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Agenda
 Brief Polymers 101
 Basics of SBCs 
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Key Takeaways 
 The term “Polymer Modified Asphalt” is (too) generic.  It is 

important to consider what specific type of polymer is needed.
 SBCs are a unique class of polymers that are well-adapted for 

asphalt modification but are also highly adaptable for specific 
needs.



Polymers 101

 Intro to polymers
 Drivers for polymer properties
 Intro to Tg
 Intro to viscoelasticity
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What are Polymers?
 Literally means “many mers (or 

units)”
 Begin with a small molecule 

monomer (yes, “one mer”)

 Covalently* link many monomers 
together to form a longer chain 
Polymerization
 Macromolecule

 Variety of ways to build polymers
 Polymers 201

 Polymers are everywhere!
 Natural Polymers:

 Starch
 Cellulose
 Proteins
 Silk
 DNA

 Synthetic Polymers:
 Textiles
 Coatings
 Adhesives
 Plastics
 Rubbers
 Etc…

* Chemical bond  strongest type of bond



Why Do We Care About Polymers?
 Short answer  Size matters!!!!

 We can define a molecule’s size/length by 
its molecular weight (MW)
 g/mol, kg/mol, Daltons (also g/mol)

 Polymer MW >>>>>>> monomer MW

 Intrinsic material properties are heavily 
influenced by MW

 But, how…
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MOLECULAR WEIGHT

Mechanical Properties

Viscosity



Intermolecular Interactions
 Molecules have attractive forces, like 

weak magnets intermolecular 
interactions

 Apply a force, F,  and a single magnet pair 
can be pulled apart relatively easily

 Four magnet pairs linked together require 
more force to separate completely
 Every time a magnet pair is displaced, a 

new pair is formed
 F increases with molecular weight

 Increase in F = increase in 
strength!
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Chain Entanglements and Cross-linking
 Above a critical molecular weight, polymer 

chains will entangle  Like noodles 
 Creates a 3rd dimension with respect to 

intermolecular interactions  increases F
 Crosslinking generally involves forming 

covalent bonds between molecules
 Have to break bonds to separate chains 

(>>>>F)
 Thermosets

 Some crosslinks are formed by non-covalent 
interactions (e.g. crystallinity, phase 
separation)
 Higher F, but does not require breaking 

bonds
 Thermoplastics

 In some cases, reversible when force is 
removed

 Both strong and highly elastic
 Thermoplastic elastomers

 SBS polymers
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Polymer Architecture is Key!
 Polymers can be more than just strings or 

noodles!

 Linear (strings or noodles)

 Branched

 Radial

 Crosslinked

 Each architecture will have a unique set of 
properties even at the same molecular 
weight

 SBCs have access to all of these 
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Polymer Composition is (Also) Key!

 Homopolymers 
 Single monomer

 Properties are dictated by monomer 
selection*
 Polystyrene  stiff and brittle at room 

temperature
 Polybutadiene  soft and weak at room 

temperature
 Copolymers

 Two or more monomers combined in a 
single chain

 Multiple types and nearly infinite number 
of compositions limited only by polymer 
chemistry

 Random copolymers
 Two or more monomers combined in a 

statistical mixture

 Properties are a statistical average based on 
relative composition*

 EVA copolymers, reactive terpolymers, SBR 
(latex and rubber)

 Block copolymers
 Two or more polymers covalently linked

 Properties are governed by morphology*
 Not as sensitive to composition
 Both sets of properties in a single molecule

 SB and SBS polymers* At a given molecular weight



Glass Transition (Tg)
 What is a glass transition?

 The onset of short range chain segmental 
motion…blah, blah, blah

 Think of it as a softening point for a polymer
 It is not a “melting point”, nor does it indicate 

“flow”  both involve more long-range chain 
motions

 Characterized by a distinct change in the 
modulus/stiffness/viscosity of the polymer
 Reversible

 What influences Tg?
 Monomer selection/composition
 Molecular weight
 Interactions

 Why do we care?
 Below Tg

 Resistance to deformation 
stiffer

 Beneficial to high temp PMA  
metrics

 Above  Tg
 More mobile (faster relaxations)
 Softer
 Beneficial to low temp PMA 

metrics
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Glass Transition (Tg)
 Tgs of various polymers used in 

PMAs:
 Ethylene/vinyl acetate (EVA) 

copolymers: -80 °C to ~30 °C
 Single Tg
 Depends on the relative composition

 Ethylene/n-butyl acrylate/ GMA 
copolymers: -80 °C to 60 °C
 “Reactive terpolymers”
 Single Tg
 Depends on the relative composition

 Styrene/butadiene random
copolymers (SBR latex or rubber):     
-100 °C to 100 °C
 Single Tg
 Depends on the relative composition
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 Styrene/butadiene block copolymers 
(SB/SBS):  -80 °C AND 100 °C
 Always has two Tgs regardless of 

composition
 Benefit of good high and low temp 

performance in one polymer 

Typical Temperature Sweep 
Profile of SBS Block Copolymers

Polybutadiene Tg

Polystyrene Tg



Short Discussion on Viscoelasticity
 Polymers demonstrate characteristics of both 

viscous liquids and elastic solids across broad 
temperature ranges  Viscoelastic

 Elastic response to applied force:
 Near instantaneous, but limited, deformation
 Near complete recovery
 Chain extension, strong 2° interactions, 

crosslinked

 Viscous response to applied force:
 Slow, nearly infinite deformation
 Minimal recovery
 Chain rearrangement, slippage through 

entanglements, weak 2° interactions

 Polymer behavior can be modeled as 
combinations of springs and dashpots in series 
and/or in parallel  like a circuit

 Linear viscoelasticity
 Stress is directly proportional to 

strain
 “Simple” math to describe 

behavior
 All polymers exhibit linear 

viscoelastic behavior at small 
strains

 Most analyses are done in this 
regime

 Non-linear viscoelasticity
 At larger strains, the relationship 

between stress and strain is more 
complex  difficult to model

 Ultimate failure occurs in this 
regime 
 Challenge for predicting long 

term failure
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Elastic Spring

Spring 
constant, k 
(modulus)

Viscous Dashpot

Viscosity, η



Viscoelasticity in Practice  Creep Experiment (MSCR)*
 Stress is applied at T1

 Instantaneous elongation
 Spring

 Slow, continuous elongation 
between T1 and T2
 Dashpot

 Stress is removed at T2

 Instantaneous recovery
 Spring 

 Significant irrecoverable strain
 DashpotTime

%
 S

tr
ai

n

T1 T2

Stress applied 

Stress removed

* Different types of polymers will have different viscoelastic behavior



Questions?
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SBC Basics

 What are SBCs? (more than SBS!)
 Unique properties of SBCs
 Alternatives to SBCs
 HiMA Test Case
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What are Styrenic Block Copolymers (SBCs)?
 Polystyrene covalently coupled to another 

polymer
 Typically a “rubber” block
 Most typically for PMAs, the rubber block is 

polybutadiene
 Can be a diblock

 Styrene-butadiene (SB)
 Poor network former
 D0243, D1118

 Can be a triblock
 Styrene-butadiene-styrene (SBS)
 Good network former
 D1101, D1192

 Can be a radial
 Multiple diblocks linked together at the 

center
 Best network former
 Generally 3 or 4-arms
 D1184, D1191

 If “polymer architecture 
is key”, SBCs uniquely
allow access to a 
broad range 
 Tunable property set 

for specific 
application needs
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Why are SBCs So Much Fun?
 Styrene and butadiene do not get along

 If the two individual homopolymers were 
blended, they would not mix together
 Macroscopic phase separation

 In an SBC, they are forced to hold hands 
(covalent bond)
 Still not happy, they only mingle with like blocks

 Styrene blocks huddle together and create a 
hard phase within a soft, rubber matrix 
 Acts as a physical (not covalent) crosslink for 

the rubber block
 Microscopic phase separation (10-50nm)

 Crosslinks are not permanent (but are 
reversible)
 At high temperatures (>200°C), styrene and 

butadiene will play together
 Can be melt processed

 For non-P&R applications, SBCs are typically 
compounded with other polymers to improve 
strength, elasticity, and compatibility

Thermoplastic Elastomers
 Over a broad temperature range (~-80 °C 

to 100 °C), polymer behaves like a 
crosslinked rubber
 High elastic recovery
 High strength
 Efficient stress management
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 Crosslinks can be “broken” with 
heat/force

 Will reform



Polymer Composition is (Also) Key!  Morphology
 Micro phase separation leads to structure 

at the nanoscale level  morphology
 Well-defined and controlled

 The specific morphology is a function of 
the relative block compositions*

 General material properties are governed 
by morphology
 Spheres  High elasticity, low strength
 Cylinders  Good elasticity, good strength
 Plates  Low elasticity, high strength

 Optimal PSC for PMAs is ~30%
 Cylinder morphology

 Spheres
 Polystyrene <20%

 Cylinders
 Polystyrene 20 - 40%

 Plates
 Polystyrene 40 - 60%

* PSC <50% for all current commercial offerings

10-50nm

10-50nm

10-50nm



A Note on Vinyl Content (short chemistry lesson…sorry!)
 When butadiene is polymerized, it can occur at one 

double bond (1,2 addition) or through both double bonds 
(1,4 addition)

 Always a mixture of 1,2 and 1,4
 Capable of controlling between ~9 and 80% vinyl content

 PMA grades have 9% (D1101), 40% (D1192), or 60% 
(D0243) VC 

Butadiene monomer
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Polymerization can occur 

C1 C2 C3 C4

C1

C1

C2

C2

C3

C3

C4

C4

 Longer  more flexible
 Lower Tg (-100 °C)

 Larger UTI

 Shorter  Stiffer
 Lower viscosity
 Higher Tg (-10 °C)

Same molecular weight

 Vinyl content (VC)
 More reactive
 Capable of thermally curing



Overview of the SBC Toolbox

 Diblocks (D0243, D1118)
 Easier to blend
 Lower viscosity
 Softer, Less Elastic
 Generally contain low levels of 

triblock*
 Triblocks (D1101, D1192)

 Easy to blend
 Medium viscosity
 Stiffer, more elastic
 May contain low levels of diblock*

 Radials (D1184, MD1194)
 More difficult to blend
 Highest viscosity
 Most elastic
 Most efficient thermal curing
 Mixture of di, tri, and radial*

 Low (<100 kg/mol)
 Easier to blend
 Lower viscosity
 Softer, Less Elastic

 High (>200kg/mol)
 More difficult to blend
 Higher viscosity
 Stiffer, more elastic

 Polystyrene block molecular 
weight has a significant influence 
on high temp properties
 Softening point
 DSR
 MSCR

* Can be well-controlled

 Increasing polystyrene content
 Better high temp properties
 Stiffer
 Less elastic
 Optimal is ~30%

 Increasing vinyl content
 Smaller molecule 

 Easier to blend
 Lower viscosity

 Stiffer, less elastic
 Facilitates curing (thermal or 

with sulphur) with the asphalt
 Viscosity will increase
 Stiffness will increase
 Elastic recovery will improve

Architecture Molecular Weight Composition



Alternatives to SBCs
 Ethylene vinyl acetate (EVA) copolymers

 Single Tg below room temp
 Crystallinity of the ethylene segment 

provides stiffness at elevated temps
 Melting point is below typical mix temps 

 Facilitates blending
 Tg and crystallinity tailored through relative 

composition

 Reactive terpolymers
 Ethylene/ butyl acrylate/ glycidyl 

methacrylate copolymers
 Single Tg below room temp
 Relies on reaction of glycidyl methacrylate 

with bitumen to provide stiffness and 
elasticity

 Reaction generally slow (PPA catalyzed)
 Limited polymer concentration due to 

gelation

 SBR (random copolymer)
 NOT SBS
 Single Tg
 High mol wt (~10x SBS)
 Highly crosslinked

 Good stiffness for high temp properties
 Compatibility is a challenge
 Remains stiff at low temperature 

 GTR
 Highly crosslinked

 Similar +/- as SBR 
 Recycled Plastics (PE, PP, PET, etc)

 Properties strongly depend on crystallinity
 Provide stiffness at elevated temps
 Poor elasticity
 Remains stiff at low temperatures
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HiMA Test Case for Leveraging the Full SBC Toolbox

 S-curve teaches that higher SBC 
loadings are needed to maximize 
performance properties
 Real world testing taught that 

increased SBC loading not only 
improves rutting resistance, but 
can have “durability” benefits as 
well

 Obvious question:  Why hasn’t the 
industry been using Highly 
Modified Asphalt from the 
beginning?
 Answer:  Significant technical 

challenges to overcome

Typical polymer loading (2.5-3.5%)

HiMA Polymer Loading (≥7.5%)



HiMA Test Case for Leveraging the Full SBC Toolbox

 First, viscosity…
 High polymer loading will necessarily

increase viscosity
 Viscosity can be minimized through 

polymer design
 Lower molecular weight
 Polymer architecture

 Radial polymers will have the highest 
viscosity at a given molecular weight and 
loading level  biggest molecule

 Could lower the molecular weight of a 
triblock polymer
 Would require reducing the styrene block 

mol wt to maintain optimal PSC not ideal
 A diblock polymer already has inherently 

lower mol wt with good styrene block size

 Good starting point, but…

 Then, performance…
 Traditional di-block polymers are softer 

and do not have as good recovery 
properties as triblocks or radials

 Need to improve the network forming 
capability of a diblock  crosslinking

 How? 
 Remember vinyl content?
 Vinyl double bonds are more reactive to 

thermal and sulphur crosslinking
 A high vinyl diblock will improve network 

formation and significantly improve 
properties
 Viscosity remains, relatively, low
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HiMA Test Case for Leveraging the Full SBC Toolbox
 The result was the development of D0243

 High vinyl content (60%) diblock polymer

 At 7.5wt% polymer loading, D0243 blends provide:
 >90% recovery in MSCR at 76 C with Jnr <0.1
 Exceeds M320/M332 specifications for DSR at 76 C
 Minimal to no impact on low and intermediate temperature 

performance
 Viscosity less than 5 Pa.s at 135 C

 Breakthrough technology achievable as a 
result of the extensive SBC design toolbox 
and the knowledge of how to best 
leverage the tools

 Allows for thinner pavement designs 
 $$$$

 Pavements last substantially longer 
possible “perpetual” pavement
 Sustainability
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2012
In 2013, intersection was 

resurfaced with a thin overlay 
using a HiMA binder

2019

1st  St and 96th Ave, NYC



Questions?
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Richard.Blackwell@kraton.com

Key Takeaways 
 The term “Polymer Modified Asphalt” is (too) generic.  It is 

important to consider what specific type of polymer is needed.
 SBCs are a unique class of polymers that are well-adapted for 

asphalt modification but are also highly adaptable for specific 
needs.
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Backup Slides

 A bit more discussion on viscoelasticity
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More Discussion on Viscoelasticity
 Viscoelasticity can be visualized as a combination of 

springs and dashpots (in series, parallel, combinations)

 Spring:
 Solid behavior
 Stiffness of spring = modulus
 Finite extension
 Recoverable strain
 Chain extension, strong intermolecular interactions, etc.

 Dashpot (or piston):
 Liquid behavior
 “Liquid” in dashpot has a viscosity (resistance to flow)
 Infinite extension
 Irrecoverable strain
 Chain disentanglements, disruption of intermolecular 

interactions, etc. 
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More Discussion on Viscoelasticity
 Consider a creep experiment (constant stress) 

Two simple models

 Maxwell Model:  Spring and Dashpot in series
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Force

Apply Force

 Spring is instantaneously 
displaced

 Polymer chains are 
extended

 Intermolecular interactions 
are intact

Force

T0T1

T1T2

 Dashpot is displaced more 
slowly

 Disentanglement
 Intermolecular interactions 

are broken

T2T3

Remove Force

 Spring recovers 
instantaneously

 Polymer chains relax

T3T∞

 Dashpot never recovers
 Irrecoverable strain



More Discussion on Viscoelasticity
 Consider a creep experiment (constant stress)  Two 

simple models

 Voight-Kelvin Model:  Spring and Dashpot in parallel
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Force

Apply Force

 Displacement of spring is 
inhibited by the dashpot

 Rigid backbone
 Strong 2° interactions
 Highly branched
 Cross-linked

Force

T0T1

T1T2

 Spring is fully stretched
 No additional elongation can 

occur without breaking bonds
 Cross-linked

T2T3

Remove Force

 Spring recovers slowly
 Polymer chains relax
 2° interactions reform

T3T∞

 Complete strain 
recovery

 Cross-linked

Force

Time

St
ra

in

T1 T2 T3
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