Tester (PMCT) according to ASTM D93 and a GRABNER instruments MINIFLASH according 
to ASTM D6450. The analysis is similar with both instruments. Different compositions (see Table 
6) of plasticiser and oil blends was put in a closed chamber and then heated to a temperature 
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slightly lower than the expected flash point. The sample was exposed to flashes from an electrode 
and continuously heated until the formed volatile gases was ignited. The Herzog HFP 360 
instrument detects the flash point by the increase in temperature from the small explosion of 
volatile gases. GRABNER MINIFLASH detects the flashpoint by the pressure increase in the test 
chamber. Both instruments detected similar flash point temperatures for the same mixtures.  
 

    Table 6.Compositions for PVC miscibility screening and flash point  

Composition Primary Plasticiser  
% 

Oil  
% 

1 90 10 
2 70 30 

 
PVC Solubility Temperature 
DIN 53408 describes the determination of PVC Solubility Temperature (Tm). One drop of slurry 
with a composition of 1 g PVC and 19 g plasticizer is observed in a heated microscope. The 
temperature is increased from 60°C at a heating rate of 2°C / minute until the PVC grains are 
totally solved in the plasticiser. DIN 53408 was followed in the main but deviations was made due 
to lack of access to a heat controlled microscope. Instead of a linear temperature ramp a laboratory 
heater at 200°C was used to heat the samples. PVC, plasticiser and mineral oil was put in a glass 
beaker with rigorous stirring. The blend was heated until all PVC grains was totally dissolved and 
the temperature measured in the liquid was noted. The solubility temperature was tested in two 
different compositions, see Table 7.  
  

Table 7.Compositions for PVC solubility temperature  

Composition PVC Shin-Etsu S70-
16 (g) 

Primary Plasticiser 
(g) 

Oil 
 (g) 

1 1 19 0 
2 1 17.1 1.9 

 
 
Rheometry 
The Dynamic Shear Rheometry (DSR) analysis was performed with different compositions 
between PVC and the plasticisers than what was used for making of the PVC sample films.   Shin-
Etsu S70-16 s-PVC mixed with 50 phr of liquid plasticiser is still a dry powder which can not be 
analysed with a DSR. Instead, a mixture with a higher amount of plasticiser had to be used (see 
Table 8 for compositions used for Rheometry). The results from DSR will there for not be 
quantitative when it comes to fusing temperatures of the sample films but still relevant to show 
differences of solvent power and fusion behaviour between the different plasticisers and oil grades. 
The analysis was done with a 25 mm plate and disc setup with a 2 mm gap. Each composition was 
run with a temperature ramp between 45-200°C with a heating rate of 5°C / minute. The frequency 
(f) was set to 1 Hz. Between 45-60°C the oscillating amplitude (γ) was 25 % and between 60-
200°C γ was 2.5 %. 
 

Table 8. Compositions for Dynamic Shear Rheometry analysis 

Composition PVC Shin-Etsu S70-
16 (phr) 

Primary Plasticiser 
(phr) 

Oil 
 (phr) 

1 100 150 0 
2 100 135 15 
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2.4 PVC Sample Film Preparation 
 
PVC Sample Films 
The manufacturing of PVC sample films consisted of two steps. The first step was mixing of 
PVC powder, plasticisers and stabilisers. The second step was to compression mould the dry 
blend into PVC films. 
 
Dry Blending 
The dry blending was done with a laboratory twin screw mixer. The mixing chamber was heated 
with an external oil bath for consistent temperature control. The temperature inside the chamber 
was 90°C and plasticisers were preheated to 70°C. PVC resin was thoroughly blended with thermal 
stabilisers and mixed at 300 rpm for 5 minutes. The plasticisers were then added and mixed for an 
additional 5 minutes. When the plasticisers were added the PVC resin consistency changed to a 
wet paste but after a few minutes of mixing the paste became a free flowing powder. Each batch 
volume was 400 g with compositions according to Table 9. 
 

Table 9. Compositions for dry blends and sample films 

Composition PVC Shin-
Etsu S70-16 

(phr) 

Primary 
Plasticiser 

(phr) 

Secondary 
Plasticiser 

(phr) 

Stabilizer 
ZnSt 
(phr) 

Stabilizer 
CaSt 
(phr) 

1 100 50 0 0.5 0.5 
2 100 45 5 0.5 0.5 

 
 
Compression Moulding 
PVC films were made by compression moulding. A Fontijne laboratory hydraulic press with 
integrated heating and cooling was used. The mould were made out of a circular ring of stainless 
steel.  The dimension was 1.5 mm in height and with an inner diameter of 300 mm. The mould 
were loaded with 147 g of PVC compound. Teflon film was used as a release agent between the 
mould and presser plates. The PVC compound filled mould was preheated at 180°C for 8 minutes 
and then pressed at 180 °C with a clamping pressure of 40 MPa for 4 minutes. The clamping 
pressure was held constant during a 7-minute-long cooling from 180-23°C. 

2.5 PVC film testing 
Tensile testing 
Tensile stress-strain testing was done on a INSTRON tester according to ISO 37 (Dumb-bell type 
rubber, vulcanised or thermoplastic – determination of tensile stress-strain properties). Five dog 
bones of type 1A was tested for each sample. The dog bone is inserted in between two clamps and 
the INSTRON tester pulls the specimen until breakage. Stress and strain is measured. Testing was 
both done on untreated PVC film and thermally aged PVC film (see Thermal Ageing).  
    
Hardness 
The measurement was done mainly according to ISO 7619. Four pieces of PVC film was stacked 
on top of each other (ISO 7619 specifies that not more than three test pieces can be stacked to 
achieve a total of 6 mm). The total height of PVC film was 6 mm and no measurements were made 
closer to an edge than 12 mm. The handheld Mitutoyo Shore A Durometer was pressed against the 
PVC film and after 15 seconds of material relaxation, the reading was done. The procedure was 
repeated 6 times for each sample. The hardness was both tested on untreated PVC film and 
thermally aged PVC film.  
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Shrinkage 
Three squares of each PVC sample film were cut with a scissor (approx. 25x18 mm). The 
dimensions were taken with an electronic calliper and the mass was determined on a laboratory 
scale. The squares were loaded in laboratory oven set at a temperature of 80 °C, and the samples 
was heat treated for 168 hours. After thermal ageing the samples was acclimatised in room 
temperature for 3 days before measurement and weight were measured. 
 
Thermal Ageing 
PVC sample films were punched into ten dog bones (type 1A) with a laboratory specimen cutter. 
Half of the samples was tensile and hardness tested. The rest were loaded in laboratory oven which 
had a temperature of 80 °C and the samples were heat treated for 168 hours. After thermal ageing 
the samples was acclimatised in room temperature for 3 days before any mechanical testing was 
performed. 
  
Color Stability 
PVC film was put in a UV light test chamber consisting of three UVA fluorescent tubes light 
sources. The UVA exposure ran for 500 hours. All PVC samples had similar distance and angle to 
the light sources. 
 
Glass Transition Temperature  
The glass transition temperature of pure PVC was analysed with DSC.  
 
Oxidative induction test 
Oxidative Induction Test (OIT) was done with a Differential Scanning Calorimeter (DSC) 
according to ISO 11357-6. Thin samples of PVC film were put into well ventilated Aluminium 
crucibles and loaded into the DSC cell. Each sample was equilibrated at 23 °C for 5 minutes under 
50 ml/min nitrogen flow. Gas in the DSC cell was then switched to oxygen at 50 ml/min flow and 
measuring was started. The analysis was done between 23-300 °C degrees with a heating rate of 
10 °C/minute. All sample sizes were between 4-7 mg. 
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3 RESULTS AND DISCUSSION 

3.1 Miscibility Screening 
The screening was done with two different compositions between plasticiser and mineral oil; 70:30 
and 90:10. Most of the plasticiser and oil combinations were miscible at room temperature but 
some needed heating. The miscibility temperature seen in Table 10-13 is for those blends that 
needed heating and the ones that say “RT” instead of temperature means that they were miscible 
at room temperature. Solubility between two different substances is most commonly favoured by 
heat (Gibbs free energy of mixing). A trend that can be seen for DPGD and ACT which both have 
some problems with blend stability, is that the miscibility decreases with the thicker grades of 
mineral oil. The thicker grades of oil have lower polarity and higher molecular weight than the 
thinner more volatile grades. This relation is expected since plasticisers for PVC need to be 
relatively polar to ensure good compatibility and interaction with the base polymer. So a more 
polar oil will be more compatible with most PVC plasticisers. DPGD have compatibility problems 
with all oil grades heavier than grade A and needs heating to be miscible. An explanation for this 
could be that DPGD lacks a linear alkane structure like DINP, DOTP and DINCH have. ASE had 
some equivocal compatibility problem. For the heavier grades of oils, it gave a three phase system 
with a small top fraction. And for the lighter grades of oil it gave a two phase system with a small 
top fraction. During the analysis, it was not investigated what the top fraction consisted of. So 
some type of contamination of the plasticiser can not be ruled out. ACT showed some 
compatibility problem with the heaviest naphthenic oil of grade D and needed heating to be 
miscible. Plasticiser DES, DOTP, DINCH and DINP was miscible in all grades of mineral oil at 
room temperature for both compositions between plasticiser and oil. 

3.2 Flash point 
The flash point was not tested for those combinations that were not miscible in RT. For DINP the 
flash point was tested with MINIFLASH instead of PMCT. DPGD that had miscibility problems 
in the screening showed a very low flash point. DPGD at a 90:10 blend with grade A mineral oil 
gave a flashpoint of 121°C, which is too low for PVC processing. This is strangely low because 
pure grade A mineral oil had a tested flash point of 146°C and DPGD has a specified COC 
flashpoint of 182°C. DES, DOTP and DINCH had flash point temperatures close to 180°C for the 
90:10 blends with grade “A” mineral oil which are close to the process temperature needed for 
PVC production. DES, DOTP and DINCH at a 70:30 blend with grade A mineral oil had a flash 
point close to 165°C, which is on the low side for PVC processing. See Table 10-13 for flash point 
temperatures. 
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Table 10.Miscibility screening  mineral oil A and plasticisers 

 
Table 11. Miscibility screening mineral oil B and plasticisers 

Oil B 
% 

DPGD 
% 

DES 
% 

DOTP 
% 

DINCH 
% 

ASE 
% 

ACT 
% 

DINP 
% 

Flash 
Point 
(°C) 

Miscibility 
Temperature 

(°C) 
10 90       127 RT 
30 70        47 
10  90      185 RT 
30  70      187 RT 
10   90     206 RT 
30   70     189 RT 
10    90    211 RT 
30    70    194 RT 
10     90    -1 

30     70    -1 

10      90  191 RT 
30      70  183 RT 
10       90 1852 RT 
30       70 1882 RT 

 
  

                                                
 
1 Partial miscibility (two phases) 
2 Flashpoint from GRABNER INSTRUMENTS MINIFLASH (ASTM D7094) 

Oil A 
% 

DPGD 
% 

DES 
% 

DOTP 
% 

DINCH 
% 

ASE 
% 

ACT 
% 

DINP 
% 

Flash 
Point 
(°C) 

Miscibility 
Temperature 

(°C) 
10 90       121 RT 
30 70        40 
10  90      177 RT 
30  70      164 RT 
10   90     184 RT 
30   70     165 RT 
10    90    186 RT 
30    70    166 RT 
10     90    -1 
30     70    -1 

10      90  173 RT 
30      70  159 RT 
10       90 1782 RT 
30       70 1592 RT 
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Table 12. Miscibility screening between oil C and plasticisers 
Oil C 

% 
DPGD 

% 
DES 

% 
DOTP 

% 
DINCH 

% 
ASE 

% 
ACT 

% 
DINP 

% 
Flash 
Point 
(°C) 

Miscibility 
Temperature 

(°C) 
10 90        53 
30 70        68 
10  90      190 RT 
30  70      198 RT 
10   90     227 RT 
30   70     216 RT 
10    90    225 RT 
30    70    218 RT 
10     90    -3 

30     70    -3 

10      90  205 RT 
30      70  207 RT 
10       90 2164 RT 
30       70 2174 RT 

 
Table 13.Miscibility screening between oil D and plasticisers 

Oil D 
% 

DPGD 
% 

DES 
% 

DOTP 
% 

DINCH 
% 

ASE 
% 

ACT 
% 

DINP 
% 

Flash 
Point 
(°C) 

Miscibility 
Temperature 

(°C) 
10 90        75 
30 70        87 
10  90      192 RT 
30  70      191 RT 
10   90     232 RT 
30   70     227 RT 
10    90    223 RT 
30    70    231 RT 
10     90    -3 
30     70    -3 

10      90   77 
30      70   84 
10       90 2284 RT 
30       70 2304 RT 

  

                                                
 
3 Partial miscibility (three phases) 
4 Flashpoint from GRABNER INSTRUMENTS MINIFLASH (ASTM 7094) 
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3.3 PVC Solubility Temperature 
After the miscibility screening and flash point analysis DPGD, ACT and ASE blends was excluded 
from further study. They all showed some compatibility problem with the mineral oils and DPGD 
also had a low flash point.   
 
The solid-gel transition temperature, clear resin temperature or solubility temperature Tm gives 
information about the solvent power and compatibility between the plasticisers and the PVC resin. 
A lower solubility temperature indicates a higher solvent power and/or higher compatibility 
between the plasticiser and PVC (Titow, 1990) (van Oosterhout, 1999). Literature values found 
for DINP S-PVC with K-value 71 tested according to DIN 53408 was Tm=132°C (BASF SE, 
2013). The result we got for DINP was 135°C even though the heating rate used in this study was 
slightly higher than 2°C / minute that DIN 53408 specifies, the values seem comparable. 
Neat DINP had the lowest solubility temperature 135°C indicating it has the highest solvent power 
and/or compatibility with PVC. Followed by neat (DOTP 139°C, DINCH 140°C and DES 145°C). 
For the blends including mineral oil, the solubility temperature increases. A weak trend is that the 
thicker grades requires higher temperature than the thinner. See Table 14 for solubility 
temperatures. 
 

Table 14. PVC solubility temperature (PVC/plasticiser/oil, 1:19:0 and 1:17.1:1.9)  

Oil DES 
(°C) 

DOTP 
(°C) 

DINCH 
(°C) 

DINP 
(°C) 

- 145    
A 148    
B 145    
C 144    
D 149    
-  139   
A  145   
B  144   
C  141   
D  145   
-   140  
A   149  
B   144  
C   146  
D   152  
-    135 
A    141 
B    141 
C    145 
D    142 
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3.4 Rheometry 
The graphs from the DSR show changes in viscoelastic behaviour as a function of temperature. G´ 
is the storage modulus which represents the tested materials ability to store elastic energy. G´´ is 
the loss modulus which represents the materials ability to dissipate energy (viscous). Figure 11 
shows all the analyses for the neat plasticisers and PVC blends in the same figure. The 
measurement is done from 60°C to 200°C, and at 74-80°C (depending on which plasticiser that is 
studied) there is rapid increase in both storage and loss modulus. This indicates the start of the 
gelation phase. The first peak of moduli is very close to the Tg of the pure PVC resin (Nakajima 
& Harrell, 1986). This is because the plasticiser has not yet fully migrated into the resin particles 
and lowered the Tg. A “gelation” peak that starts at a low temperature and ends at a high magnitude 
of moduli indicate that the solvent power or compatibility for the plasticiser is high. The second 
peak of moduli at a 125-140°C (depending on plasticiser and most distinct for DINCH in figure 
12) indicates that the gelation phase is decreasing and that fusion process is starting to dominate. 
At the end of the graphs 175-190°C (depending on plasticiser, see figure 11) G´ and G´´ cross each 
other and indicate that the fusion is completed and the material melts, the viscous part G´´ is then 
dominant. (Nakajima & Harrell, 1986) (Nakajima & Kwak, 1991) 
   
The results from the DSR of neat plasticisers and PVC (figure 10) indicates that either DINP or 
DES has the strongest solvent power and or compatibility with PVC. This is depending if you look 
at the gelation start temperature or the maximum magnitude of the moduli at the first peak. DINCH 
seems to be the weakest solvent and also needs the highest temperature for complete fusion. 
 
In the mineral oil containing blends the trend is that the gelation and complete fusion temperature 
is slightly increased in comparison with the neat plasticiser blends. This is especially true for 
DINCH where the temperature for gelation and complete fusion in increased by ~5°C for the 
blends containing mineral oil, see figure 11. For DES and DOTP the gelation temperature is not 
significantly increased by the addition of mineral oil to the blend. The complete fusion temperature 
is slightly more effected but not as much as for DINCH. A conclusion from these differences in 
gelation and complete fusion temperature could be that DINCH is more affected by the addition 
of mineral oil than DES and DOTP. Differences between the different oil grades are relatively 
small for all plasticiser types but it seems like the complete fusion temperature is slightly higher 
for the thicker oil grades. 
 
A comparison between the predicted Tg value from the first peak of moduli indicates a Tg in the 
range 85-95°C depending on which plasticiser blend that is observed. That corresponds quite well 
to the DSC analysis of pure PVC Shin-Etsu S70-16 which indicates a Tg at 87°C (See Figure 10).    
 

 
Figure 10. DSC of PVC Shin-Etsu S70-16 
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Figure 11. Viscoelastic profile of PVC and primary plasticisers (PVC/plasticiser/oil, 2:3:0 and 20:27:3) 

 

 
 
 
 
 

 
Figure 12.Viscoelastic profile of PVC-DINCH and mineral oils (PVC/plasticiser/oil, 2:3:0 and 20:27:3)  
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Figure 13.Viscoelastic profile of PVC-DES and mineral oils (PVC/plasticiser/oil, 2:3:0 and 20:27:3) 

 

 
 
 
 
 

 
Figure 14.Viscoelastic profile of PVC-DOTP and mineral oils (PVC/plasticiser/oil, 2:3:0 and 20:27:3) 
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3.5 PVC Sample Films 
Epoxidized soy bean oil is added as a secondary plasticiser together with phthalate plasticiser 
DINP for the reference films. That combination is very common in the industry and is added to 
the to be able to do a comparative study for phthalate replacement with mineral oils and non-
phthalates plasticisers. See Table 9 for compositions of PVC sample films. 
 
Hardness 
A Durometer measures the depth of indention in the material it is pressed against. A soft material 
gives a deeper indention and a lower Shore value.   
Hardness measurements of the PVC films indicate that DES has the highest plasticising effect with 
a value close to 80 Shore A, see Figure 15. But when mineral oil is added to DES as a secondary 
plasticiser, the hardness is increased by ~5 shore A. This indicates that the secondary plasticiser is 
either less efficient than the primary, or that it affects DES shielding or interaction with the 
surrounding PVC chains. This increase in hardness is not as obvious for the other non-phthalate 
plasticisers, but the hardness still increases slightly when the mineral oil is present for both DOTP 
and DINCH. 
 
When DINP is used together with ESO, the opposite behaviour is showed. The hardness is 
decreased with ~3 Shore A when ESO is added as a secondary plasticiser. A conclusion from this 
is that either is ESO a more efficient plasticiser then DINP or that some synergistic effect is 
created. Literature substitution factors (SF) is 1.10 for ESO and 1.06 for DINP indicating that ESO 
has a slightly more plasticising effect (Grossman, 2008). A comparison with hardness values from 
literature for neat DINP at 50 phr load level predicts 85 Shore A hardness (Grossman, 2008). 
Which is slightly softer than the 89 Shore A hardness DINP the sample film was determined to.      
 
DOTP have the second highest plasticising effect of the non-phthalates and show similar hardness 
as DINP at 89 Shore A. DINCH has the lowest plasticising effect of all tested plasticisers.  
  
Thermal ageing 
Hardness testing was also performed on sample films that had been thermally aged at 80°C for 
168 h. The results varied depending on the composition. DINP with or without ESO became softer 
after ageing, ~1-3 shore A. DES became harder after ageing for both with and without mineral oil, 
~1-3 shore A. DOTP became softer after ageing or most blends, both with and without mineral oil. 
For DINCH the trend or effect of ageing was not so clear. 
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Figure 15. Hardness of PVC sample films (PVC/plasticiser/oil, 2:1:0 and 20:9:1) 

 
Tensile Testing 
Tensile strength is slightly higher for DOTP than for the other plasticisers. The tensile strength 
for DOTP seems to lowered by the heavier oil grades. For the other plasticisers there no clear 
trend can be seen regarding the influence of oils. Tensile strength does not seem to be affected 
by the ageing process to any greater extent. See Figure 16 for tensile strength.  
 
DES has the lowest tensile stress at 100% strain, but is highly affected by the ageing process. 
After ageing the tensile stress is substantially increased, especially for the heavier grades. For the 
other plasticisers, the ageing does not give any bigger impact on the tensile stress. A general 
trend seems to be that the tensile stress is increased with the heavier grades of oil. For DINP, the 
tensile stress at 100 % strain is slightly lowered when ESO is added (see Figure 17). This is 
similar that was seen in the hardness measurements in Figure 15.  
 
DES showed the highest elongation at break but also seem to be most affected by the ageing. A 
general trend is that the elongation is lowered for the thicker oil grades. See figure 18.  
 
The tensile testing results indicate that the plasticizing effect for DES is higher than for the other 
plasticisers, but DES is also most negatively affected by the ageing. DINP had the second 
highest plasticizing effect followed by DOTP and DINCH. The plasticising effect seems to be 
slightly decreased by the addition of oil, while the opposite effect can be seen when ESO is 
added to DINP.     
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Figure 16. Tensile strength (PVC/plasticiser/oil, 2:1:0 and 20:9:1) 

 

 

 
Figure 17. Tensile stress at 100% strain (PVC/plasticiser/oil, 2:1:0 and 20:9:1) 
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Figure 18. Elongation at break (PVC/plasticiser/oil, 2:1:0 and 20:9:1) 

 

 
 
Shrinkage  
DES showed the highest loss of both mass and volume after ageing. The loss of volume and mass 
was significant for both the blends with oil and the blends without oil. This indicates that it is not 
only the mineral oil that is migrating but also the primary plasticiser. DES has the lowest molecular 
weight of all the plasticisers Mw 342.51 g/mol. A low molecular weight can increase volatility, but 
volatility can also be effected of how strong the intermolecular forces are between the different 
components in the material. The DINP blends had a small mass and volume increase after the 
thermal ageing even for the blends containing ESO. This is probably related to moist uptake either 
during the ageing or afterwards. Pure DOTP and DINCH also had an increase in mass after ageing. 
All the blends with mineral oil showed a trend were the thinner grades of mineral oil had bigger 
mass losses, and the thicker grader stayed better in the material. This trend is most probably related 
to differences in volatility between the mineral oils. See figure 19 for results.   
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Figure 19. Mass and volume changes after thermal ageing at 80°C for 168h (PVC/plasticiser/oil, 2:1:0 and 20:9:1) 

 

 
 
Colour Stability 
All PVC sample films containing only a primary plasticiser reacted similarly to the UVA exposure. 
The samples that had been exposed were slightly less coloured than the ones who had been stored 
dark during the ageing. The PVC films with DINP and ESO as a secondary plasticiser also showed 
the same tendency and were slightly less coloured. The PVC films samples with mineral oil blends 
got a yellow discoloration of varying degree. The heavier grades C and D hade more colour from 
the start but were also more discoloured than the lighter grades of mineral oil. The discoloration 
of the mineral oils is due to oxidation processes that are accelerated by the UVA light and increased 
temperature in the UVA chamber. The UVA light creates free radicals which react with oxygen 
and form peroxides. The peroxides can then react and create other species that discolour the oils. 
More refined and more hydrotreated naphthenic oils have a lower content of polyaromatics, which 
are sensitive to oxidation. That is why the heavier less refined and less hydro treated oil grades are 
more discoloured than the thinner oil grades (Sheng, Chao, Xingguo, Shujie, & Tianhui, 2005). 
See Figure 20 for results, DES is named DOSX on photo of PVC samples. 
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Figure 20.Colour stability before and after 500 hours of UVA exposure (PVC/plasticiser/oil, 2:1:0 and 20:9:1) 

 

 
 
Oxidation Induction Temperature 
During the oxidation test, the PVC sample films are heated at a constant rate in an oxygen 
atmosphere. At a certain temperature, oxidation of the compound will start and will be reported as 
an exothermic reaction by the DSC cell. The oxidation temperature depends heavily on the 
stabiliser compositions used but also on the base polymer and plasticisers. The stabilisers used are 
50/50wt% mix of Ca and Zn stearate at 1 phr. In studies by (Benaniba, Bekhaneche-Bensemra, & 
Gelbard, 2003) and (Lecon, Ding, Ling, & Westphal, 1997)  it was found that ESO together with 
a CaZn stearate stabilisers prolonged the oxidation induction time. However, the results of this 
study did not show any such synergistic effects. The only differences found is that the exothermal 
onset peak is much lower for neat DINP then for DINP with ESO, see Figure 21. DINP, DES, 
DOTP and DINCH all showed similar onset temperatures at ~223°C regardless of secondary 
plasticiser, see Figure 22-24. This could indicate that the oxidation induction temperature primarily 
is dependent on the choice of stabilisers and base polymer. 
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Figure 21. Oxidation induction temperature DINP(PVC/plasticiser/oil, 2:1:0 and 20:9:1) 

 

 
 
 
 
 
 
 
 
 

 
Figure 22. Oxidation induction temperature DES (PVC/plasticiser/oil, 2:1:0 and 20:9:1)
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Figure 23.Oxidation induction temperature DOTP (PVC/plasticiser/oil, 2:1:0 and 20:9:1) 

 

 
 
 
 
 
 
 
 

 
Figure 24.Oxidation induction temperature DINCH (PVC/plasticiser/oil, 2:1:0 and 20:9:1) 
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5 CONCLUSIONS 

5 Conclusions 
PVC-plasticiser interaction is very precise. The plasticiser needs to have exactly the right type of 
molecular structure to make the most out of the polymer. The traditional phthalate plasticisers 
provide excellent PVC compatibility together with low volatility at a good price. Non-phthalate 
replacements must have properties that are as good at a reasonable price.    
 
The solubility temperature and especially the DSR can give valuable information about solvent 
power, compatibility, gelation and fusion processes which are key factors in finding the right 
primary and secondary plasticiser couple. The addition of mineral oil to the tested non-phthalate 
plasticisers lowers the solvent power and slows down gelation and fusion processes. DINCH seems 
to be more slowed down than DES and DOTP with an addition of mineral oil. This can be seen in 
the results from DSR. 
 
The hardness and tensile testing measurements showed that the mineral oils did not contribute with 
any plasticizing effect for the non-phthalate plasticisers tested. The hardness was instead slightly 
increased for all the sample films that included mineral oil. This indicates that the mineral oil either 
is less efficient as a plasticiser or that it effects the primary plasticisers intramolecular shielding 
between the PVC chains. DINP together with ESO seemed to show the opposite behaviour and 
was more plasticised with the secondary plasticiser added, which leads to thinking that some 
synergistic effects are created between them. 
 
 The mass and volume shrinkage showed that the migration of mineral oil was low, especially the 
thicker mineral oils C-D had very low migration. Colour stability test showed that the thicker 
mineral oil grades had some problems with discolouration. The discolouration is probably related 
to polyaromatics and also oxidation stability. For transparent PVC that could give problems but 
for coloured qualities, it would work. 
More research is needed for selection of a primary plasticiser that suits mineral oils.  
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6 FUTURE WORK 

6 Future work 
 
 

• Better understanding of solvent power and compatibility with the PVC resin, to be able to 
differentiate these two properties from each other. 
 

• Investigate relationship between polarity of plasticiser and solvent power.  
 

• Run Dynamical Mechanical Analysis (DMA) and determine Tg for the different PVC 
film samples. This would give good information about plasticiser efficiency. A large 
number of DSC runs with different settings was performed without any success of 
determining Tg for the plasticized PVC films. 
 

• Determine solubility parameters for mineral oils and match those to suitable plasticisers. 
This could optimise the search for more suitable plasticisers. 

 
 

• Chemically modify mineral oils, addition of active groups to increase compatibility with 
PVC. 

 
• Try to theoretically (atomistic simulations, molecular modelling, solubility parameters) 

predict more optimal primary plasticisers to evaluate together with mineral oils.   
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APPENDIX A:  
 

 
Table 15. Hardness of PVC sample films before and after thermal at 80°C for 168h 

Primary Plasticiser Secondary Plasticiser Hardness  
(Shore A) 

Hardness after 
thermal ageing 

(Shore A) 
DINP - 89 ± 0.8 87 ± 0.5 
DINP ESO A 86.4 ± 0.5 83.4 ± 0.4 
DINP ESO B 86.2 ± 0.7 85.3 ± 0.3 
DES - 79.7 ± 1 82.4 ± 0.4 
DES A 85.1 ± 0.3 85.9 ± 0.6 
DES B 84.4 ± 0.5 85.7 ± 0.8 
DES C 85.1 ± 0.3 85.8 ± 0.5 
DES D 85.4 ± 0.3 88.3 ± 0.9 

DOTP - 89.5 ± 0.6 86.5 ± 0.4 
DOTP A 91.6 ± 0.2 89.4 ± 0.4 
DOTP B 90.9 ± 0.4 89.8 ± 0.5 
DOTP C 92.2 ± 0.1 91.7 ± 0.3 
DOTP D 91.9 ± 0.2 93.1 ± 0.3 

DINCH - 88.6 ± 0.3 86.9 ± 0.3 
DINCH A 90.7 ± 0.4 89.9 ± 0.6 
DINCH B 91.1 ± 0.3 92.6 ± 0.5 
DINCH C 92.2 ± 0.5 92.8 ± 0.5 
DINCH D 93.8 ± 0.5 93.4 ± 0.8 

 
 

Table 16.Mass and volume changes after thermal ageing at 80°C for 168h 

Primary Plasticiser Secondary Plasticiser Mass Change  
% 

Volume Change 
 % 

DINP - 0.7 ± 0.1 3.4 ± 0.3 
DINP ESO A 0.8 ± 0.1 2.0 ± 0.6 
DINP ESO B 0.7 ± 0.2 1.8 ± 0.5 
DES  - -4.6 ± 0.3 -4.1 ± 0.3 
DES  A -6.1 ± 0.3 -8.6 ± 0.7 
DES  B -5.2 ± 0.5 -6.6 ± 0.6 
DES  C -4.7 ± 0.9 -2.6 ± 1.6 
DES  D -3.8 ± 0.5 -4.7 ± 0.7 

DOTP - 0.7 ± 0.3 -0.1 ± 1.0 
DOTP A -1.6 ± 0.3 -3.1 ± 0.1 
DOTP B -0.9 ± 0.1 -1.8 ± 1.0 
DOTP C 0.3 ± 0.3 -0.4 ± 1.3 
DOTP D -0.5 ± 0.2 -1.5 ± 0.7 

DINCH - 0.6 ± 0.1 1.4 ± 0.5 
DINCH A -1.6 ± 0.1 -2.7 ± 0.8 
DINCH B -1.1 ± 0.1 -1.6 ± 1.2 
DINCH C 0.5 ± 0.1 -0.1 ± 0.3 
DINCH D 0.5 ± 0.1 -0.3 ± 0.7 
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Table 17. Tensile testing PVC sample films  

Primary 
Plasticiser 

Secondary 
Plasticiser 

Tensile Strength 
(MPa) 

Elongation at 
Break 

% 

Tensile Stress at 
100% Strain 

(MPa) 
DINP - 18.171 ± 0.44 482 ± 37.65 9.635 ± 0.269 
DINP ESO A 16.617 ± 0.791 434 ± 47.087 8.359 ± 0.446 
DINP ESO B 19.209 ± 0.586 541 ± 41.287 9.106 ± 0.089 
DES - 18.208 ± 0.202 699 ± 19.216 5.805 ± 0.188 
DES A 18.233 ± 0.753 618 ± 49.707 6.98 ± 0.179 
DES B 17.095 ± 1.428 559 ± 83.826 7.388 ± 0.227 
DES C 14.485 ± 0.94 417 ± 56.105 6.572 ± 0.2 
DES D 18.351 ± 0.52 648 ± 24.725 7.31 ± 0.123 

DOTP - 19.835 ± 0.649 578 ± 25.692 10.649 ± 0.224 
DOTP A 19.06 ± 0.541 464 ± 40.479 11.848 ± 0.235 
DOTP B 18.501 ± 0.699 503 ± 74.453 10.27 ± 0.218 
DOTP C 17.947 ± 1.248 433 ± 115.392 11.167 ± 0.348 
DOTP D 17.487 ± 1.092 388 ± 77.597 11.348 ± 0.43 

DINCH - 16.229 ± 1.073 382 ± 82.145 9.12 ± 0.805 
DINCH A 17.896 ± 1.163 475 ± 87.603 10.108 ± 0.471 
DINCH B 17.58 ± 1.174 423 ± 96.431 10.455 ± 0.338 
DINCH C 17.531 ± 0.845 404 ± 84.041 11.254 ± 0.285 
DINCH D 15.458 ± 0.899 275 ± 56.503 11.302 ± 0.584 

 
 

Table 18. Tensile testing PVC sample films after thermal ageing at 80°C for 168h 

Primary 
Plasticiser 

Secondary 
Plasticiser 

Tensile Strength 
(MPa) 

Elongation at 
Break 

% 

Tensile Stress at 
100% Strain 

(MPa) 
DINP - 17.52 ± 0.901 475 ± 70.852 9.831 ± 0.432 
DINP ESO A 17.098 ± 1.246 488 ± 98.352 8.622 ± 0.374 
DINP ESO B 16.575 ± 1.187 430 ± 89.743 8.763 ± 0.412 
DES - 17.343 ± 1.576 520 ± 80.404 8.016 ± 1.203 
DES A 17.381 ± 2.087 480 ± 110.658 8.677 ± 0.458 
DES B 17.491 ± 0.401 519 ± 12.064 8.918 ± 0.21 
DES C 17.112 ± 0.679 438 ± 46.023 10.606 ± 1.098 
DES D 18.368 ± 0.697 568 ± 20.104 10.347 ± 1.268 

DOTP - 19.549 ± 0.324 595 ± 20.909 9.251 ± 0.242 
DOTP A 18.548 ± 1.188 490 ± 102.515 10.914 ± 0.264 
DOTP B 18.345 ± 1.497 475 ± 97.897 10.793 ± 0.359 
DOTP C 17.504 ± 1.091 417 ± 98.361 10.964 ± 0.369 
DOTP D 16.46 ± 1.601 331 ± 107.235 11.916 ± 0.519 

DINCH - 16.268 ± 2.187 434 ± 143.741 8.951 ± 0.357 
DINCH A 16.521 ± 1.801 375 ± 147.656 10.748 ± 0.23 
DINCH B 16.471 ± 1.696 377 ± 118.561 10.661 ± 0.44 
DINCH C 16.999 ± 1.191 387 ± 85.519 11.226 ± 0.528 
DINCH D 14.871 ± 2.804 289 ± 155.235 11.354 ± 0.266 
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Table 19.Aniline point and viscosity for plasticiser and oil blends 

 
 

Table 20.Aniline point and viscosity for plasticiser and oil blends 

 

Oil 
A 
% 

 DPGD 
% 

DES 
% 

DOTP 
% 

DINCH 
% 

ASE 
% 

ACT 
% 

DINP 
% 

Aniline 
point 
(°C) 

Viscosity 
kv40 
(cSt) 

Viscosity 
kv100 
(cSt) 

10 90       34 24,89 3,60 
30 70             
10  90      RT 6,9 2,0 
30  70      RT 7,0 2,0 
10   90     RT 25,6 4,4 
30   70     RT 19,1 3,6 
10    90    RT 19,2 3,8 
30    70    RT 15,9 3,3 
10     90         
30     70         
10      90  RT 14,2 2,9 
30      70  39 11,9 2,6 
10       90       
30       70       

Oil 
B 
% 

DPGD 
% 

DES 
% 

DOTP 
% 

DINCH 
% 

ASE 
% 

ACT 
% 

DINP 
% 

Aniline 
point 
(°C) 

Viscosity 
kv40 
(cSt) 

Viscosity 
kv100 
(cSt) 

10 90       37 27,9 3,8 
30 70             
10  90      RT 7,3 2,1 
30  70      RT 8,7 2,3 
10   90     RT 28,4 4,6 
30   70     RT 26,1 4,3 
10    90    RT 21,1 4,0 
30    70    RT 21,0 3,9 
10     90         
30     70         
10      90  RT 15,6 3,1 
30      70  51 15,3 3,1 
10       90       
30       70 	 	 	 
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Table 21.Aniline point and viscosity for plasticiser and oil blends 

 
 

Table 22.Aniline point and viscosity for plasticiser and oil blends 

 
 
 
 
 
 
 
 
 
  

Oil 
C 
% 

DPGD 
% 

DES 
% 

DOTP 
% 

DINCH 
% 

ASE 
% 

ACT 
% 

DINP 
% 

Aniline 
point 
(°C) 

Viscosity 
kv40 
(cSt) 

Viscosity 
kv100 
(cSt) 

10 90             
30 70             
10  90      RT 8,0 2,2 
30  70      RT 11,5 2,8 
10   90     RT 32,3 5,0 
30   70     RT 39,2 5,5 
10    90    RT 23,7 4,3 
30    70    RT 30,5 4,9 
10     90         
30     70         
10      90  50 17,7 3,4 
30      70  71 23,2 3,9 
10       90       
30       70       

Oil 
D 
% 

DPGD 
% 

DES 
% 

DOTP 
% 

DINCH 
% 

ASE 
% 

ACT 
% 

DINP 
% 

Aniline 
point 
(°C) 

Viscosity 
kv40 
(cSt) 

Viscosity 
kv100 
(cSt) 

10 90             
30 70             
10  90      RT 8,6 2,4 
30  70      36 14,7 3,3 
10   90     RT 35,8 5,4 
30   70     25 53,1 6,7 
10    90    RT 25,9 4,6 
30    70    31 40,3 6,0 
10     90         
30     70         
10      90        
30      70        
10       90       
30       70       
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