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Abstract	
  

Hot	
   Melt	
   Extrusion	
   (HME)	
   is	
   indisputably	
   the	
   most	
   important	
   procedure	
   in	
   the	
  

polymer	
   processing	
   industry.	
   Only	
   recently	
   have	
   pharmaceutical	
   researchers	
  

introduced	
  the	
  viable	
  HME	
  process	
  as	
  a	
  novel	
  approach	
  to	
  improve	
  bioavailability,	
  

controlled	
   release	
   and	
   drug	
   efficacy	
   and	
   safety.	
   The	
   process	
   design	
   principles	
  

require	
  a	
  fundamental	
  understanding	
  of	
  the	
  handled	
  material’s	
  Rheology.	
  

In	
  this	
  work	
  we	
  present	
  the	
  basic	
  principles	
  of	
  Rheology	
  and	
  polymer	
  adhesion	
  are	
  

discussed	
   and	
   its	
   history	
   explored.	
  Multiple	
   test	
   stands	
   and	
   assays	
   are	
   compared	
  

and	
   literature	
   background,	
   if	
   available	
   used	
   to	
   ratify	
   innovative	
   theories.	
   Two	
  

substances;	
   one	
   polymer,	
   Soluplus®,	
   and	
   one	
   steric	
   acid,	
   calcium	
   stearate,	
   were	
  

investigated	
   in	
   the	
   experimental	
   part.	
   Soluplus®	
   is	
   widely	
   used	
   in	
   HME	
   process,	
  

while	
   calcium	
   stearate	
   has	
   only	
   been	
   recently	
   suggested	
   by	
   E.	
   Roblegg	
   [*].	
  

Otherwise,	
  hardly	
  any	
  long-­‐established	
  literature	
  can	
  be	
  found	
  in	
  this	
  area,	
  which	
  is	
  

seen	
  as	
  highly	
  motivating	
  in	
  creating	
  property	
  profiles	
  for	
  pharmaceutical	
  polymers.	
  

Both	
  substances	
  have	
  been	
  rheologically	
  analyzed	
  by	
  Amplitude,	
  Temperature	
  and	
  

Frequency	
   tests	
   to	
   characterize	
   their	
   Rheology	
   and	
   subsequently	
   create	
   a	
   basic	
  

understanding	
   in	
   regard	
   for	
   testing	
   their	
   adhesiveness.	
   An	
   MCR	
   301	
   Anton	
   Paar	
  

Rheometer	
  was	
  used	
  in	
  all	
  experimental	
  procedures.	
  

The	
   presented	
   basic	
   oscillatory	
   measurements	
   of	
   pharmaceutical	
   Polymers	
   to	
  

characterize	
   and	
   identify	
   the	
   substances’	
   fundamental	
   properties	
   show	
   good	
  

reproducibility	
  and	
  agreement	
  with	
  literature	
  data	
  as	
  available,	
  due	
  to	
  the	
  uniform	
  

sample	
  preparation	
  especially	
  developed	
  for	
  these	
  experiments.	
   	
  It	
  is	
  consequently	
  

used	
   to	
   create	
   better	
   dimensioning	
   for	
   the	
   HME	
   process.	
   As	
   for	
   the	
   adhesion	
  

measurements,	
   data	
   recorded	
   was	
   contradictive	
   and	
   further	
   research	
   has	
   to	
   be	
  

conducted	
  in	
  this	
  area.	
  	
  

References:	
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  and	
  Biopharmaceutic,	
  Vol.79,	
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   1	
  

CHAPTER	
  I	
  

1.1	
  Hot-­‐Melt	
  Extrusion	
  
Pharmaceutical	
   scientists	
   consider	
   rheology	
   as	
   a	
   platform	
   to	
   gain	
   insight	
   on	
  Hot	
  Melt	
  

Extrusion	
  process.	
   The	
  process	
  dimensions	
   and	
  parameters	
  predicate	
  on	
   viscosity	
   and	
  

viscoelastic	
  characteristics	
  of	
  the	
  formulation.	
  Paramount	
  for	
  our	
  motivation	
  to	
  conduct	
  

such	
   research	
   was	
   that	
   there	
   had	
   been	
   very	
   little	
   previous	
   studies	
   on	
   the	
   subject	
  

concerning	
   pharmaceutical	
   ingredients,	
   which	
   is	
   reflected	
   in	
   the	
   fact	
   that	
   there	
   are	
  

hardly	
  any	
  literature	
  references	
  available	
  to	
  date.	
  	
  

It	
   has	
  been	
  estimated	
   that	
   40–60%	
  of	
  drugs	
   in	
  development	
  have	
  poor	
  bioavailability	
  

due	
   to	
   low	
   aqueous	
   solubility.	
   This	
   percentage	
   is	
   likely	
   to	
   increase	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

in	
   the	
   future	
   with	
   the	
   increased	
   use	
   of	
   combinatorial	
   chemistry	
   in	
   drug	
   discovery	
  

targeting	
   lipophilic	
   receptors.	
   Poor	
   bioavailability	
   results	
   in	
   increased	
   development	
  

times,	
  decreased	
  efficacy,	
  increased	
  inter-­‐	
  and	
  intra-­‐patient	
  variability	
  and	
  side	
  effects,	
  

and	
  higher	
  dosages	
  that	
  reduce	
  patient	
  compliance	
  and	
  increase	
  cost	
  [1].	
  	
  

Thus,	
   the	
   ability	
   to	
   improve	
   drug	
   solubility	
   and	
   hence	
   bioavailability	
   through	
  

formulation	
  and	
  process	
  technology	
  is	
  critical	
  to	
  improving	
  a	
  drug	
  product’s	
  efficacy	
  and	
  

safety	
  and	
  reducing	
  its	
  cost.	
  HME	
  is	
  the	
  process	
  of	
  applying	
  heat	
  and	
  pressure	
  to	
  melt	
  a	
  

polymer	
  and	
  force	
  it	
  through	
  an	
  orifice	
  in	
  a	
  continuous	
  process	
  [2].	
  By	
  HME	
  it	
  is	
  possible	
  

to	
  improve	
  bioavailability	
  of	
  ‘‘difficult’’	
  actives	
  by	
  the	
  formation	
  of	
  solid	
  dispersions	
  and	
  

solid	
   solutions.	
   This	
   is	
   relevant	
   for	
   poorly	
   soluble	
   pharmaceutically	
   active	
   substances,	
  

frequently	
   encountered	
   among	
   novel	
   active	
   ingredients	
   [2].	
   Hot	
   Melt	
   extrusion	
   is	
   of	
  

particular	
   interest	
   for	
   dispersing	
  APIs	
   in	
   a	
  matrix	
   at	
   the	
  molecular	
   level,	
   thus	
   forming	
  

solid	
   solutions.	
   As	
   the	
   drug	
   development	
   branch	
   is	
   constantly	
   noting	
   an	
   increase	
   in	
  

poorly	
   soluble	
   chemical	
   entities,	
   the	
   technique	
   is	
   currently	
   becoming	
  more	
   important	
  

then	
  ever	
  [5].	
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Furthermore,	
   the	
   formation	
   of	
   solid	
   dispersion	
   offers	
   great	
   possibilities	
   for	
   the	
  

manufacturing	
  of	
  controlled	
  release	
  formulations	
  and	
  dosage	
  forms.	
  

	
  

	
  

	
  

	
  

	
  

	
  
Various	
   pharmaceutical	
   applications	
   perform	
   with	
   low	
   soluble	
   APIs,	
   thus	
   the	
   call	
   for	
  

improving	
   the	
   solubility	
   of	
   the	
   compounds	
  was	
   large.	
   Recently,	
   a	
   number	
  of	
   research	
  

groups	
  have	
  demonstrated	
  Hot-­‐Melt	
  Extrusion	
  processes	
  as	
  being	
  viable	
  techniques	
  for	
  

the	
   preparation	
   of	
   pharmaceutical	
   drug	
   delivery	
   systems.	
   Accordingly,	
   various	
   dosage	
  

forms	
   can	
   be	
   manufactured	
   by	
   HME,	
   including	
   pellets,	
   granules,	
   sustainable	
   release	
  

tablets	
  and	
  transdermal	
  drug	
  delivery	
  systems.	
  Unlike	
  other	
  pharmaceutical	
  production	
  

processes,	
  hot-­‐melt	
  extrusion	
  has	
   the	
  advantage	
  of	
  being	
  a	
  solvent	
   free,	
  cost-­‐efficient	
  

and	
  most	
  importantly,	
  environmental	
  friendly	
  technology	
  [4].	
  	
  

 Figure 1: Schematic illustration of an extruder set up [3] 
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1.2	
  An	
  Introduction	
  to	
  Rheology	
  

1.2.1	
  What	
  is	
  Rheology	
  
The	
  meaning	
  Rheology	
  originates	
   from	
   the	
  Greek	
  word	
   ‘rheos’,	
  which	
   is	
   translated	
   to	
  

River,	
  Flow	
  or	
  Stream.	
  In	
  scientific	
  terms,	
  rheology	
  is	
  seen	
  as	
  the	
  science	
  of	
  deformation	
  

and	
  flow	
  of	
  matter	
  under	
  controlled	
  testing	
  conditions	
  and	
  is	
  applicable	
  to	
  all	
  types	
  of	
  

materials,	
  from	
  gases	
  to	
  solids.	
  Looking	
  back,	
  the	
  science	
  of	
  rheology	
  is	
  very	
  young,	
  only	
  

about	
  80	
  years	
  ago	
  the	
  American	
  Society	
  of	
  Rheology	
  was	
  found	
  on	
  29th	
  of	
  April	
  1929.	
  

On	
   the	
   contrary,	
   its	
  history	
  nevertheless,	
   is	
   very	
  old.	
  Professor	
  M.	
  Reiner	
  derived	
  and	
  

translated	
  the	
  prophetess	
  Deborah’s	
  term:	
  “The	
  mountains	
  flowed	
  before	
  the	
  Lord….”,	
  

into	
  a	
  rheological	
  expression,	
  meaning;	
  “everything	
  flows,	
  if	
  you	
  wait	
  long	
  enough….”	
  It	
  

was	
  also	
  described	
  by	
  the	
  Greek	
  philosopher	
  Heraclitus	
  as	
  “panta	
  rei”-­‐	
  everything	
  flows.	
  

Reiner	
  together	
  with	
  E.	
  Bingham	
  was	
  the	
  founder	
  of	
  the	
  science	
  of	
  rheology	
  in	
  the	
  mid-­‐

20’s,	
   but	
   of	
   course	
   the	
   first	
   mathematical	
   fundamentals	
   were	
   derived	
   by	
   Sir	
   Isaac	
  

Newton	
  [6].	
  

	
  

1.2.2	
  Two	
  Plate	
  Model	
  
The	
   simplest	
  model	
   to	
   illustrate	
   rheological	
   properties	
   is	
   the	
  Two-­‐Plate	
  model	
  or	
   also	
  

referred	
   to	
   as	
   the	
   parallel-­‐plate	
  model.	
   In	
   this	
   test	
   stand	
   the	
   top	
   plate,	
   which	
   has	
   a	
  

contact	
  area	
  A	
  [m2],	
  is	
  moved	
  by	
  normal	
  force	
  F	
  [N]	
  at	
  a	
  speed	
  v	
  [m/s],	
  while	
  the	
  bottom	
  

plate	
   remains	
   at	
   rest.	
   The	
   gap	
   between	
   plates	
   is	
   filled	
   with	
   fluid	
   and	
   the	
   distance	
  

between	
   the	
   plates	
   is	
   described	
   by	
   h	
   [m].	
   The	
   boundary	
   between	
   the	
   fluid	
   and	
   plate	
  

follows	
   the	
   ‘no	
   slip’	
   condition,	
  where	
   the	
   fluid	
  moves	
   juxtapose	
   to	
   the	
  boundary	
  with	
  

the	
   same	
   velocity	
   as	
   the	
  plate.	
   Consequently,	
   the	
   thinnest	
   layers	
   of	
   the	
   liquid	
  will	
   be	
  

displaced	
  between	
  the	
  parallel	
  plates	
  and	
  creates	
  a	
  laminar	
  flow	
  [6].	
  For	
  the	
  two-­‐plate-­‐

model,	
   only	
   laminar	
   flow	
   is	
   applicable,	
   as	
   turbulent	
   flow	
   regimes	
  would	
   increase	
   the	
  

models	
  flow	
  resistance,	
  thus	
  showing	
  false	
  rheological	
  properties.	
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Figure 2: Principal of the Two-Plate Model for rheological measurements. Velocity distribution and 

shear arte in the shear gap [7]	
  

	
  
	
  
Shear	
  stress	
  (τ)	
  and	
  shear	
  rate	
  describe	
  the	
  behavior	
  within	
  the	
  two-­‐plate-­‐model.	
  Shear	
  

stress	
  is	
  a	
  measure	
  of	
  the	
  force	
  from	
  a	
  fluid	
  acting	
  on	
  a	
  body	
  in	
  the	
  path	
  of	
  that	
  fluid	
  and	
  

is	
  	
  calculated	
  as	
  follows:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  τ	
  =	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  1.2)	
  

	
  

Here,	
   F	
   is	
   the	
   Force	
   acting	
   on	
   area	
   A	
   to	
   effect	
   a	
   movement	
   in	
   the	
   liquid	
   element	
  

between	
  the	
  two	
  plates.	
  The	
  velocity	
  of	
  the	
  movement	
  at	
  a	
  given	
  force	
  is	
  controlled	
  by	
  

the	
   internal	
   forces	
  of	
  the	
  material	
   [8].	
  Units	
  are	
  denoted	
  as	
  Newton	
  [N]	
  for	
  the	
  acting	
  

force	
   and	
   	
   [m2]	
   in	
   respect	
   of	
   the	
   area,	
  which	
   results	
   in	
   Pascal	
   [Pa]	
   being	
   the	
   unit	
   for	
  

shear	
  stress.	
  	
  	
  

	
  
The	
  principle	
  describing	
   shear	
   rate,	
   is	
   that	
  a	
   laminar	
   shear	
   flow	
   is	
  generated	
  between	
  

the	
   two	
  plates	
   if	
   shear	
   stress	
   is	
  applied.	
  The	
  uppermost	
   layer	
  moves	
  at	
   the	
  maximum	
  

velocity	
  vmax	
   ,	
  while	
   the	
   lowermost	
   layer	
   remains	
   at	
   rest.	
   This	
   principle	
  was	
  explained	
  

earlier	
  in	
  this	
  chapter.	
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In	
  mathematical	
  terms,	
  the	
  shear	
  rate	
  can	
  be	
  written	
  as;	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  γ	
  =	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  1.3)	
  

	
  

Where,	
   dv	
   is	
   the	
   velocity	
   differential	
   between	
   adjacent	
   velocity	
   layers	
   and	
   dh	
   is	
   the	
  

thickness	
   differential	
   of	
   the	
   flow	
   layers.	
   The	
   unit	
   of	
   shear	
   rate	
   is	
   [1/s]	
   or	
   also	
   [s-­‐1],	
  

referred	
  to	
  as	
  ‘reciprocal	
  seconds’	
  [6].	
  The	
  velocity	
  differential	
  between	
  adjacent	
  layers	
  

of	
  thickness	
  is	
  constant	
  in	
  a	
  two-­‐plate	
  system	
  without	
  the	
  influence	
  of	
  pressure	
  and	
  for	
  

constant	
  viscosity.	
  

	
  

The	
  differential	
  can	
  thus	
  be	
  approximated	
  as	
  follows:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  γ	
  =	
   	
  =	
   	
  =	
  s-­‐1	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  1.4)	
  

	
  

with	
  v	
  being	
  the	
  velocity	
  and	
  h,	
  the	
  distance	
  in	
  respect	
  of	
  each	
  layer.	
  

	
  

	
  

1.2.3	
  Dynamic	
  viscosity	
  
For	
   a	
   laminar	
   flow	
   of	
   a	
   fluid,	
   the	
   ratio	
   of	
   the	
   shear	
   stress	
   to	
   the	
   velocity	
   gradient	
   is	
  

perpendicular	
   to	
   the	
   plane	
   of	
   shear.	
   Simply,	
   viscosity	
   describes	
   the	
   ruggedness	
   of	
   a	
  

given	
  material	
  and	
  can	
  be	
  mathematically	
  termed	
  as	
  follows	
  [9];	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  η	
  =	
   	
  =	
   	
  =	
  Pas	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  1.5)	
  

	
  

Dynamic	
  viscosity	
  is	
  described	
  by	
  η.	
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1.3	
  Load	
  –	
  Dependent	
  Flow	
  behavior	
  

1.3.1	
  Newtonian	
  Flow	
  
It	
  is	
  commonly	
  known	
  that	
  the	
  viscosity	
  coefficient	
  η	
  is	
  defined	
  as	
  the	
  ratio	
  of	
  the	
  shear	
  

stress	
  τ	
  to	
  the	
  rate	
  of	
  shear	
  γ.	
  A	
  fluid	
  is	
  then	
  called	
  Newtonian	
  if	
  the	
  viscosity	
  coefficient	
  

is	
  independent	
  of	
  the	
  rate	
  of	
  shear.	
  Hence	
  the	
  mathematical	
  term	
  for	
  Newton’s	
  law	
  of	
  

viscosity	
  is	
  as	
  follows;	
  

τ	
  =	
  η*γ	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  1.6)	
  

Shear	
   stress	
   has	
   units	
   of	
   pressure,	
   [1N/m2	
   =	
   1	
   Pa]	
   and	
   the	
   shear	
   rate	
   units	
   of	
   [s-­‐1].	
  

Therefore,	
  the	
  viscosity,	
  which	
  is	
  the	
  ratio	
  of	
  the	
  shear	
  stress	
  to	
  the	
  shear	
  rate,	
  has	
  units	
  

of	
   Pa-­‐s.	
   One	
   can	
   also	
   say	
   that	
   Newtonian	
   fluids	
   have	
   direct	
   proportionality	
   between	
  

shear	
  stress	
  and	
  shear	
  rate	
  in	
  laminar	
  flow	
  [11].	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

η	
  is	
  the	
  material	
  constant	
  of	
  the	
  dynamic	
  shear	
  viscosity.	
  If	
  the	
  viscosity	
  is	
  plotted	
  over	
  

the	
   shear	
   rate,	
   or	
   shear	
   stress	
   for	
   that	
  matter,	
   in	
   a	
   viscosity	
   diagram,	
   a	
   straight	
   line	
  

which	
  starts	
  at	
  γ	
  =	
  0	
  s-­‐1	
  (or	
  τ	
  =	
  0	
  Pa)	
  and	
  runs	
  parallel	
  to	
  the	
  abscissa	
  is	
  obtained	
  for	
  an	
  

ideally	
  viscous	
  material	
  [12].	
  

Figure 3: On the right; flow curves of two idealviscou fluids; left side shows viscosity curve of 

two idealviscous fluids [6] 
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The	
  Rheology	
  of	
  many	
  simple	
  materials	
  such	
  as	
  pure	
  liquids,	
  solutions	
  of	
  solutes	
  smaller	
  

than	
   macromolecules,	
   and	
   even	
   some	
   polymer	
   solutions	
   can	
   be	
   characterized	
   as	
  

Newtonian.	
   In	
   general	
   they	
   are	
   low-­‐molecular	
   liquids	
   showing	
   a	
   molar	
   mass	
   below	
  

10,000	
  g/mol	
  [6].	
  	
  

	
  

Nevertheless,	
   a	
   great	
   variety	
   of	
   liquids	
   used	
   in	
   everyday	
   life	
   are	
   non-­‐Newtonian.	
  

Examples	
  include	
  ketchup	
  and	
  mustard,	
  paints,	
  margarine	
  and	
  ointments.	
  These	
  liquids	
  

cannot	
  be	
  defined	
  by	
  a	
  single	
  viscosity	
  value	
  at	
  a	
  specified	
  temperature.	
  	
  

	
  

	
  

	
  

	
  

	
  

Figure 4: Behavior of Newtonian and non-Newtonian fluids 

in respect of each other [13] 
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1.3.2	
  Non-­‐Newtonian	
  Flow	
  
Numerous	
  researchers	
  in	
  the	
  field	
  of	
  rheology	
  have	
  long	
  classified	
  non-­‐Newtonian	
  fluids	
  

as	
   plastic,	
   pseudoplastic,	
   dilatant,	
   thixotropic,	
   and	
   a	
   few	
   others,	
   having	
   found	
   the	
  

foregoing	
  divisions	
  unsatisfactory,	
  have	
  added	
  “general	
  non-­‐Newtonian”	
  classifications	
  

[14].	
  	
  

	
  

The	
   classification	
   of	
   fluids	
   into	
   those	
   categories	
   mentioned,	
   gives	
   a	
   gross	
  

oversimplification	
  of	
  the	
  facts.	
  It	
  has	
  repeatedly	
  been	
  shown	
  that	
  the	
  classification	
  into	
  

which	
   a	
   fluid	
   is	
   categorized,	
   and	
   even	
   the	
   numerical	
   values	
   assigned	
   its	
   rheological	
  

properties,	
   is	
  extremely	
  dependent	
  upon	
  the	
  experimental	
  conditions	
  under	
  which	
  the	
  

measurements	
  are	
  made	
  [15,16].	
  

	
  

In	
   the	
   past	
   50-­‐60	
   years,	
   there	
   has	
   been	
   a	
   growing	
   recognition	
   of	
   the	
   fact	
   that	
  many	
  

substances	
  of	
  industrial	
  significance,	
  especially	
  of	
  multi-­‐phase	
  nature	
  (foams,	
  emulsions,	
  

dispersions	
   and	
   suspensions,	
   slurries,	
   for	
   instance)	
   and	
   polymeric	
  melts	
   and	
   solutions	
  

(both	
  natural	
  and	
  man	
  made)	
  do	
  not	
  conform	
  to	
  the	
  Newtonian	
  postulate	
  of	
  the	
  linear	
  

relationship	
  between	
  τ	
  and	
  γ	
  ̇	
  in	
  simple	
  shear,	
  for	
  instance.	
  Accordingly,	
  these	
  fluids	
  are	
  

variously	
  known	
  as	
  non-­‐Newtonian,	
  non-­‐linear,	
   complex,	
  or	
   rheological	
   complex	
   fluids	
  

[17].	
  	
  

The	
  non-­‐Newtonian	
  fluid	
  behavior	
  in	
  nature	
  and	
  in	
  technology	
  is	
  so	
  widespread,	
  that	
  it	
  

would	
   be	
   no	
   exaggeration	
   to	
   say	
   that	
   the	
   Newtonian	
   fluid	
   behavior	
   is	
   an	
   exception	
  

rather	
  than	
  the	
  rule!	
  	
  

	
  

This	
   chapter	
   endeavors	
   to	
   provide	
   a	
   brief	
   introduction	
   to	
   the	
   different	
   kinds	
   of	
   non-­‐

Newtonian	
   flow	
   characteristics,	
   their	
   characterization	
   and	
   implications	
   in	
   engineering	
  

applications.	
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1.3.2.1	
  Pseudoplasticity	
  
If	
  the	
  shear	
  rate	
  grows,	
  many	
  materials	
  show	
  a	
  strong	
  decrease	
  in	
  viscosity.	
  This	
  effect	
  is	
  

of	
   great	
   technical	
   importance.	
   Compared	
   with	
   an	
   ideally	
   viscous	
   material,	
   a	
  

pseudoplastic	
  or	
  structurally	
  viscous	
  material	
  can	
  be	
  pumped	
  through	
  pipelines	
  with	
  a	
  

lower	
  energy	
  input	
  at	
  the	
  same	
  flow	
  velocity.	
  

Also	
   known	
   as	
   shear-­‐thinning	
   flow	
   behavior,	
   their	
   meaning	
   is	
   identical,	
   however	
  

‘pseudoplastic’	
   contains	
   the	
   word	
   ‘plastic’,	
   a	
   behavior	
   which	
   cannot	
   be	
   exactly	
  

determined	
  in	
  a	
  scientific	
  sense	
  since	
  it	
  is	
  the	
  result	
  of	
  inhomogeneous	
  deformation	
  and	
  

flow	
  behavior	
  [6].	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

The	
  proportionality	
  factor	
  τ	
  /	
  γ	
   in	
  the	
  Newtonian	
  constitutive	
  equation	
  is	
  thus	
  referred	
  

to	
  as	
  ηa.	
  Hence,	
  ηa	
  is	
  the	
  apparent	
  viscosity	
  and	
  denotes	
  the	
  viscosity	
  at	
  a	
  certain	
  shear	
  

rate	
  γ.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  –	
  1.7.)	
  

	
  

 Figure 5: left: flow curve of a shear-thinning material, right: viscosity curve of a shear-

thinning material [6] 
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Materials	
   are	
   referred	
   to	
   as	
   pseudoplastic	
   or	
   shear-­‐thinning,	
   if	
   a	
   force	
   acting	
   on	
   the	
  

body	
  causes	
  the	
  particle	
  size	
  to	
  change,	
  the	
  particles	
  to	
  be	
  oriented	
  in	
  the	
  direction	
  of	
  

flow,	
  or	
  an	
  agglomerate	
  to	
  be	
  dissolved	
  [18].	
  

1.3.2.2	
  Dilatancy	
  
This	
  class	
  of	
  fluids	
  is	
  similar	
  to	
  pseudoplastic	
  systems	
  in	
  that	
  they	
  show	
  no	
  yield	
  stress,	
  

but	
   their	
   apparent	
   viscosity	
   increases	
   with	
   the	
   increasing	
   shear	
   rate	
   and	
   hence	
   the	
  

name	
   shear-­‐thickening	
   [17].	
  Here	
  a	
   leading	
  example	
  would	
  be	
   stirring	
   in	
  wet	
   sand.	
   In	
  

1885	
   Reynolds	
   created	
   the	
   term	
   ‘dilatancy’	
   to	
   describe	
   the	
   effect	
   of	
   round	
   sand	
  

particles,	
   all	
   of	
  which	
   have	
   roughly	
   the	
   same	
   size,	
   and	
   are	
   completely	
  wetted	
   by	
   sea	
  

water.	
   The	
   then	
   experienced	
   difficulty	
   in	
   stirring	
   this	
   mixture	
   is	
   caused	
   by	
   the	
  

obstruction	
  of	
  flow	
  of	
  a	
  closely	
  packed	
  and	
  deflocculated	
  system	
  of	
  particles	
  [19].	
  	
  

Reynolds	
  explained	
  this	
  phenomenon	
  with	
  the	
  occurrence	
  of	
  undisrupted	
  sand	
  particles	
  

settling	
  to	
  a	
  close	
  packed	
  arrangement	
  and	
  that	
  any	
  disturbance	
  causes	
  rearrangement	
  

to	
  a	
  smaller	
  number	
  of	
  nearest	
  neighbors,	
  in	
  which	
  the	
  particles	
  are	
  farther	
  apart.	
  	
  

The	
   viscosity	
   of	
   dilatant	
  materials	
   also	
   depends	
   on	
   the	
   shear	
   rate.	
   It	
   increases	
   as	
   the	
  

shear	
  rate	
  grows.	
  Dilatant	
  behavior	
  can	
  cause	
  trouble	
  in	
  technological	
  processes,	
  and	
  it	
  

is	
  mathematically	
  expressed	
  according	
  to	
  Ostwald	
  De	
  Waele	
  [12];	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  τ	
  =	
  K	
  *	
  γn	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  –	
  1.8)	
  

where	
  n	
   greater	
   1	
   (n	
   >1)	
   stands	
   for	
   dilatant	
  material.	
   This	
   can	
   be	
   transformed	
   into	
   a	
  

viscosity	
  function	
  as	
  follows;	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  –	
  1.9)	
  

	
  

	
  

The	
  exponent	
  n	
  is	
  known	
  as	
  the	
  Power	
  Law	
  Index	
  or	
  Ostwald	
  De	
  Waele	
  Law.	
  For	
  a	
  shear	
  

thinning	
  fluid:	
  0<n<1.	
  The	
  more	
  shear-­‐thinning	
  the	
  product,	
  the	
  closer	
  n	
  is	
  to	
  zero	
  [12].	
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One	
   has	
   to	
   also	
   acknowledge	
   that	
   in	
   the	
   case	
   of	
   high	
   shear	
   rates	
   the	
   flow	
   in	
   the	
  

measuring	
   gap	
   is	
   no	
   longer	
   laminar,	
   but	
   becomes	
   turbulent,	
   this	
  may	
   falsely	
   suggest	
  

dilatant	
  behavior	
  [20].	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

1.3.2.3	
  Plasticity	
  and	
  yield	
  point	
  
Generally	
  speaking,	
  in	
  Physics,	
  Plasticity	
  is	
  known	
  to	
  describe	
  structurally	
  viscous	
  liquids,	
  

which	
  have	
  an	
  additional	
  yield	
  point,	
  called	
  τ0.	
  A	
  practical	
  example	
  for	
  a	
  specific	
  material	
  

showing	
  such	
  properties	
  is	
  toothpaste.	
  At	
  rest,	
  toothpaste	
  establishes	
  a	
  network	
  of	
  inter	
  

molecular	
   bonding	
   forces.	
   These	
   forces	
   prevent	
   individual	
   volume	
   elements	
   to	
   be	
  

displaced	
  when	
  the	
  material	
   is	
  at	
  rest.	
  Now,	
   if	
  an	
  external	
  force,	
  which	
  is	
  smaller	
  than	
  

the	
  internal	
  force	
  acts	
  on	
  the	
  material,	
  the	
  resulting	
  strain	
  is	
  reversible.	
  	
  

However,	
   if	
  the	
  external	
  forces	
  exceed	
  the	
  internal	
  bonding	
  forces	
  of	
  the	
  network,	
  the	
  

material	
  will	
  start	
  flowing,	
  the	
  solid	
  turns	
  into	
  a	
  liquid	
  [12].	
  

 

Figure 6: Viscosity curve for a material with dilatant 

behavior [6] 
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In	
  the	
  past,	
  three	
  dedicated	
  scientists	
  approximated	
  definitions	
  to	
  find	
  a	
  mathematical	
  

expression	
   and	
   flow	
   curves	
   for	
  materials	
  with	
   a	
   yield	
   point.	
   Bingham	
  was	
   the	
   first	
   to	
  

create	
  such	
  a	
  mathematical	
  model;	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  τ	
  =	
  fB	
  +	
  ηB	
  *	
  γ	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  –	
  1.10)	
  

where	
  fB	
  is	
  the	
  yield	
  point	
  according	
  to	
  Bingham’s	
  theory	
  [21].	
  

Flow	
  curves	
  of	
  plastic	
   liquids	
  do	
  not	
  start	
   in	
   the	
  origin	
  of	
   the	
  coordinated	
  system,	
  but	
  

run	
  on	
  the	
  ordinate	
  axis	
  until	
  the	
  yield	
  point	
  τ0	
  is	
  reached,	
  then	
  they	
  converge	
  from	
  the	
  

ordinate.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Various	
   equations	
   are	
   used	
   to	
  mathematically	
   express	
   the	
   flow	
   curves,	
  which	
   is	
   then	
  

dependable	
  of	
  the	
  actual	
  material.	
  	
  

For	
   example,	
   the	
   curves	
   expressed	
   for	
   the	
   flow	
  of	
   chocolate	
   is	
   typically	
   based	
  on	
   the	
  

Casson	
  model;	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  –	
  1.11)	
  

where	
  fC	
  is	
  known	
  as	
  the	
  yield	
  point	
  according	
  to	
  Casson.	
  [22]	
  

The	
   last	
   mathematical	
   expression	
   in	
   this	
   regard	
   was	
   produced	
   and	
   manifested	
   by	
  

Herschel	
  and	
  Bulkley	
  [23].	
  The	
  equation	
  is	
  approximated	
  as	
  follows;	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  τ	
  =	
  fH	
  +	
  m	
  *	
  γp	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  –	
  1.12)	
  

in	
  this	
  formulation,	
  fH	
  is	
  the	
  yield	
  point	
  according	
  to	
  Herschel	
  und	
  Bulkley.	
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1.3.3	
  The	
  Carreau	
  Model	
  	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  7	
  shows	
  the	
  viscosity	
  function	
  of	
  a	
  polymer	
  depicting	
  three	
  ranges	
  on	
  a	
  double	
  
logarithmic	
  scale	
  [6].	
  

1. The	
  first	
  Newtonian	
  range	
  with	
  the	
  plateau	
  value	
  of	
  the	
  zero-­‐shear	
  viscosity	
  η0.	
  

2. The	
   shear-­‐thinning	
   range	
  with	
   the	
   shear	
   rate-­‐dependent	
   viscosity	
   function	
  η	
   =	
  

f(γ)	
  

3. The	
   second	
   Newtonian	
   range	
   with	
   the	
   plateau	
   value	
   of	
   the	
   infinite-­‐shear	
  

viscosity	
  η∞.	
  

Diagram	
   areas	
   (1)	
   and	
   (2),	
   the	
   model	
   function	
   for	
   zero-­‐shear	
   and	
   rate-­‐dependent	
  

viscosity,	
   are	
   relevant	
   for	
   the	
   work	
   presented	
   in	
   this	
   Thesis	
   and	
   is	
   mathematically	
  

described	
  through	
  the	
  Carreau	
  model,	
  which	
  is	
  approximated	
  as	
  follows:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  –	
  1.13)	
  

Here,	
  η0	
   is	
   the	
   zero	
   shear	
   rate	
   viscosity,	
  η∞	
   the	
   infinite	
   shear	
   rate	
   viscosity,	
   	
   the	
  

critical	
   shear	
   rate,	
  m	
   the	
  Carreau	
   index.	
   The	
  exponent	
  a	
   is	
   equal	
   to	
   ‘2’	
   in	
   the	
  original	
  

Carreau	
  model.	
  

	
  

30 Fließverhalten von viskosen Substanzen 

stanten Viskosität eines idealviskosen Fluids deutlich zu machen (englisch: apparent 
shear v1scosity) . Um die Viskositätsangabe richtig einschätzen zu können, muss 
hier also eine Information zu den Scherbedingungen gegeben werden. Eine exak-
te Angabe wäre beispielsweise: Tj(y = 100 1/s) = 345 mPas. oder TJ('t = 500 Pa) = 
12,5 Pas. 

a) trukturen in Polymeren mit scherverdünnendem Verhalten 
Verschlaufungsmodell: 
Beispiel: Ein kettenförmiges Makromolekül eines linearen Polyethylens (PE) 
mit der Molmasse M = I 00 000 g/mol hat die Länge L von ca. I Jlm = I o-6 m = 
I 000 nm und den Durchmesser d von ca. 0,5 nm [20]. (Makromolekül: griechisch 
makro(s) heißt groß). Das Verhältnis ist also Ud = 2000: I. Das entspräche im 

Größenvergleich einem 2 m langen und l mm dicken Spaghetto! Damit 
1st le1cht vorstellbar, dass s ich in einer Schmelze (oder in einer Lösung) zwischen 
diesen relativ langen Molekülen viele lose Verschlaufungen ergeben. Für ein ultra-
hochmolekulares PE mit M = 3 000 000 glmol ist Ud = ca. 50 000: 1; um beim 
anschaulichen Bild zu bleiben: hier wäre das Spaghetto ca. 50 m lang! 

Jedes .Makromolekül nimmt in Ruhe den Zustand ein, der mit dem geringsten 
Energieaufwand verbunden ist: Deshalb liegt es ohne äußere Belastuno als dreidi-

Knäuel vor (Abb. 2.11). Von außen betrachtet hat der u':nriss jedes 
Knauels m Ruhe ungefähr die Form einer Kugel. Dabei ist ein solches Makromo-
lekül mit den benachbarten meistens vielfach verschlauft. 

Beim werden die Moleküle sowohl in Scherrichtung als auch in 
Schergradtenten-R1chtung ausgerichtet und sie entschlaufen sich dabei teilweise, 
dadurch verringen sich ihr Fließ widerstand. In sehr niedrig konzentrierten Polymer-
lösungen kann es sogar zu einem vollständigen Entschlaufungsprozess kommen; 

Abb. 2.11: Zwei Makromoleküle im Ruhe-
zustand, mit verknäuelten und 
verschlauften Keuen 

Abb. 2.12: Makromoleküle bei hoher Scher-
belastung, mir orientierten und 
entschlatiflen Ketten 

Scherbelastungsabhängiges Fließverhalten 31 

die in hohem Ausmaß orientierten Moleküle liegen dann- ohne Berührungspunk-
te - einzeln vor (Abb. 2.12). 

Nun kann das E rgebnis d es Doppelrohrver suchs erklärt werden (siehe Versuch 
2.2 mit Abb. 2.4 am Beginn von Kap. 2.3): Flüssigkeit I verhält sich scherver-
dünnend und 2 ist idealviskos. Zu Beginn wirkt aufgrund des Eigengewichts der 
Flüssigkeitssäule eine starke Scherbelastung, und damit eine hohe Schubspannung. 
Die Polymermoleküle von I fließen am Beginn deshalb schneller, da sie in Fließ-
richtung orientien und tei lweise entschlauft sind. Dieses Verhalten erleichtel ih-
nen den Weg durch die enge Öffnung des Ventils. 
Mit der Zeit wird durch die abnehmende Flüssigkeitssäule die Scherbelastung 
geringer. Aus diesem Grunde verknäueln sich die Makromoleküle in zunehmen-
dem Maße wieder. Damit steigt die Viskosität von I an. Das scherverdünnende 
Verhalten zeigt sich hier als Viskositätszunahme bei abnehmender Scherbelastung. 
Fluid 2, das Mineralöl, zeigt unabhängig von der Scherbelastung eine konstante 
Viskosität, da zwischen seinen sehr kurzen Molekülen keine signifikanten Wech-
selwirkungen auftreten. 

ln Abb. 2.13 ist die Viskositätskurve eines polymeren Stoffsystems im doppeJ-
Iogarithmischen Maßstab dargestellt. Die Kurve zeigt 3 Bereiche. Diese Dreitei-
lung der Viskositätskurve findet man nur bei unvernetzten Polymeren. deren Ma-
kromoleküle untereinander verschlauft sind. Für gelartige oder pastös disperse Sub-
stanzen mit chemischen Bindungen oder mit physikalischen Wechselwirkungs-
kräften zwischen den Molekülen oder Partikeln trifft dies nicht zu . 
(I) I . Newtonscher Bereich mit dem Plateauwert der Null-Viskosität Tl · o• 
(2) Scherverdünnungs-Bereich mit der scherratenabhängigen Viskositätsfunktion 

Tj = f(y); 
(3) 2. Newtonscher Bereich mit dem Plateauwen der Unendlich-Viskosi tät Tj_. 

lg '1 

llo = const 11- = const 

2 3 

lg y 

Abb. 2./3: \ 'iskosilälskun•e eines Polymers Figure 7: Viscosity function of a polymer [6] 
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1.4	
  Time-­‐dependent	
  Flow	
  behavior	
  

1.4.1	
  Thixotropy	
  
If	
   we	
   go	
   back	
   in	
   history,	
   the	
   term	
   thixotropy	
   was	
   originally	
   coined	
   to	
   describe	
   an	
  

isothermal,	
  reversible,	
  solid-­‐liquid	
  transition	
  due	
  to	
  mechanical	
  agitation.	
  	
  

In	
  1923,	
  Schalek	
  and	
  Szegvari	
  (which	
  was	
  translated	
  and	
  reviewed	
  by	
  Bauer	
  and	
  Collins	
  

et	
   al.)	
   found	
   that	
   aqueous	
   iron	
  oxide	
   gels	
   have	
   the	
   remarkable	
  property	
  of	
   becoming	
  

completely	
  liquid	
  through	
  gentle	
  shaking	
  alone,	
  to	
  such	
  an	
  extent	
  that	
  the	
  liquefied	
  gel	
  

is	
  hardly	
  distinguishable	
  from	
  the	
  original	
  sol	
  [24].	
  Nowadays,	
  thixotropy	
  is	
  referred	
  to	
  

as	
   the	
   continuous	
   decrease	
   of	
   apparent	
   viscosity	
   with	
   time	
   under	
   shear	
   and	
   the	
  

subsequent	
  recovery	
  of	
  viscosity	
  when	
  the	
  flow	
  is	
  discontinued.	
  The	
  material	
  is	
  assumed	
  

to	
  be	
  at	
  rest	
  for	
  a	
  sufficiently	
  long	
  time	
  before	
  the	
  said	
  experiment	
  is	
  performed	
  [25].	
  	
  

The	
   opposite	
   effect	
   also	
   exists,	
   and	
   is	
   known	
   as	
   antithixotropy	
   or	
   rheopexy	
   [26].	
  

However,	
  Thixotropy	
   is	
  a	
  property	
  exhibited	
  by	
  non-­‐Newtonian	
   liquids,	
   they	
   return	
   to	
  

their	
  original	
  viscosity	
  only	
  with	
  a	
  delay	
  after	
  the	
  shear	
  force	
  ceased	
  to	
  act.	
  In	
  addition,	
  

these	
  materials	
  often	
  also	
  have	
  a	
  yield	
  point.	
  A	
  perfect	
  example	
  here	
  would	
  be	
  Tomato	
  

ketchup.	
  When	
  stirred	
  it	
  becomes	
  thinner	
  and	
  only	
  returns	
  to	
  its	
  original	
  viscosity	
  after	
  

allowing	
  resting	
  for	
  a	
  while.	
  	
  

On	
   the	
   other	
   hand,	
   yoghurt	
   serves	
   as	
   a	
   counter-­‐example	
   as	
   it	
   shows	
   irreversible	
  

thixotropic	
  behavior,	
  becomes	
   thinner	
  when	
  stirred	
  but	
  does	
  not	
   return	
   to	
   its	
  original	
  

thickness	
  [25].	
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Two	
   transitional	
   areas	
   can	
   be	
   easily	
   identified	
   in	
   the	
   viscosity-­‐time	
   curve	
   shown	
   in	
  

Figure	
  8.	
  Part	
   (1)	
  depicts	
   time-­‐dependent	
  decomposition	
  under	
   constantly	
  high	
   shear;	
  

part	
  (2)	
  time-­‐dependent	
  structural	
  regeneration	
  when	
  at	
  rest.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

 

Figure 8: Viscosity time curve of a thixotropic 

material [6] 
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1.4.2	
  Rheopexy	
  
Another	
  kind	
  of	
  Non-­‐Newtonian	
  behavior,	
  which	
  was	
  briefly	
  mentioned	
  before,	
  can	
  be	
  

made	
  manifest	
  by	
  the	
  stirring	
  at	
  constant	
  shear.	
  The	
  viscosity	
  builds	
  up	
  in	
  time,	
  creating	
  

a	
   structure	
   that	
   is	
   unable	
   to	
   relax	
   instantly.	
   This	
   effect	
   is	
   the	
   opposite	
   of	
   the	
  

aforementioned	
  thixotropic	
  effect	
  [11].	
  	
  	
  	
  	
  	
  	
  	
  	
  

However,	
   Freundlich	
   created	
   the	
   term	
   ‘rheopexy’	
   for	
   this	
   very	
   phenomenon,	
  

commenting,	
   “it	
   is	
   too	
   cumbersome	
   to	
   say	
   ‘thixotropic	
   sols	
   that	
   can	
   be	
   solidified	
   by	
  

orienting	
  the	
  particles’”	
  [27].	
  

Rheopectic	
  materials	
  are	
  considered	
  to	
  exhibit	
  greater	
  viscosity	
  while	
   they	
  are	
  subject	
  

to	
   shear	
   stress.	
   Structures	
   are	
   established	
   in	
   the	
   material	
   during	
   the	
   application	
   of	
  

mechanical	
   shear	
   forces.	
   “The	
  original	
   viscosity	
   is	
  only	
   restored	
  with	
  a	
  delay	
  after	
   the	
  

shear	
  forces	
  ceased	
  to	
  act	
  on	
  the	
  material,	
  by	
  disintegrating	
  this	
  structure”[12].	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

 Figure 9: Viscosity time curve of a rheopectic 

material [6] 
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Figure	
  9	
  is	
  explained	
  in	
  two	
  parts;	
  Part	
  (1)	
  depicts	
  time-­‐dependent	
  increase	
  in	
  structural	
  

strength	
  under	
  constantly	
  high	
  shear	
   load;	
  Part	
   (2)	
  shows	
  time-­‐dependent	
  decrease	
   in	
  

structural	
  strength	
  when	
  at	
  rest.	
  	
  

After	
   various	
   research	
   and	
   test	
   stands	
   created	
   in	
   the	
   past,	
   one	
   can	
   assume	
   that	
   this	
  

process	
  of	
  viscosity	
  increase	
  and	
  decrease	
  can	
  be	
  repeated	
  as	
  often	
  as	
  one	
  wish.	
  But	
  in	
  

contrast	
  to	
  thixotropy,	
  true	
  rheopexy	
  is	
  very	
  rare	
  [27-­‐30].	
  

As	
   was	
   noted	
   in	
   this	
   chapter,	
   time-­‐independent	
   fluid	
   behavior	
   can	
   exist	
   in	
   three	
  

different	
  types	
  that	
  are	
  all	
  described	
  by	
  their	
  steady	
  shear	
  behavior.	
  One	
  distinguishes	
  

between;	
  

1. Shear-­‐thinning	
  behavior	
  (pseudoplastic)	
  

2. Visco-­‐plastic	
  behavior	
  with	
  or	
  without	
  shear-­‐thinning	
  behavior	
  

3. Shear-­‐thickening	
  behavior	
  (dilatant)	
  

The	
  flow	
  curves,	
  or	
  rheograms	
  for	
  different	
  types	
  of	
  non-­‐Newtonian	
  fluids	
  is	
  visualized	
  

and	
  compared	
  in	
  Figure	
  10.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Non-Newtonian Fluids: An Introduction 7

Fig. 4 shows qualitatively the flow curves (also called rheograms) on linear coor-
dinates for the above- noted three categories of fluid behavior; the linear relation
typical of Newtonian fluids is also included in Fig. 4.

Fig. 4 Qualitative flow curves
for different types of non-
Newtonian fluids

3.1 Shear-Thinning Fluids

This is perhaps themost widely encountered type of time-independent non-Newtonian
fluid behavior in engineering practice. It is characterized by an apparent viscosity !
(defined as "yx/#̇yx) which gradually decreases with increasing shear rate. In poly-
meric systems (melts and solutions), at low shear rates, the apparent viscosity ap-
proaches a Newtonian plateau where the viscosity is independent of shear rate (zero
shear viscosity, !0 ).

lim
#̇yx→0

"yx
#̇yx

= !0 (10)

Furthermore, only polymer solutions also exhibit a similar plateau at very high shear
rates (infinite shear viscosity, !$ ), i.e.,

lim
#̇yx→$

"yx
#̇yx

= !$ (11)

Figure 10: Comparison of non-Newtonian fluid 

behavior [17] 
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1.5	
  Viscoelasticity	
  –	
  the	
  Maxwell	
  Model	
  
Viscoelasticity	
  is	
  a	
  time-­‐dependent	
  mechanical	
  response	
  to	
  loading	
  exhibited	
  most	
  often	
  

by	
   amorphous	
   materials.	
   Furthermore,	
   it	
   is	
   known	
   that	
   viscoelastic	
   materials	
   always	
  

show	
  both,	
   viscous	
  and	
  elastic	
  behaviors,	
   simultaneously	
   [6].	
   The	
  Elastic	
  part	
  behaves	
  

according	
  to	
  Hooke’s	
  Law,	
  whereas	
  the	
  viscous	
  part	
  behaves	
  according	
  to	
  Newton’s	
  law.	
  

Voigt	
  proposed	
  the	
  very	
  first	
  model;	
  it	
  is	
  good	
  but	
  is	
  unable	
  to	
  describe	
  the	
  commonly	
  

observed	
  relaxation	
  of	
  stress	
  in	
  strained	
  viscoelastic	
  materials.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

The	
  model,	
   created	
   by	
   James	
   C.	
  Maxwell	
   that	
   illustrates	
   this	
   behavior	
   of	
   viscoelastic	
  

liquid	
  can	
  be	
  seen	
  in	
  Figure	
  11.	
  The	
  simplest	
  models	
  of	
  viscoelastic	
  constitutive	
  behavior	
  

result	
  from	
  a	
  linear	
  combination	
  of	
  elastic	
  and	
  viscous	
  behavior.	
  	
  

Elastic	
  behavior	
   is	
   represented	
  by	
  a	
   spring	
  while	
   viscous	
  behavior	
   is	
   represented	
  by	
  a	
  

dashpot.	
   In	
  the	
  Maxwell	
  model	
  the	
  spring	
  and	
  dashpot	
  are	
  connected	
  in	
  series	
  so	
  that	
  

they	
  experience	
  the	
  same	
  stress	
  [12].	
  

 

Figure 11: Maxwell model of VE [31] 
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CHAPTER	
  II	
  

2.	
  Instruments	
  
	
  

2.1	
  Apparatus	
  Design	
  of	
  Rheometer	
  models	
  
This	
  chapter	
  is	
  supposed	
  to	
  give	
  an	
  overview	
  of	
  the	
  two	
  major	
  types	
  of	
  Rheometers	
  in	
  

use	
  for	
  testing	
  rheological	
  properties.	
  Capillary	
  Rheometers,	
  also	
  known	
  as	
  Viscometers	
  

and	
  Rotational	
  Rheometers	
  are	
  introduced.	
  Rheometers	
  are	
  instruments	
  for	
  measuring	
  

rheological	
   properties	
   of	
   liquids	
   and	
   soft	
   matter.	
   Typical	
   rheological	
   properties	
   are	
  

viscosity,	
  storage	
  and	
  loss	
  modulus,	
  compliance,	
  yield	
  stress,	
  and	
  relaxation	
  times	
  [12].	
  

These	
  properties	
  depend	
  on	
  the	
  microstructure	
  of	
  the	
  material	
  and,	
  hence,	
  depend	
  on	
  

stress	
  or	
  strain-­‐induced	
  structural	
  changes,	
  and	
  on	
  time.	
  

	
  

2.2	
  Capillary	
  Rheometer	
  (Viscometer)	
  
Traditionally,	
  capillary	
  Rheometers	
  have	
  been	
  used	
  to	
  measure	
  the	
  shear	
  viscosity	
  and	
  

elasticity	
  of	
   viscous	
  materials	
   at	
   high	
   shear	
   rates.	
  More	
   recently,	
   extensional	
   viscosity	
  

has	
  been	
  obtained	
   through	
   the	
  work	
  of	
  Cogswell	
  et	
  al	
   [32].	
  F.T.	
  Trout	
  was	
   the	
   first	
   to	
  

introduce	
  the	
  term	
  extensional	
  viscosity,	
  described	
  as	
  “coefficient	
  of	
  viscous	
  traction”.	
  

The	
   relation	
   between	
   extensional	
   viscosity	
   ηE	
   and	
   shear	
   viscosity	
   η	
   is	
   discussed.	
  

However,	
   researchers	
  argue	
  whether	
  his	
  concept	
  actually	
  causes	
  more	
  confusion	
  then	
  

enlightenment	
   [33].	
   The	
   interest	
   in	
   high	
   shear	
   rates	
   stems	
   from	
   the	
   mode	
   of	
  

deformation	
   a	
   material	
   will	
   undergo	
   in	
   processes	
   like	
   extrusion,	
   film	
   blowing,	
   and	
  

injection	
   molding.	
   The	
   design	
   and	
   operational	
   principle	
   of	
   a	
   capillary	
   rheometer	
   are	
  

conducive	
  to	
  providing	
  rheological	
  data	
  under	
  these	
  unique	
  processing	
  conditions.	
  The	
  

moving	
  piston/die	
  arrangement	
  produces	
  high	
  shear	
  rates	
  on	
  the	
  order	
  of	
  107	
  s-­‐1	
  [34].	
  

	
  



	
   20	
  

A	
  measure	
  of	
  elasticity	
  can	
  be	
  determined	
  by	
  measuring	
  expansion	
  of	
  the	
  sample	
  at	
  the	
  

die	
  exit,	
  called	
  die	
  swell.	
  Melt	
  fracture	
  can	
  be	
  studied	
  by	
  observing	
  the	
  extrudate.	
  As	
  a	
  

result,	
  capillary	
  Rheometers	
  are	
  widely	
  used	
  in	
  both	
  research	
  environments	
  and	
  quality	
  

control	
  laboratories	
  [34].	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

In	
   figure	
  12	
  the	
  theoretical	
  set	
  up	
  of	
  a	
  capillary	
  viscometer	
   is	
  explained.	
  The	
   length	
  of	
  

the	
   communicating	
   capillary	
   is	
   L	
   [cm],	
   and	
   the	
   inner	
   radius	
   is	
   represented	
   by	
   r.	
   The	
  

dynamic	
   viscosity	
   and	
   the	
   mass	
   density	
   of	
   the	
   liquid	
   are	
   µ	
   [N	
   s/m2]	
   and	
   ρ	
   [m/V],	
  

respectively.	
  The	
  acceleration	
  due	
  to	
  gravity	
  is	
  g.	
  A	
  steady-­‐state,	
  uniform	
  temperature	
  is	
  

assumed	
  for	
  the	
  entire	
  viscometer	
  [35].	
  

	
  

	
  

	
  

Figure 12: capillary viscometer [35] 
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Furthermore,	
  capillary	
  Rheometers	
  suffer	
   from	
  several	
   limitations	
  when	
  attempting	
   to	
  

measure	
  fluids	
  with	
  viscosity	
  lower	
  than	
  1	
  Pa	
  s:	
  	
  

1.)	
   Sample	
   flow	
   by	
   gravity	
   through	
   the	
   traditional	
   vertical	
   capillary	
   die	
   when	
   no	
  

instrument	
  driving	
  force	
  is	
  applied;	
  

2.)	
  Low-­‐pressure	
  readings	
  from	
  the	
  transducer	
  during	
  the	
  measurement;	
  

These	
   limitations	
   however	
   are	
   not	
   applicable	
   for	
   highly	
   viscous	
   substances	
   described	
  

later	
  in	
  this	
  work.	
  Many	
  times	
  the	
  measured	
  pressure	
  signal	
  can	
  reach	
  the	
  low-­‐end	
  limit	
  

of	
  the	
  pressure	
  transducer	
  used.	
  Dao	
  and	
  Ye	
  [34]	
  also	
  mention	
  a	
  concern	
  with	
  required	
  

length-­‐to-­‐diameter	
  ratio	
  of	
  the	
  die	
  for	
  the	
  measurement	
  to	
  be	
  rigorous.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 12: State of the art CR-6000 Capillary Viscometer [36] 
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The	
  Canadian	
  based	
  testing	
  institution,	
  ‘Qualitest	
  International	
  Inc.’	
  describes	
  in	
  one	
  of	
  

their	
  dossiers	
  for	
  a	
  capillary	
  viscometer	
  that,	
  “It	
   is	
  specially	
  designed	
  to	
  determine	
  the	
  

flow	
  behavior	
  and	
  viscosity	
  of	
  high	
  polymers,	
  polymers,	
  thermoplastics	
  and	
  elastomers.	
  

This	
  single	
  bore	
  instrument	
  will	
  provide	
  reliable	
  data	
  and	
  a	
  unique	
  data	
  point	
  range	
  for	
  

QA	
  and	
  R&D	
  purposes“	
  [37].	
  

	
  

2.3	
  Rotational	
  Rheometer	
  
Rotational	
   Rheometers	
   can	
   be	
   used	
   to	
   determine	
   transient	
   and	
   steady	
   shear	
   flow	
  

properties	
  of	
  materials.	
  This	
  typically	
  includes;	
  shear	
  viscosity,	
  creep	
  or	
  stress	
  relaxation.	
  	
  

The	
  principle,	
  and	
  often	
   the	
   instrument,	
   is	
   the	
  same	
  as	
   for	
   the	
  oscillatory	
  Rheometer,	
  

except	
  that	
  the	
  deformation	
  of	
  the	
  sample	
  is	
  obtained	
  by	
  rotating	
  rather	
  than	
  oscillating	
  

one	
   plate	
   relative	
   to	
   the	
   other [38]. Furthermore,	
   rotational	
   Rheometers	
   are	
   widely	
  

utilized	
   in	
  oscillatory	
   shear	
  mode	
   to	
  characterize	
   linear	
  viscoelastic	
   fluid	
  properties,	
   in	
  

terms	
  of	
  the	
  storage	
  and	
  loss	
  modulus,	
  G’	
  and	
  G’’,	
  respectively.	
  

For	
   tests	
   with	
   controlled	
   shear	
   strain	
   in	
   the	
   form	
   of	
   oscillatory	
   sine	
   functions,	
   one	
  

estimates:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  γ(t)	
  =	
  γA	
  *	
  sin	
  ωt	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   (EQ	
  –	
  2.1)	
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The	
   storage	
  modulus	
  G’	
   is	
   a	
  measure	
   for	
   deformation	
   energy	
   stored	
   by	
   the	
   analyzed	
  

sample	
  during	
   the	
   shear	
  process	
   [6].	
  The	
  energy	
   is	
   completely	
  available,	
  acting	
  as	
   the	
  

driving	
  force	
  after	
  the	
  load	
  is	
  removed,	
  for	
  the	
  reformation	
  process.	
  This	
  partially	
  or	
  in	
  

its	
   entity	
   compensates	
   the	
   previously	
   obtained	
   deformation	
   of	
   the	
   structure	
   [39].	
  	
  

Materials	
  storing	
  the	
  whole	
  available	
  energy	
  are	
  known	
  to	
  show	
  completely	
  reversible	
  

deformation	
  behavior.	
  This	
   is	
  attributed	
  to	
  their	
  unchanged	
  shape	
  after	
  the	
   load	
  cycle	
  

[6].	
   This	
   postulates	
   that	
   the	
   storage	
  modulus	
   G’	
   represents	
   the	
   elastic	
   behavior	
   of	
   a	
  

tested	
  substance.	
  	
  

On	
   the	
  other	
   side,	
   the	
   loss	
  modulus	
  G”	
  measures	
   the	
  deformation	
  energy	
  used	
  up	
  by	
  

the	
  sample	
  during	
  the	
  shear	
  process	
  [6].	
  In	
  layman	
  terms	
  this	
  refers	
  to	
  the	
  energy	
  loss	
  of	
  

the	
  sample.	
  The	
  energy	
  is	
  spent	
  during	
  the	
  deformation	
  of	
  the	
  sample’s	
  structure.	
  These	
  

types	
  of	
  energy	
  losing	
  materials	
  show	
  an	
  irreversible	
  deformation	
  behavior	
  [39].	
  This	
  is	
  

accounted	
   by	
   their	
   change	
   of	
   shape	
   during	
   the	
   load	
   cycle	
   [6].	
   The	
   loss	
   modulus	
   G”	
  

represents	
  the	
  viscous	
  behavior	
  of	
  a	
  tested	
  substance.	
  	
  

In	
  this	
  work	
  a	
  rotational	
  Rheometer	
  was	
  used	
  to	
  analyze	
  properties	
  of	
  pharmaceutical	
  

polymers,	
  such	
  as	
  Soluplus®.	
  Now	
  this	
  Chapter	
  will	
  emphasize	
  on	
  the	
  basic	
  fundamentals	
  

of	
  a	
  rotational	
  Rheometer.	
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270° 

Abb. 8.4: 1(r). )(r) und j-(r) in Form von Sinus- bzw. Cosinus-Kurven bei einer idealviskosen 
Flüssigkeit 

b) Bei --c-Regelung: y-Kurve als phasenverschobene Sinusfunktion: 
)'(t) = YA · sin (wt + 8) 

Die vorgegebene Sinuskurve und die Sinuskurve der Messantwort sind um den 
Winkel 8 verschoben, dieser liegt immer zwischen 0° und 90°. Es gilt also: 
0° $8$90°. 

Abb. 8.5: Vorgegebene Sinuskurve 
(hier mit -y-Regelung) 

t 

Abb. 8.6: Resultierende. um den Winkel o 
phasenverschobene Sinuskurve 
(h ier als T-Kurve) 

Grundlogen 

8.2.4 Begriffsdefinitionen 

a) Komplexer Schubmodul, Speichermodul, Verlustmodul und Verlust-
faktor 
Es gilt das Hooke'sche Gesetz, hier in komplexer Form: 

I G* = -r(t) I y(t) I 
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mit dem komplexen Schubmodul G* [Pa], der sinusförmigen --c(t)-Funktion [Pa] 
und der sinusförmigen y(t)-Funktion [%);(englisch: complex shear modulus). 

Parameter, die sich bei harmonisch-periodischen, d.h. sinusförmigen Scherbe-
anspruchungen ergeben, sollten in komplexer Form stets mit einem Stern darge-
stellt werden. Der komplexe Schubmodul muss immer mit Stern gekennzeichnet 
sein, um ihn vom (gewöhnlichen) Schubmodul zu unterscheiden, der nicht über 
einen Oszillationstest gemessen und entsprechend berechnet wurde. Zum Vergleich: 
Der stationäre Schubmodul dagegen, wie nach Kap. 4 gemäß Abb. 4.1 unter zeit-
lich konstanten Scherbedingungen ermittelt, z.B. bei konstanter Deformation an 
jedem einzelnen Messpunkt, hat kein Zusatzzeichen. 

Speichermodul G' = (--c AI y A) · cos 8 
Einheit [Pa] (englisch: storage modulus) 

Er gilt als Maß für die während des Scherprozesses in der Substanz gespeicher-
ten Deformationsenergie. Diese Energie steht nach der Entlastung vollständig 
zur Verfügung und wirkt als Triebfeder der Rückdeformation, welche die vorher-
gehende Deformation vollkommen ausgleicht. Deshalb zeigen idealelastische 
Substanzen reversibles Deformationsverhalten ; sie liegen nach einem Belas-
tungs-/Entlastungs-Zyklus in unveränderter Form vor. Durch G ' wird also das ela-
stische Ver halten der Messprobe repräsentiert. 

Verlustmodul G" = (-r A I y A) · sin 8 
Einheit [Pa] (englisch: loss modulus) 

Er gilt als Maß für die während des Scherprozesses in der Messprobe verbrauchte 
und danach für die Substanz verlorene Deformationsenergie. Diese Energie wird 
entweder zur Veränderung der Probenstruktur aufgebraucht und/oder an die Um-
gebung abgegeben (dissipiert), z.B. in Form von Wärme. Deshalb zeigen ideal-
viskose Substanzen irreversibles Deformationsverhalten ; sie liegen nach einem 
Belastungs-/Entlastungs-Zyklus in veränderter Form vor. Durch G" wird dem-
nach das viskose Verhalten der Messprobe repräsentiert. 

Figure 13: The sine and cosine curves of the time-dependent functions for 

idealviscous behavior [6] 
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  Overall,	
   several	
  different	
  measurement	
   systems	
  are	
  known	
   to	
  be	
  used	
   in	
   conjunction	
  

with	
  a	
  rotational	
  Rheometer.	
  In	
  this	
  case	
  study,	
  which	
  is	
  presented	
  here,	
  only	
  the	
  Cone-­‐

Plate	
  and	
  Plate-­‐Plate	
  systems	
  were	
  used.	
  

	
  

2.3.1	
  Cone-­‐Plate	
  System	
  
The	
   cone-­‐plate	
   apparatus	
   consists	
   of	
   a	
   shallow	
   rotating	
   cone	
   on	
   top	
   of	
   a	
   stationary	
  

plate,	
  both	
  attached	
  to	
  a	
  circular	
  cylinder	
  [38].	
  The	
  test	
  stand	
  provides	
  a	
  rapid	
  means	
  of	
  

obtaining	
  reproducible	
  flow	
  measurements	
  on	
  Non-­‐Newtonian	
  fluids	
  by	
  subjecting	
  the	
  

sample	
  to	
  definite	
  uniform	
  shear	
  stress	
  due	
  to	
  a	
  fixed	
  gap.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

A	
  sample	
  is	
  placed	
  between	
  the	
  plate	
  and	
  cone	
  of	
  the	
  representative	
  system.	
  When	
  the	
  

angle	
  between	
  the	
  cone	
  and	
  plate	
  is	
  very	
  small	
  and	
  the	
  rotational	
  speed	
  is	
  low,	
  the	
  flow	
  

is	
   basically	
   azimuthal,	
   meaning	
   that	
   streamlines	
   are	
   concentric	
   circles,	
   the	
   velocity	
  

profile	
  is	
  linear	
  and	
  the	
  shear-­‐rate	
  is	
  constant,	
  like	
  in	
  Couette	
  flow	
  [41].	
  

Azerat	
  and	
  Baensch	
  suggested	
   in	
  their	
  work	
  that	
  the	
  exhibited	
  flow	
  pattern	
   in	
  a	
  cone-­‐

plate	
   measuring	
   system	
   is	
   only	
   approximately	
   azimuthal,	
   as	
   the	
   angle	
   and	
   rotational	
  

rate	
   increases,	
  the	
  fluid	
  near	
  the	
  cone	
  experiences	
  an	
   increasing	
  centrifugal	
   force	
  that	
  

promotes	
  radial	
  fluid	
  motion	
  towards	
  the	
  periphery	
  of	
  the	
  device	
  [41].	
  

Figure 14: Cone-Plate measuring system for a Rotational 

Rheometer [40] 
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They	
  manifest	
   that	
  a	
   radial	
   secondary	
   flow	
  develops	
  here,	
  where	
  the	
  streamlines	
   turn	
  

into	
  spirals	
  until	
  the	
  onset	
  of	
  turbulence.	
  This	
  phenomenon	
  was	
  first	
  observed	
  by	
  Cox	
  et	
  

al.	
  and	
  later	
  on	
  manifested	
  by	
  Fewell	
  and	
  Hellmus	
  [42,	
  43].	
  

The	
   Cone-­‐plate	
   model	
   is	
   mainly	
   used	
   for	
   very	
   viscous	
   or	
   viscoelastic	
   materials.	
   The	
  

Cone-­‐Plate	
   system	
   is	
   also	
  widely	
   used	
   in	
   the	
   food	
   industry	
   to	
   control	
   the	
   viscosity	
   of	
  

certain	
   food	
   products.	
   Nevertheless,	
   it	
   does	
   hold	
   certain	
   restrictions	
   due	
   to	
   the	
   fixed	
  

measuring	
   gap	
   when	
   analyzing	
   suspensions.	
   To	
   elude	
   this	
   problem,	
   the	
   plate-­‐plate	
  

system	
  offers	
  a	
  useful	
  alternative.	
  

	
  

2.3.2	
  Plate-­‐Plate	
  System	
  
In	
   contrary	
   to	
   the	
   cone-­‐plate	
  measuring	
   system,	
   the	
   plate-­‐plate	
   system	
  offers	
   a	
  wide	
  

range	
  of	
  measurement	
  parameters	
  with	
  small	
  errors	
  due	
  to	
  an	
  adjustable	
  gap.	
  This	
  gives	
  

great	
  advantage	
  when	
  analyzing	
  suspensions,	
  as	
  the	
  gap	
  can	
  be	
  customized	
  to	
  account	
  

for	
  various	
  particle	
  sizes	
  yielding	
  to	
  sound	
  results	
  with	
  a	
  far	
  lower	
  range	
  for	
  errors.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 15: Compares the geometries of a Cone-Plate and a Plate-Plate model [3] 
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2.4	
  Test	
  procedure	
  with	
  a	
  rotational	
  Rheometer	
  

2.4.1	
  Amplitude	
  Sweep	
  
Amplitude	
   sweeps,	
   also	
   known	
   as	
   dynamic	
   stress	
   sweeps,	
   belong	
   to	
   the	
   range	
   of	
  

oscillatory	
   tests	
   performed	
   at	
   variable	
   amplitudes	
   but	
   keeping	
   the	
   frequency	
   and	
  

temperature	
  at	
  constant	
  value	
  [6].	
  The	
  test	
  is	
  used	
  to	
  determine	
  the	
  linear	
  viscoelastic	
  

range	
   (LVE)	
   limitations	
   over	
   a	
   stress	
   or	
   strain	
   range.	
   The	
   results	
   can	
   often	
   give	
   an	
  

indication	
  of	
  material	
  stability.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

The	
   wider	
   the	
   linear	
   viscoelastic	
   range	
   the	
   more	
   stable	
   the	
   material. While	
   sample	
  

structure	
   is	
   maintained,	
   the	
   complex	
   modulus	
   is	
   constant.	
   When	
   the	
   applied	
   stress	
  

becomes	
  too	
  high,	
  breakdown	
  occurs	
  and	
  the	
  modulus	
  decreases	
   [12].	
  Meaning	
   if	
   the	
  

LVE	
  is	
  much	
  shorter,	
  the	
  break	
  down	
  is	
  more	
  evident	
  and	
  easier	
  reached.	
  	
  

	
  

	
  

	
  

	
  

Figure 16: Amplitude Sweep [6] 
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2.4.2	
  Frequency	
  Sweep	
  
Frequency	
  sweeps,	
  like	
  the	
  amplitude	
  sweep,	
  are	
  oscillatory	
  tests	
  that	
  are	
  performed	
  at	
  

variable	
   frequencies	
   but	
   keeping	
   the	
   amplitudes	
   and	
   measuring	
   temperatures	
   at	
  

constant	
  value.	
  	
  

	
  

	
   	
  
 

 

Figure 17: Frequency Sweep [6]	
  

	
  

A	
  frequency	
  sweep	
  is	
  a	
  particularly	
  useful	
  test	
  as	
  it	
  enables	
  the	
  viscoelastic	
  properties	
  of	
  

a	
   sample	
   to	
   be	
   determined	
   as	
   a	
   function	
   of	
   timescale.	
   So	
   generally	
   speaking	
   it	
  

investigates	
  time-­‐dependent	
  shear	
  behavior,	
  since	
  the	
  frequency	
  is	
  the	
  inverse	
  value	
  of	
  

time.	
   Short-­‐term	
  behavior	
   is	
   simulated	
   by	
   rapid	
  motion,	
   at	
   high	
   frequencies	
   and	
   long	
  

term	
  behavior	
  by	
  slow	
  motion,	
  hence	
  at	
  low	
  frequencies	
  [6].	
  Several	
  parameters	
  can	
  be	
  

obtained,	
  such	
  as	
  the	
  storage	
  elastic-­‐modulus	
  G',	
  the	
  viscous	
  loss-­‐modulus	
  G",	
  and	
  the	
  

complex	
   viscosity	
   η*.	
   The	
   storage	
   modulus	
   can	
   be	
   used	
   as	
   a	
   measure	
   of	
   the	
   elastic	
  

component	
  of	
  the	
  sample	
  and	
  similarly,	
  the	
  loss	
  modulus,	
  the	
  viscous	
  component	
  of	
  the	
  

sample	
  [44].	
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The	
   complex	
   viscosity	
   can	
   be	
   determined	
   during	
   forced	
   harmonic	
   oscillation	
   of	
   shear	
  

stress	
  and	
  is	
  referred	
  to	
  as	
  a	
  frequency	
  dependent-­‐viscosity	
  function.	
  It	
  is	
  related	
  to	
  the	
  

complex	
   shear	
  modulus	
   and	
   represents	
   the	
   angle	
  between	
   the	
   viscous	
   stress	
   and	
   the	
  

shear	
  stress	
  [61].	
  The	
  complex	
  viscosity	
  function	
  is	
  equal	
  to	
  the	
  difference	
  between	
  the	
  

dynamic	
   viscosity	
   and	
   the	
   out-­‐of-­‐phase	
   viscosity,	
   or	
   imaginary	
   part	
   of	
   the	
   complex	
  

viscosity.	
   This	
   can	
   be	
   mathematically	
   approximated	
   from	
   Pythagoras	
   theorem	
   as	
  

follows	
  [62]:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (EQ	
  –	
  2.2)	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

To	
  describe	
  the	
  relations	
  in	
  equation	
  2.2;	
  η*	
  is	
  the	
  complex	
  viscosity,	
  η’	
  is	
  the	
  in-­‐phase	
  

viscosity	
  and	
  η”	
  is	
  the	
  out	
  of	
  phase	
  viscosity.	
  However	
  some	
  use	
  the	
  term	
  η	
  to	
  describe	
  

the	
  complex	
  viscosity	
  in	
  the	
  regard	
  of	
  oscillatory	
  measurements	
  derived	
  from	
  Cox-­‐Merz	
  

rule;	
  which	
  holds	
  that:	
  η(γ)=⏐η*γ⏐,	
  for	
  γ	
  [1/s]	
  equals	
  ω	
  [1/s],	
  and	
  refers	
  to	
  the	
  theory	
  of	
  

the	
   complex	
   viscosity	
  being	
   identical	
   to	
   the	
   shear	
   viscosity	
   if	
   the	
  angular	
   frequency	
   is	
  

replaced	
   by	
   the	
   shear	
   rate	
   [10].	
   This	
   rule	
   is	
   applicable	
   for	
   most	
   polymer	
   melts	
   and	
  

oscillatory	
  tests	
  involving	
  a	
  frequency	
  sweep.	
  

Figure 18: Vector Diagram of complex viscosity function [6] 
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2.4.3	
  Temperature	
  Test	
  
The	
   temperature	
   sweep	
   provides	
   the	
   dependency	
   of	
   viscosity	
   and	
   insight	
   of	
   the	
  

materials	
  melt	
   strength.	
  Also,	
  when	
  a	
   low	
   frequency	
   is	
  used,	
   i.e.	
  1	
   rad/sec,	
   the	
   test	
   is	
  

very	
   sensitive	
   to	
  branching,	
   both	
   long	
   and	
   short,	
   and	
   the	
  materials	
   structure	
   [6].	
   This	
  

sweep	
   test	
   rather	
   focus	
   on	
   a	
   temperature/time-­‐profile	
   then	
   on	
   measurement	
  

parameters	
  in	
  respect	
  of	
  frequency	
  or	
  amplitude.	
  In	
  the	
  Rheogram	
  the	
  storage	
  modulus	
  

G’	
  and	
  loss	
  modulus	
  G”	
  in	
  respect	
  of	
  temperature	
  is	
  depicted.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

The	
   value	
   for	
   the	
   glass	
   transition	
   temperature	
   Tg	
   can	
   vary	
   considerably	
  depending	
  on	
  

various	
   details	
   of	
   the	
   experimental	
   technique.	
   This	
   value	
   can	
   only	
   be	
   seen	
   as	
   an	
  

estimate;	
   hence	
   it’s	
   not	
   a	
   ‘sharp’	
   temperature	
   point	
   [6].	
   For	
   example,	
   the	
   softening	
  

range	
  of	
  the	
  Soluplus®
	
  Polymer	
  covers	
  a	
  wide	
  temperature	
  range	
  which	
  easily	
  covers:	
  ΔT	
  

=	
  70-­‐80°C.	
  Therefore,	
  Tg	
   is	
  dependable	
  on	
  the	
  heating	
  or	
  cooling	
  rate	
  as	
  well	
  as	
  on	
  the	
  

test	
  frequency.	
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Abb. 8.27: 
TemperaTUrkurven G'(T), G"(T) 
und tanO{T) eines Polymers mit 
amorpher Struk1ur 

Der anfängliche Anstieg der G" -Kurve ist auf die höhere verbrauchte Deforma-
tionsenergie in diesem Temperaturabschnitt zurückzuführen. Sie wird verbraucht, 
um die vorher starre Struktur umzuwandeln. Eine solche Strukturveränderung be-
nötigt naturgemäß Energie, dabei ist diese anschließend für die Messprobe verlo-
ren. (Der Zusammenhang zwischen dem Verlustmodul G" und der verlorenen 
Deformationsenergie ist in Kap. 8.2.4 a beschrieben.) 

In Richtung höherer Temperatur werden die Moleküle aufgrund von Erwärmung 
immer beweglicher. Oberhalb von T. befindet sich das Material im aufgeschmolzen 
Zustand, die Molekülketten aneinander abgleiten und entschlaufen sich 
dabei. Da dann G" > G' ist, erscheint die Polymerschmelze als eine viskoelastische 
Flüssigkeit. 

Typisch für amorphe Polymere ist, dass die tan Ö-Funktion mit der Temperatur im 
gesamten Temperaturbereich immer weiter ansteigt. Es ist zu beachten, dass bei 
nicht kristallisierenden Substanzen der Erweichungsprozess nur allmählich in ei-
ner mehr oder weniger breiten Übergangszone stattfindet, die sich bei breiterer 
Molmassen-Verteilung des Polymers über einen größeren Temperaturbereich er-
streckt. · 

Beispiele für Glastemperaturen amorpher Polymere: 
PMMA: Tg = ca. 50 oc; PVC: T. = ca. 85 oc; PS: To = ca. 100 °C; PC: T. = 
ca. 150 oc_ e e e 

2) teilkristalline Polymere 

Die fadenförmigen Moleküle liegen hier chemisch unvernetzt und teilweise ge-
ordnet vor. Aufgrund des oft linearen, meist regelmäßigen und wenig verzweig-
ten Aufbaus der Molekülketten können diese sich an vielen Stellen in einer dich-
ten Packung als sogenannte Kristallitezusammenlagern (Abb. 8.28). Die mecha-
nische Festigkeit des Polymers erhöht sich durch die in diesen kristallinen Regio-
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neo aktiven Wechselwirkungskräfte, die als physikalische Sekundärbindungen 
auftreten. Die kristallinen Bereiche sind von amorphen umgeben. 
Beispiele: Poly-Ethylen (PE): HDPE ca. 40% kristallin, MDPE ca. 80% kristal-
lin; Poly-Propylen (PP); Poly-Tetra-Fluor-Ethylen (PTFE); Poly-Amid (PA): bis 
ca. 60% krista!lin; Amylose {eine Komponente der Speisestärke); viele Proteine 
(z.B. Gelatine); DNS (Desoxyribo-Nuclein-Säure). 

Abb. 8.28: 
Teilkriswllin e Anordnung von Polymer-
molekülen 

Temperaturkurven von teilkristallinen Polymeren 
Das lokale Maximum der tan ö-Kurve markiert die Glastemperatur Tg (Abb. 
8.29). Unterhalb von T" sind die Moleküle nahezu unbeweglich und liegen im 
"eingefrorenen" Glaszustand vor. Da hier G' > G" ist, hat das Polymer die Konsis-
tenz eines steifen Festkörpers. Das tan o-Maximum bei T" weist auf das re lative 
Maximum von G"/G' hin, und damit auf das Maximum des Verhältniswertes der 
verlorenen zur gespeicherten Deformationsenergie. Dies lässt sich hier deuten als 
Maximum der Strukturveränderungsarbeit im Polymer bei dieser Temperatur. Ent-
sprechend wird dadurch der relative maximale Energieverbrauch angezeigt. 

Abb. 8.29: 
Temperaturkurven G '(T), G"(T) 
und ranO{T) eines Polymers mit 
reilkrisralliner Struktur 

Figure 19: Temperature-dependent functions of G' & G" [6] 
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Chapter	
  III	
  

3.	
  Polymers	
  
	
  

3.1	
  Adhesion	
  Phenomena	
  
The	
  process	
  that	
  allows	
  the	
  adhesive	
  to	
  transfer	
  a	
  mechanical	
  stress	
  from	
  the	
  adherent	
  

to	
  the	
  adhesive	
  joint	
  is	
  known	
  as	
  the	
  adhesion.	
  It	
  is	
  the	
  interatomic	
  and	
  intermolecular	
  

interaction	
  at	
  the	
  interface	
  of	
  two	
  surfaces.	
  Nowadays	
  it	
  does	
  not	
  only	
  include	
  physics	
  

but	
   belongs	
   to	
   an	
   interdisciplinary	
   field	
   comprising	
   of	
   surface	
   chemistry,	
   rheology,	
  

polymer	
  science	
  and	
  material	
  science,	
  stress	
  analysis,	
  fracture	
  analysis	
  and	
  of	
  course	
  last	
  

but	
  not	
  least,	
  physics.	
  [47]	
  	
  

The	
  ultimate	
  researcher’s	
  goal	
  is	
  to	
  identify	
  a	
  single	
  mechanism	
  that	
  explains	
  adhesion	
  

phenomena,	
  but	
  due	
  to	
  the	
  complexity	
  and	
  evolving	
  understanding	
  of	
  the	
  subject,	
  this	
  

seems	
  rather	
  unrealistic.	
  Adhesion	
  mechanisms	
  have	
  been	
  known	
  to	
  be	
  dependent	
  on	
  

the	
  surface	
  characteristics	
  of	
  the	
  materials	
  in	
  question	
  since	
  the	
  early	
  beginnings	
  of	
  both	
  

the	
  aerospace	
  and	
  automobile	
  industries.	
  Since	
  then,	
  and	
  especially	
  in	
  the	
  last	
  30	
  years,	
  

the	
   understanding	
   of	
   adhesion	
   mechanisms	
   has	
   increased	
   significantly	
   as	
   both	
  

industries	
   have	
   sought	
   lighter	
   and	
   cheaper	
   alternatives	
   to	
   metals	
   and	
   metal	
  

components.	
  

This	
   drive	
  has	
  been	
   the	
  major	
   influence	
   in	
   the	
  need	
   to	
  understand	
  polymer	
   adhesion	
  

and	
  to	
  resolve	
  the	
  debate	
  over	
  how	
  the	
  interfaces	
  are	
  actually	
  adhering	
  [48-­‐50].	
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3.2	
  Adhesion	
  of	
  Polymers	
  
Adhesion	
  is	
  acknowledged	
  to	
  be	
  one	
  of	
  the	
  more	
  complex	
  subjects	
  to	
  describe	
  in	
  simple	
  

terms.	
  Adhesion	
  to	
  and	
  by	
  polymers	
  is	
  a	
  particularly	
  subtle	
  part	
  of	
  the	
  subject,	
  and	
  one	
  

of	
  increasing	
  applied	
  importance.	
  The	
  subtlety	
  lies	
  in	
  the	
  many	
  characteristic	
  properties	
  

of	
  polymer	
  surfaces	
  and	
  interfaces.	
  	
  

In	
   the	
   last	
   three	
   decades,	
   the	
   level	
   of	
   basic	
   adhesion	
   research	
   has	
   outnumbered	
   the	
  

growing	
   use	
   of	
   the	
   technological	
   applications,	
   in	
   industry	
   as	
  well	
   as	
   applied	
   sciences.	
  

Despite	
  this,	
  a	
  single	
  unifying	
  theory	
  that	
  adequately	
  describes	
  all	
  adhesion	
  phenomena	
  

is	
   yet	
   to	
   be	
   proposed.	
   However,	
   several	
   basic	
   models	
   have	
   been	
   established.	
   The	
  

following	
  mechanisms	
  of	
  adhesion	
  are	
  emphasized	
  and	
  discussed	
  in	
  five	
  subchapters:	
  

• Mechanical	
  Interlocking	
  

• Electronic	
  Theory	
  

• Diffusion	
  Theory	
  

• Molecular	
  bonding	
  

• Adsorption	
  Theory	
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3.2.1	
  Mechanical	
  Interlocking	
  
Mechanical	
   interlocking	
   is	
   a	
   theory	
   that	
   essentially	
   proposes	
   mechanical	
   keying,	
   or	
  

interlocking,	
  of	
  the	
  adhesive	
  into	
  the	
  irregularities	
  of	
  the	
  substrate	
  surface,	
  which	
  is	
  the	
  

major	
   source	
   of	
   instrinsic	
   adhesion	
   [51].	
   F.	
   Awaja	
   et	
   al.	
   discusses	
   some	
   theories	
   on	
  

mechanical	
  interlocking	
  that	
  had	
  been	
  treated	
  by	
  researchers	
  through	
  the	
  past	
  decade.	
  

He	
   states	
   that	
   observation	
   of	
   abrasive	
   treatment	
   of	
   smooth	
   solid	
   surfaces	
   in	
   the	
  

presence	
  of	
  an	
  adhesive	
  may	
   increase	
   the	
   strength	
  of	
   the	
  adhesive	
   joint.	
  However,	
   in	
  

theory,	
   the	
  destruction	
  of	
   the	
   surface	
  may	
   allow	
   for	
   the	
   formation	
  of	
  macro	
   radicals,	
  

and	
  hence	
  an	
  increase	
  in	
  chemical	
  bonding	
  sites	
  [48].	
  	
  

Although	
   a	
   number	
   of	
   examples	
   relating	
   joint	
   strength	
   and	
   durability	
   to	
   increased	
  

surface	
  roughness	
  exist	
  in	
  literature,	
  the	
  theory	
  is	
  not	
  universally	
  applicable	
  since	
  good	
  

adhesion	
  occurs	
  between	
  smooth	
  surfaces,	
   such	
  as	
   the	
  adhesion	
   that	
  occurs	
  between	
  

wet	
  glasses	
  microscope	
  slides.	
  K.W.	
  Allen	
  et	
  al.	
  observed	
  that	
  increased	
  roughness	
  could	
  

result	
   in	
   lower	
   joint	
   strengths	
   [52].	
   Mechanical	
   interlocking	
   can	
   make	
   a	
   significant	
  

contribution	
  towards	
  the	
  joint	
  strength	
  if	
  the	
  adherent	
  surface	
  geometry	
   is	
  specifically	
  

fabricated	
  to	
  enhance	
  adhesive	
  penetration.	
  

On	
   the	
   other	
   hand,	
   F.	
   Awaja	
   et	
   al.	
   debates	
   on	
   opposing	
   the	
  mechanical	
   interlocking	
  

theory,	
   as	
   many	
   other	
   researchers	
   have	
   noted	
   the	
   significance	
   of	
   mechanical	
  

interlocking	
   in	
   explaining	
   adhesion	
   phenomena	
   but	
   in	
   combination	
   with	
   other	
   forces	
  

[48].	
  Brown	
  et	
  al.	
  found	
  that	
  adhesion	
  between	
  surfaces	
  is	
   influenced	
  by	
  the	
  presence	
  

of	
  van	
  der	
  Waals	
  forces	
   in	
  addition	
  to	
  mechanical	
  coupling.	
  Furthermore	
  it	
  was	
  noted,	
  

that	
   these	
   forces	
   are	
   not	
   sufficient	
   to	
   create	
   the	
   strong	
   interfacial	
   bonding	
   observed	
  

between	
  polymers	
  [53].	
  

Other	
   research	
   groups	
   have	
   studied	
   the	
   importance	
   of	
   the	
   surface	
   porosity	
   in	
   the	
  

mechanism	
  of	
  adhesion.	
  The	
  work	
  of	
  Packham	
  et	
  al.	
  suggests	
  that	
  the	
  shape	
  of	
  the	
  pore,	
  

is	
  a	
  crucial	
  factor	
  in	
  controlling	
  the	
  pore	
  filling	
  process	
  [54].	
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Subsequently,	
   penetration	
   of	
   the	
   adhesive	
   into	
   pores	
   on	
   the	
   surface	
   can	
   contribute	
  

significantly	
   towards	
   high	
   joint	
   strengths,	
   since	
   it	
   is	
   believed	
   that	
   the	
   adhesive	
   that	
  

penetrates	
   into	
   the	
   pores	
   requires	
   considerable	
   plastic	
   deformation,	
   and	
   thus	
   high	
  

fracture	
  energy.	
  

	
  

3.2.2	
  Electronic	
  Theory	
  
K.	
  Ananchaorengwong	
  describes	
   in	
  his	
  work	
   that	
   this	
   theory	
  postulates	
   that	
   adhesion	
  

arises	
  from	
  the	
  interaction	
  of	
  point	
  charges,	
  positive	
  and	
  negative,	
  on	
  either	
  side	
  of	
  an	
  

interface,	
  where	
  on	
  one	
  side	
  there	
  is	
  a	
  solid,	
  and	
  on	
  the	
  other	
  an	
  electric	
  double	
  layer	
  

composed	
   of	
   solvated	
   ions	
   and	
   counter-­‐ions.	
   This	
   model	
   finds	
   much	
   application	
   in	
  

colloid	
  science	
  [55].	
  	
  

	
  

	
  

3.2.3	
  Diffusion	
  Theory	
  
The	
   diffusion	
   theory	
   concept	
   was	
   described	
   by	
   Wool	
   et	
   al.	
   as	
   the	
   penetration	
   of	
  

adhesive	
   into	
   the	
   substrate.	
   The	
   diffusion	
   theory	
   of	
   adhesion	
   proposes	
   that	
   adhesion	
  

can	
  be	
  attributed	
  to	
  the	
  interdiffusion	
  of	
  polymer	
  molecules	
  at	
  the	
  interface	
  [56].	
  	
  

Voyutskii	
   et	
   al.	
   postulates	
   that	
   the	
   adhesion	
   between	
   two	
   polymers	
   is	
   a	
   result	
   of	
  

interfacial	
   interdiffusion	
  of	
  polymer	
  chains	
  [57].	
  However,	
  numerous	
  researchers,	
  such	
  

as	
  Allen	
  et	
  al.	
  criticize	
  the	
  theory	
  in	
  regard	
  that	
  if	
  the	
  interdiffusion	
  process	
  is	
  involved,	
  

the	
  joint	
  strength	
  should	
  depend	
  on	
  the	
  type	
  of	
  the	
  material,	
  contact	
  time	
  and	
  pressure,	
  

temperature,	
   molecular	
   weight,	
   and	
   formation	
   of	
   primary	
   and	
   secondary	
   interfacial	
  

forces	
  [58].	
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3.2.4	
  Molecular	
  Bonding	
  
This	
   theory	
   is	
   by	
   far	
   the	
   most	
   widely	
   accepted	
   mechanism	
   for	
   explaining	
   adhesion	
  

between	
   two	
   surfaces	
   in	
   close	
   contact.	
   It	
   entails	
   intermolecular	
   forces	
   between	
  

adhesive	
   and	
   substrate	
   such	
   as	
   dipole-­‐dipole	
   interactions,	
   van	
   der	
   Waals	
   forces	
   and	
  

chemical	
   interactions,	
   that	
   is,	
   ionic,	
   covalent	
   and	
   metallic	
   bonding.	
   This	
   mechanism	
  

describes	
   the	
   strength	
   of	
   the	
   adhesive	
   joints	
   by	
   interfacial	
   forces	
   and	
   also	
   by	
   the	
  

presence	
  of	
  polar	
  groups.	
  [59]	
  

It	
   is	
   understood,	
   that	
   molecular	
   bonding	
   mechanisms	
   require	
   an	
   intimate	
   contact	
  

between	
   the	
   two	
   substrates.	
  However,	
   intimate	
   contact	
   alone	
   is	
   often	
   insufficient	
   for	
  

good	
  adhesion	
  at	
   the	
   interface	
  due	
  to	
   the	
  presence	
  of	
  defects,	
  cracks	
  and	
  air	
  bubbles	
  

[60].	
  The	
  molecular	
  bonding	
  mechanism	
  is	
  a	
  subject	
  that	
  is	
  not	
  yet	
  fully	
  understood	
  and	
  

there	
  have	
  been	
  many	
  theories	
  proposed	
  to	
  explain	
  it.	
  	
  

	
  

For	
  example,	
  Mutsuda	
  and	
  Komada	
  studied	
  poly(oxy-­‐	
  2,6-­‐dimethyl-­‐1,4-­‐phenylene)	
  (PPE)	
  

bonding	
   to	
   rubber.	
  The	
  group	
   reported	
   that	
   the	
  adhesion	
  mechanism	
  was	
  based	
  on	
  a	
  

hydrogen	
  abstraction	
  reaction.	
  This	
  occurs	
  when	
  the	
  separation	
  between	
  two	
  polymer	
  

substrates	
  becomes	
  negligible,	
  allowing	
  radicals	
  from	
  one	
  substrate	
  to	
  attack	
  the	
  other	
  

causing	
   the	
   formation	
   of	
   more	
   radicals.	
   Subsequent	
   recombination	
   of	
   these	
   radicals	
  

with	
  the	
  polymer	
  allows	
  chemical	
  bonding	
  between	
  the	
  substrates	
  [61].	
  	
  

	
  

Bailey	
  and	
  Castle	
  as	
  well	
  as	
  Kinloch	
  et	
  al.	
  brought	
   further	
  evidence	
  for	
   this	
  hypothesis	
  

with	
  their	
  work	
  conducted	
  in	
  the	
  X-­‐ray	
  photoelectron	
  spectroscopy	
  (XPS)	
  and	
  Time-­‐of-­‐

Flight	
   Secondary	
   Ion	
  Mass	
   Spectrometry	
   (ToF-­‐SIMS)	
   field	
   [62,	
   63].	
   It	
   was	
   shown	
   that	
  

interfacial	
  bonding	
  was	
  the	
  crucial	
  factor	
  in	
  the	
  adhesion	
  strength	
  between	
  silanes	
  and	
  

metals.	
  

	
  

Basin	
   et	
   al.	
   reports	
   another	
   theory	
   in	
   his	
   research	
   article,	
   which	
   considers	
   adhesion	
  

between	
   solid	
   substrates	
   and	
   organic	
   coatings.	
   They	
   reported	
   that	
   as	
   the	
   number	
   of	
  

chemical	
   bonds	
   increased	
   at	
   the	
   contact	
   zone,	
   adhesion	
   strength	
   passed	
   through	
   a	
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maximum	
   value	
   [64].	
   This	
   finding	
   is	
   supported	
   by	
   the	
   study	
   investigating	
   the	
   shear	
  

strength	
  of	
  aluminium–	
  polypropylene	
   lap	
   joints	
  by	
  Chen	
  et	
  al.	
   [65].	
  Chen	
  et	
  al.	
   found	
  

that	
   the	
   overriding	
   adhesive	
   mechanism	
   was	
   the	
   chemical	
   interaction	
   between	
   the	
  

functional	
  groups	
  at	
  the	
   interface	
  and	
  also	
  concluded	
  that	
  excessive	
  chemical	
  bonding	
  

at	
   the	
   adhesive	
   interface	
   could	
   have	
   a	
   negative	
   effect	
   on	
   the	
   interface	
   strength.	
   This	
  

hypothesis	
  supported	
  several	
  other	
  studies	
  that	
  circulated	
  that	
  time.	
  	
  

Furthermore,	
   they	
   showed	
   that	
   adhesion	
   strength	
  has	
   been	
   shown	
   to	
  depend	
  on	
   the	
  

thickness	
   of	
   the	
   adhesive	
   layer	
   for	
   composite	
   interfaces.	
   Interfacial	
   bonding	
   strength	
  

increases	
  as	
  the	
  thickness	
  of	
  the	
  adhesive	
  layer	
  is	
  reduced,	
  as	
  stress	
  is	
  able	
  to	
  dissipate	
  

through	
  the	
  interface	
  much	
  easier	
  [66].	
  

	
  

3.2.5	
  Adsorption	
  Theory	
  
According	
  to	
  Allen	
  et	
  al.	
  adhesion	
  by	
  this	
  mechanism	
   is	
  attributed	
  to	
  surface	
  chemical	
  

forces,	
   and	
   the	
   chemisorption	
   or	
   physisorption	
   of	
   atomic	
   and	
  molecular	
   species.	
   The	
  

attractive	
   forces	
   working	
   across	
   two	
   surfaces	
   include	
   weak	
   dispersion	
   forces	
   and	
  

stronger	
  forces	
  due	
  to	
  hydrogen,	
  covalent,	
  and	
  ionic	
  bonding	
  [52].	
  This	
  is	
  also	
  known	
  as	
  

the	
  thermodynamic	
  adsorption	
  model	
  of	
  adhesion.	
  However,	
  on	
  the	
  contrary	
  Lipatov	
  et	
  

al.	
  argues	
  that	
  the	
  advantage	
  of	
  this	
  mechanism,	
  over	
  others	
  is	
  that	
  it	
  does	
  not	
  require	
  a	
  

molecular	
  interaction	
  for	
  good	
  adhesion,	
  only	
  an	
  equilibrium	
  process	
  at	
  the	
  interface.	
  In	
  

neutral	
   environments	
   such	
   as	
   air,	
   the	
   thermodynamics	
   of	
   the	
   polymer	
   system	
   will	
  

attempt	
   to	
  minimize	
   the	
   surface	
   free	
   energy	
   by	
   orientating	
   the	
   surface	
   into	
   the	
   non-­‐

polar	
  region	
  of	
  the	
  polymer	
  [67].	
  	
  

According	
   to	
   the	
   adsorption	
   theory	
   of	
   adhesion,	
   the	
   interatomic	
   and	
   intermolecular	
  

interactions	
  between	
  adhesive	
  and	
  substrate	
  are	
  responsible	
  for	
  adhesive	
  forces.	
  These	
  

interactions	
   are	
   classified	
   into	
   primary	
   (chemical	
   bonding)	
   and	
   secondary	
   forces	
  

(physical	
  interactions,	
  i.e.	
  hydrogen	
  bonding).	
  The	
  primary	
  bonds	
  are	
  the	
  strongest	
  with	
  

energies	
  in	
  the	
  range	
  of	
  1000-­‐100	
  kJ/mol	
  as	
  compared	
  with	
  40-­‐20	
  kJ/mol	
  of	
  secondary	
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forces.	
  In	
  case	
  of	
  urethane	
  adhesives	
  bonded	
  to	
  active	
  hydrogen	
  containing	
  substrates,	
  

a	
  primary	
  bond	
  is	
  believed	
  to	
  exist	
  [55].	
  	
  

Awaja	
   et	
   al.	
   discusses	
   multiple	
   research	
   groups	
   in	
   his	
   review	
   article	
   [48].	
   One	
   being	
  

Feinerman	
  et	
  al.	
  who	
  suggested	
  that	
  there	
  are	
  three	
  zones	
   for	
   liquids	
   interacting	
  with	
  

polymers	
  and	
  that	
  the	
  surface	
  tension	
  of	
  the	
  solid	
  is	
  a	
  function	
  of	
  the	
  surface	
  tension	
  of	
  

the	
  liquid	
  [68].	
  He	
  further	
  postulated	
  that;	
  

• Zone	
   1	
   is	
   the	
   unperturbed	
   zone;	
   this	
   indicates	
   that	
   the	
   surface	
   tension	
   of	
   a	
  

polymer	
  is	
  independent	
  of	
  the	
  surface	
  tension	
  of	
  the	
  wetting	
  liquid.	
  	
  

• Zone	
  2	
   is	
   referred	
  to	
  as	
  the	
  additional	
  polarization	
  zone,	
  here	
  polymer	
  surface	
  

tension	
  is	
  higher	
  than	
  in	
  the	
  unperturbed	
  system.	
  

• Zone	
   3	
   is	
   termed	
   the	
   depolarization	
   zone,	
   where	
   polymer	
   surface	
   tension	
   is	
  

lower	
  than	
  the	
  unperturbed	
  zone.	
  

• Zones	
   2	
   &	
   3	
   hold	
   a	
   linear	
   dependence	
   between	
   the	
   surface	
   tension	
   of	
   the	
  

polymer	
  and	
  the	
  surface	
  tension	
  of	
  the	
  liquid.	
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3.3	
  Matrix	
  Carrier	
  characterization	
  
In	
   Chapter	
   IV	
   of	
   this	
   work,	
   two	
   hot	
   melt	
   extrusion	
   matrix	
   carriers	
   were	
   used	
   and	
  

rheologically	
   investigated.	
  The	
  first	
  compound	
   in	
  use	
  was	
  Soluplus®	
   from	
  BASF	
  pharma	
  

chemicals	
  Inc.	
  The	
  information	
  and	
  data	
  for	
  the	
  polymer	
  Soluplus®	
  was	
  taken	
  from	
  BASF	
  

Solubilizer	
   Compendium	
   report	
   [53].	
   The	
   second	
   compound	
   was	
   calcium	
   stearate.	
  

Information	
  and	
  background	
  was	
  taken	
  from	
  the	
  USDA	
  National	
  Organic	
  Program	
  from	
  

UC	
  SAREP	
  [54].	
  

	
  

3.3.1	
  Soluplus®	
  	
  
The	
  co-­‐polymer	
  Soluplus®	
  was	
  especially	
  developed	
  as	
  an	
  innovative	
  excipient	
  for	
  HME	
  

purposes	
   as	
   it	
   enables	
   new	
   levels	
   of	
   solubility	
   and	
   bioavailability	
   for	
   poorly	
   soluble	
  

active	
  ingredients.	
  On	
  top	
  of	
  that,	
  it	
  features	
  a	
  low	
  glass	
  transition	
  temperature	
  Tg	
  and	
  

high	
  API	
  stability.	
  	
  Unique	
  in	
  many	
  ways,	
  due	
  to	
  its	
  remarkable	
  properties	
  for	
  extrusion	
  

and	
   excellent	
   flowability,	
   it	
   displays	
   superior	
   performance	
   in	
   forming	
   solid	
   solutions.	
  

Those	
  attributes	
  make	
  Soluplus®	
  highly	
  interesting	
  for	
  modern	
  day	
  drug	
  delivery	
  systems	
  

as	
  it	
  delivers	
  the	
  active	
  pharmaceutical	
  ingredient	
  (API)	
  in	
  a	
  dissolved	
  state,	
  resulting	
  in	
  

improved	
  bioavailability	
  once	
  in	
  the	
  body.	
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3.3.1.1	
  Composition	
  
“Soluplus®	
   is	
  a	
  polymeric	
  solubilizer	
  with	
  an	
  amphiphilic	
  chemical	
  structure,	
  which	
  was	
  

particularly	
  developed	
  for	
  solid	
  solutions.”	
  The	
  biofunctional	
  character	
  enables	
  Soluplus®	
  

to	
  act	
  as	
  a	
  matrix	
  polymer	
  for	
  solid	
  solutions	
  on	
  the	
  one	
  hand,	
  while	
  being	
  capable	
  of	
  

solubilizing	
  poorly	
  soluble	
  drugs	
  in	
  aqueous	
  media	
  on	
  the	
  other	
  hand.	
  

Its	
   chemical	
   properties	
   consist	
   of	
   a	
   polyvinyl	
   caprolactam	
   –	
   polyvinyl	
   acetate	
   –	
  

polyethylene	
  glycol	
  graft	
  copolymer	
  (13&	
  PEG	
  6000/	
  57%	
  vinyl	
  caprolactam/	
  30%	
  vinyl	
  

acetate).	
   One	
   or	
   two	
   side	
   chains	
   consisting	
   of	
   vinyl	
   acetate	
   randomly	
   copolymerized	
  

with	
  vinyl	
  caprolactam,	
  support	
  the	
  PEG	
  6000	
  backbone	
  as	
  visualized	
  in	
  figure	
  20.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 20: Chemical structure of Soluplus [71] 
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3.3.1.2	
  Properties	
  
Visually,	
   it	
   consists	
  of	
  white	
   slightly	
  yellowish	
  granules	
  with	
  a	
   faint	
   characteristic	
  odor	
  

and	
  practically	
  no	
  taste.	
  The	
  granules	
  are	
  spherically	
  shaped	
  and	
  have	
  a	
  mean	
  particles	
  

size	
   of	
   approximately	
   340	
   µm.	
   Its	
   free	
   flowing	
   features	
   ensure	
   proper	
   feeding	
   of	
  

extruder	
  during	
  processing.	
  

It’s	
  molecular	
  weight	
  has	
  a	
  an	
  average	
  value	
  of	
  118,000g/mol,	
  which	
  was	
  determined	
  by	
  

BASF	
  using	
  gel	
  permeation	
  chromatography.	
  Since	
   it	
  was	
  primarily	
  developed	
  for	
  solid	
  

solutions,	
   i.e.	
  by	
  means	
  of	
  hot-­‐melt	
  extrusion,	
  “the	
  glass	
  transition	
  temperature	
  of	
  the	
  

polymer	
  was	
  adjusted	
  to	
  approximately	
  70°C	
   in	
  order	
   to	
  enable	
  extrudability	
  at	
   lower	
  

temperatures	
  compared	
  to	
  already	
  known	
  polymers.”	
  Nevertheless,	
  the	
  temperature	
  is	
  

still	
  of	
  a	
  high	
  enough	
   level	
   to	
  ensure	
  sufficient	
  rigidness	
   for	
  proper	
  storage	
  stability	
  of	
  

the	
  final	
  solid	
  solution.	
  	
  

Having	
   an	
   amphiphilic	
   structure,	
   Soluplus®	
   also	
   has	
   a	
   detectable	
   critical	
   micelle	
  

concentration	
  (CMC	
  =	
  7.6	
  mg/L),	
  which	
  is	
  much	
  lower	
  than	
  can	
  be	
  found	
  with	
  classical	
  

low-­‐molecular	
  weight	
   surfactants.	
   CMC	
   is	
   a	
  measure	
   of	
   surfactant	
   efficiency.	
   A	
   lower	
  

CMC	
  indicates	
  less	
  surfactant	
  is	
  needed	
  to	
  saturate	
  interfaces	
  and	
  form	
  micelles.	
  Typical	
  

CMC	
  values	
  are	
  less	
  than	
  1%	
  by	
  weight	
  [1].	
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3.3.2	
  Calcium	
  Stearate	
  	
  
Calcium	
   stearate	
   is	
   a	
   non-­‐toxic,	
  white	
   powdery	
   substance.	
   It	
   is	
   a	
   calcium	
   salt	
   derived	
  

from	
  stearic	
  acid	
  and	
  is	
  widely	
  used	
  in	
  cosmetics,	
  plastics,	
  and	
  pharmaceuticals	
  as	
  either	
  

a	
  plasticizer,	
  stabilizer,	
  solid-­‐phase	
  lubricant	
  that	
  reduces	
  friction	
  between	
  particles	
  and	
  

surfactant.	
  Calcium	
  stearate	
  is	
  a	
  substance	
  that	
  the	
  U.S.	
  Food	
  and	
  Drug	
  Administration	
  

has	
  generally	
  recognized	
  as	
  safe	
  when	
  used	
  as	
  a	
  food	
  additive.	
  However,	
  it	
  is	
  important	
  

for	
  our	
  experimental	
  purposes	
  to	
  notice,	
  that	
  calcium	
  stearate	
  is	
  not	
  a	
  polymer.	
  

	
  

3.3.2.1	
  Properties	
  
“Calcium	
  stearate	
  is	
  a	
  metallic,	
  water	
  soluble	
  stearate.”	
  It	
  is	
  a	
  compound	
  of	
  Calcium	
  with	
  

a	
  mixture	
  of	
  solid	
  organic	
  acids	
  obtained	
  from	
  edible	
  sources,	
  and	
  consists	
  primarily	
  of	
  

variable	
   proportions	
   of	
   calcium	
   stearate	
   and	
   calcium	
   palmitate.	
   “It	
   occurs	
   as	
   a	
   fine,	
  

white	
  to	
  yellowish	
  white,	
  bulky	
  powder	
  having	
  a	
  slight,	
  characteristic	
  fatty	
  odor.”	
  

	
  

3.3.2.2	
  Production	
  
To	
   produce	
   Calcium	
   stearate,	
   calcium	
   chloride,	
   sodium	
   stearate,	
   and	
   other	
   salts	
   of	
  

mixed	
  fatty	
  acids	
  react	
  in	
  an	
  aqueous	
  solution.	
  Consequently,	
  the	
  precipitate	
  is	
  isolated.	
  	
  

	
  

3.3.2.3	
  Applications	
  
Its	
  high	
  versatility	
   is	
  accounted	
  to	
   its	
  extremely	
   low	
  solubility.	
  Calcium	
  stearate	
  can	
  be	
  

used	
   as	
   an	
   emulsifier,	
   flavoring	
   agent,	
   anti-­‐dusting	
   agent,	
   stabilizer,	
   release	
   agent	
   or	
  

thickening	
   agent.	
   Other	
   uses	
   include	
   water	
   proofing,	
   as	
   a	
   releasing	
   agent	
   for	
   plastic	
  

molding	
   powders,	
   as	
   a	
   stabilizer	
   for	
   polyvinyl	
   chloride	
   resins,	
   lubricant,	
   and	
   as	
   a	
  

conditioning	
  agent	
  in	
  various	
  pharmaceutical	
  products.	
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Chapter	
  IV	
  

4.	
  Rheology	
  and	
  Adhesion	
  of	
  Pharmaceutical	
  Polymers	
  

4.1	
  Introduction	
  
This	
   Chapter	
   covers,	
   to	
   a	
   great	
   extend	
   the	
   device	
   that	
   has	
   been	
   used	
   for	
   rheological	
  

investigations	
  regarding	
  two	
  hot	
  melt	
  extrusion	
  matrix	
  carriers	
  at	
   the	
  Research	
  Center	
  

for	
  Pharmaceutical	
  Engineering.	
  

4.2	
  Apparatus	
  
For	
  all	
  measurements	
  performed,	
  an	
  Anton	
  Paar	
  MCR301	
  Rheometer,	
   fully	
   fitted	
  with	
  

an	
  electric	
  temperature	
  controlled	
  chamber	
  (P-­‐EDT400+H-­‐EDT400)	
  had	
  been	
  used.	
  This	
  

device	
  allows	
  rotation	
  tests	
  as	
  well	
  as	
  oscillation	
  tests	
  at	
  increased	
  temperature	
  levels.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Rheological	
   data	
   of	
   Soluplus®	
   provided	
   by	
   BASF	
   has	
   been	
  measured	
   by	
   a	
   plate-­‐plate	
  

system.	
   In	
   contrast	
   to	
   the	
   latter,	
   the	
   cone-­‐plate	
   system	
   provides	
   the	
   advantage	
   of	
  

homogeneous	
  shear	
  conditions	
  in	
  the	
  whole	
  sample.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
Figure 21: Anton Paar Ind. Rheometer MCR301. [72] 
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4.3	
  Measurement	
  Principle	
  -­‐	
  Rheology	
  
During	
  the	
  investigation,	
  the	
  rheological	
  properties,	
  of	
  Soluplus®	
  and	
  calcium	
  stearate	
  

had	
  been	
  thoroughly	
  analyzed.	
  Amplitude	
  Sweeps,	
  Temperature	
  Sweeps	
  and	
  Frequency	
  

sweeps	
  had	
  been	
  performed,	
  the	
  theory	
  was	
  explained	
  earlier	
  in	
  Chapter	
  3.	
  	
  Now	
  

emphasis	
  is	
  laid	
  on	
  the	
  experimental	
  results,	
  the	
  data	
  achieved	
  and	
  the	
  consequently	
  

proceeded	
  data	
  analysis.	
  The	
  adhesion	
  test	
  will	
  be	
  explained	
  later	
  in	
  this	
  chapter.	
  

4.3.1	
  Sample	
  preparation	
  
A	
  rotational	
  rheometer	
  requires	
  a	
  uniform	
  sample	
  with	
  a	
  defined	
  volume.	
  It	
  should	
  be	
  

homogenous	
  within	
  the	
  whole	
  sample	
  and	
  centered	
  spread	
  on	
  the	
  ground	
  plate	
  of	
  the	
  

measuring	
  device.	
  

The	
  first	
  material	
  for	
  investigation	
  is	
  Soluplus®	
  powder	
  provided	
  by	
  BASF.	
  	
  According	
  to	
  

the	
  compound	
  analysis	
   the	
  material	
   features	
  a	
  porosity	
  of	
  approximately	
  50%.	
  Hence,	
  

when	
   heated	
   and	
   brought	
   above	
   the	
   glass-­‐transition	
   temperature,	
   a	
   non-­‐uniform	
  

molten	
  bulk	
  with	
  air	
  bubbles	
  on	
  its	
  surface	
  area	
  can	
  be	
  observed.	
  To	
  prevent	
  this	
  from	
  

happening	
  and	
  to	
  create	
  a	
  uniform	
  sample	
  preparation	
  the	
  powder	
  is	
  compacted	
  into	
  a	
  

tablet,	
  roughly	
  8	
  mm	
  in	
  diameter	
  and	
  approximately	
  1.65	
  mm	
  in	
  height.	
  This	
  procedure	
  

predefines	
  the	
  shape,	
  the	
  mass	
  of	
  the	
  sample,	
  and	
  reduces	
  the	
  porosity	
  from	
  50%	
  of	
  the	
  

bulk	
  material	
  to	
  about	
  15	
  %	
  of	
  the	
  tablet.	
  Thus,	
  less	
  air	
  is	
  entrapped	
  within	
  the	
  sample	
  

and	
  sample	
  volume	
  can	
  be	
  set	
  by	
  the	
  tablet	
  mass	
  and	
  known	
  density.	
  This	
  step	
  solved	
  

the	
   problem	
   for	
   uniform	
   sample	
   preparation	
   but	
   not	
   the	
   entrapped	
   air	
   within	
   the	
  

sample.	
  The	
  entrapped	
  air	
  biases	
  the	
  results	
  in	
  two	
  possible	
  ways;	
  first,	
   it	
  enlarges	
  the	
  

sample	
  volume	
  and	
  leads	
  to	
  an	
  overfilling	
  of	
  the	
  measurement	
  gap.	
  Second,	
  the	
  bubbles	
  

distort	
  the	
  laminar	
  flow	
  pattern	
  in	
  the	
  measurement	
  gap.	
  	
  

To	
  eliminate	
  air	
  bubbles	
  that	
  are	
  consequently	
  formed	
  when	
  the	
  material	
  is	
  heated	
  due	
  

to	
   remaining	
   pores,	
   the	
   tablet	
   is	
  molten	
   in	
   a	
   vacuum	
   oven.	
   A	
   single	
   tablet	
   is	
   heated	
  

under	
   200	
   mbar	
   and	
   180°C	
   for	
   ten	
   minutes.	
  When	
   preparing	
   samples	
   for	
   the	
   larger	
  

Plate-­‐Plate	
  25	
  mm	
  system,	
  2	
  tablets	
   lying	
  on	
  top	
  of	
  each	
  other,	
  are	
  molten	
  under	
  200	
  

mbar	
  for	
  about	
  70	
  minutes.	
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This	
  procedure	
  removes	
  all	
  the	
  remaining	
  air	
  from	
  the	
  tablets	
  and	
  ensures	
  testing	
  with	
  

lower	
  susceptibility	
  to	
  errors.	
  In	
  contrast,	
  the	
  old	
  sample	
  preparation	
  only	
  consisted	
  of	
  

centrally	
  spreading	
  the	
  dry	
  sample	
  powder	
  on	
  the	
  heating	
  surface	
  without	
  any	
  previous	
  

treatment.	
  The	
  sample	
  preparation	
  is	
  illustrated	
  in	
  figure	
  22.	
  

	
  

Figure 22: Illustration of the developed sample preparation method for Soluplus®	
   [3] 

Due	
   to	
   its	
   great	
   flow	
  properties	
   Soluplus®	
  was	
   the	
   ideal	
  material	
   for	
   compaction.	
   The	
  

tablets	
   were	
   compacted	
   with	
   a	
   Stylcam	
   200R	
   compaction	
   simulator	
   (Medelpharm,	
  

France)	
  in	
  an	
  automated	
  process.	
  On	
  the	
  other	
  hand,	
  the	
  second	
  matrix	
  carrier,	
  calcium	
  

stearate	
  does	
  not	
  feature	
  such	
  attributes.	
  	
  

Therefore,	
   automatic	
   compaction	
  was	
   not	
   possible.	
   Also	
  when	
  molten	
   in	
   the	
   vacuum	
  

oven	
   at	
   high	
   temperatures,	
   the	
   material	
   didn’t	
   melt	
   but	
   showed	
   dissolving	
  

characteristics.	
   Furthermore,	
   something	
  what	
  was	
  probably	
   a	
   nonenzymatic	
   browning	
  

effect,	
   such	
   as	
   the	
   Maillard	
   reaction,	
   caused	
   carbonization	
   on	
   the	
   top	
   layers	
   of	
   the	
  

substance.	
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In	
   the	
   end	
   calcium	
   stearate	
   was	
   compacted	
   manually	
   to	
   tablets	
   with	
   the	
   help	
   of	
   a	
  

Vacuum-­‐press.	
   Nevertheless,	
   samples	
   in	
   tablet	
   formulation	
   were	
   still	
   more	
   then	
   frail	
  

and	
  volatile	
  to	
  break	
  apart.	
  Special	
  care	
  had	
  to	
  be	
  taken.	
  	
  

	
  

4.3.1	
  Experimental	
  Procedure	
  
Followed	
   by	
   the	
   successful	
   sample	
   preparation	
  we	
   now	
   have	
   to	
   ensure	
   that	
   the	
   pre-­‐

molten	
   tablet	
   can	
   be	
   placed	
  with	
   high	
   enough	
   precision	
   onto	
   the	
   very	
   center	
   of	
   the	
  

Rheometer’s	
  heating	
  plate.	
  Placing	
  the	
  tablet	
  a	
  few	
  millimeters	
  off-­‐center	
  would	
  result	
  

in	
   the	
   molten	
   polymer	
   not	
   properly	
   covering	
   the	
   sensor	
   surface	
   of	
   the	
   measuring	
  

system,	
  hence	
  leading	
  to	
  distorted	
  and	
  non-­‐reproducible	
  results.	
  	
  

For	
  this	
  purpose	
  a	
  special	
  centering	
  device	
  had	
  been	
  created	
  at	
  the	
  Research	
  Center	
  for	
  

Pharmaceutical	
   Engineering.	
   Figure	
   22	
   illustrates	
   the	
   scheme	
   of	
   the	
   centering	
   device.	
  

This	
  device	
  fits	
  smoothly	
  onto	
  the	
  Rheometer’s	
  heating	
  plate	
  (4),	
  without	
  leaving	
  a	
  gap	
  

for	
  possible	
  errors	
  and	
  consists	
  of	
  a	
  punch	
  (1),	
  an	
  adapter	
  (2)	
  and	
  centering	
  device	
  (3).	
  

Different	
   denominations	
   of	
   the	
   adapter	
   are	
   available	
   for	
   different	
   sample	
   sizes.	
   The	
  

punch	
  is	
  used	
  for	
  powder	
  compaction,	
  if	
  applicable.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  

Figure 23: Centering device developed at RCPE, Graz 
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In	
  order	
  to	
  select	
  the	
  correct	
  measuring	
  system	
  for	
  the	
  Rheological	
  tests,	
  comparison	
  of	
  

the	
  reproducibility	
  of	
  previous	
  experiments	
  as	
  well	
  as	
  feasibility	
  and	
  constraints	
  of	
  the	
  

measurement	
   range	
  were	
  accounted	
   for.	
   Each	
  of	
   the	
   systems	
  used	
   in	
   this	
  project	
   are	
  

illustrated	
  in	
  figure	
  24;	
  

Measuring	
  Head	
   Gap	
  [mm]	
   Shear	
  Rate	
  [1/s]	
   Shear	
  Stress	
  [Pa]	
  

PP	
  8	
   0.25	
   4.996	
   2.025*10E6	
  

	
   0.50	
   2,498.19	
   2.025*10E6	
  

	
   1.00	
   1249.1	
   2.025*10E6	
  

PP	
  25	
   0.25	
   15,689.4	
   65,422	
  
	
   0.50	
   7,844.68	
   65,422	
  
	
   1.00	
   3,922.34	
   65,422	
  

CP	
  25	
   0.047	
   18,104.6	
   48,941.5	
  
 

Figure 24: Limitations of the measuring system 

The	
  measuring	
   head	
   that	
  was	
   chosen	
   for	
   these	
   investigations	
   is	
   a	
   cone-­‐plate	
   system,	
  

having	
  25	
  mm	
  cone	
  diameter	
  and	
  1°	
  angle.	
  

4.3.3.	
  Data	
  Analysis	
  and	
  Discussion	
  
Measurements	
  were	
  performed	
  with	
  the	
  Anton	
  Paar	
  MCR	
  301	
  Rheometer	
  device,	
  which	
  

has	
   been	
   previously	
   described.	
   Plate-­‐plate	
   and	
   cone-­‐plate	
   systems	
   had	
   been	
   used	
   in	
  

denominations	
  of	
  25	
  mm	
  and	
  8	
  mm	
  measuring	
  head	
  surfaces,	
  respectively.	
  	
  

4.3.3.1	
  Errors	
  and	
  tainted	
  results	
  
Now	
  before	
  emphasizing	
  on	
  the	
  actual	
  data	
  that	
  we	
  achieved	
  and	
  measured	
  throughout	
  

this	
   project,	
   it	
   is	
   very	
   important	
   to	
   understand	
   that	
   the	
   rheological	
   measurements	
  

performed	
   are	
   highly	
   susceptible	
   to	
   errors.	
   To	
   prevent	
   these	
   from	
   happening	
   and	
  

creating	
  distorted	
  results	
  one	
  has	
  to	
  fundamentally	
  understand	
  their	
  nature	
  and	
  origins.	
  	
  

In	
   the	
   heading	
   for	
   ‘sample	
   preparation’	
   a	
   small	
   insight	
   was	
   already	
   given	
   for	
   various	
  

errors	
  that	
  can	
  occur	
  associated	
  with	
  the	
  sample	
  itself.	
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One	
  paramount	
  aspect	
  is	
  to	
  comply	
  with	
  weight	
  and	
  size	
  regulations	
  for	
  the	
  sample	
  to	
  

prevent	
  over-­‐	
  or	
  under	
  filling.	
  In	
  the	
  case	
  of	
  over	
  filling	
  the	
  gap	
  between	
  measuring	
  head	
  

and	
  the	
  heating	
  plate,	
  the	
  molten	
  polymer	
  could	
  overlap,	
  attach	
  itself	
  onto	
  the	
  side	
  or	
  

top	
  of	
  the	
  plate	
  measuring	
  system	
  and	
  cause	
  distortions.	
  While	
  the	
  effect	
  of	
  under	
  filling	
  

might	
  result	
  in	
  the	
  measuring	
  head	
  not	
  being	
  able	
  to	
  properly	
  compress	
  the	
  sample.	
  	
  

The	
   same	
  effect	
   as	
   observed	
  with	
   over	
   and	
   /	
   or	
   under	
   filling	
  might	
   be	
   caused	
  by	
   the	
  

sample	
   not	
   being	
   correctly	
   placed	
   onto	
   the	
   very	
   center	
   of	
   the	
   Rheometer’s	
   heating	
  

plate.	
  On	
  one	
   side	
   the	
  molten	
   substance	
  might	
  overlap	
  with	
   the	
   sensor,	
  while	
  on	
   the	
  

other	
  side	
  no	
  substance	
  would	
  be	
  analyzed	
  by	
  the	
  measuring	
  system	
  at	
  all,	
  due	
  to	
  the	
  

precise	
   geometrics	
   that	
   adhere	
   between	
   sample	
   and	
   system.	
   Possible	
   errors	
   are	
  

illustrated	
  in	
  Figure	
  25	
  below;	
  

	
  

	
  

	
  

	
  

Figure 25:  Illustration of possible measurement errors [3] 
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4.3.3.1	
  Amplitude	
  Sweep	
  –	
  Soluplus®	
  	
  
Figure	
  26	
  shows	
  three	
  experiments	
   for	
  an	
  amplitude	
  sweep	
  for	
  Soluplus®	
  with	
  a	
  cone-­‐

plate	
  25	
  mm	
  system	
  measured	
  at	
  170°C	
  and	
  a	
  constant	
  gap	
  of	
  0.047mm	
  respectively.	
  

The	
  angular	
  frequency	
  was	
  held	
  at	
  100	
  rad/s.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

During	
   amplitude	
   sweep	
   the	
   amplitude	
   of	
   the	
   deformation	
   is	
   increased	
   while	
   the	
  

frequency	
   is	
   kept	
   constant.	
   For	
   the	
   analysis	
   the	
   storage	
   modulus	
   G'	
   and	
   the	
   loss	
  

modulus	
   G''	
   are	
   plotted	
   against	
   the	
   deformation.	
   The	
   illustration	
   depicts	
   that	
   at	
   low	
  

deformation	
  G’	
  and	
  G”	
  are	
  more	
  or	
  less	
  constant.	
  The	
  measuring	
  device	
  has,	
  most	
  likely	
  

caused	
  small	
  irregularities	
  that	
  occurred	
  at	
  low	
  deformation.	
  Towards	
  the	
  end,	
  as	
  soon	
  

as	
  the	
  moduli	
  start	
  to	
  decrease,	
  the	
  structure	
  is	
  disrupted.	
  This	
  disruption	
  is	
  associated	
  

with	
  the	
  end	
  of	
  the	
  LVE-­‐region.	
  The	
  ratio	
  of	
  the	
  two	
  moduli	
  gives	
  information	
  about	
  the	
  

characteristics	
  of	
  the	
  sample	
  [6].	
  

If	
  the	
  storage	
  modulus	
  G’	
  is	
  larger	
  than	
  the	
  loss	
  modulus	
  G”	
  the	
  sample	
  behaves	
  more	
  

like	
  a	
  viscoelastic	
  solid,	
  but	
  in	
  the	
  case	
  of	
  Soluplus®	
  at	
  170°C.	
  

Figure 26: Amplitude Sweep CP25 170 Soluplus® 
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G”proves	
   to	
   be	
   significantly	
   larger	
   then	
   G’,	
   which	
   demonstrates	
   the	
   properties	
   of	
   a	
  

viscoelastic	
  fluid.	
  Nevertheless,	
  in	
  the	
  high	
  deformation	
  area	
  the	
  maximum	
  capacity	
  for	
  

the	
   measurement	
   had	
   been	
   reached	
   by	
   the	
   rheometer’s	
   limitations	
   as	
   no	
   further	
  

measurements	
  can	
  be	
  produced	
  in	
  ‘Direct	
  strain	
  option’	
  mode.	
  This	
  results	
   in	
  the	
  data	
  

distortion	
  that	
  can	
  be	
  observed	
  in	
  all	
  data	
  curves	
  at	
  deformation	
  above	
  70%.	
  The	
  effect	
  

is	
   most	
   likely	
   caused	
   by	
   the	
   deflection	
   of	
   1000%	
   at	
   100	
   rad/sec.	
   If	
   the	
   frequency	
   is	
  

lowered	
  to	
  about	
  10	
  rad/sec,	
  which	
  is	
  aligned	
  to	
  a	
  standardized	
  deflection	
  of	
  100%,	
  this	
  

effect	
  could	
  be	
  bypassed	
  in	
  further	
  experiments.	
  	
  

	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

In	
  addition	
  three	
  runs	
   for	
  an	
  amplitude	
  sweep	
  had	
  been	
  performed	
  with	
  a	
  plate-­‐plate	
  

8mm	
  system	
  at	
   170°C	
  and	
  an	
  angular	
   frequency	
  of	
   100	
   rad/s;	
   In	
   contraire	
   to	
   the	
  CP-­‐

Figure 27: Amplitude Sweep PP8 170 Soluplus® 

	
  
Shear	
  Stress	
  τ 	
  

LVE	
  -­‐	
  Range	
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system	
   a	
   gap	
   of	
   1	
   mm	
   had	
   been	
   chosen	
   for	
   the	
   PP	
   measurements;	
   The	
   tendencies	
  

between	
  storage	
  and	
  loss	
  moduli	
  are	
  not	
  as	
  apparent	
  as	
  with	
  the	
  CP	
  25	
  system.	
  This	
  can	
  

be	
  seen	
  in	
  the	
  illustration	
  of	
  figure	
  27.	
  	
  

Especially	
  at	
  low	
  deformation	
  the	
  PP8	
  is	
  showing	
  irregularities	
  with	
  high	
  variations	
  in	
  the	
  

data.	
  Towards	
  the	
  end	
  of	
  the	
  LVE-­‐region	
  the	
  decrease	
  commences	
  steady	
  and	
  prolongs	
  

the	
   distortions	
   recorded	
   at	
   the	
   low	
   range.	
   Similar	
   to	
   the	
   CP25	
   system,	
   this	
   can	
   be	
  

attributed	
  to	
  the	
  same	
  effect	
  and	
  could	
  be	
  foregone	
  by	
  lowering	
  the	
  amplitude.	
  

	
  

4.3.3.2	
  Frequency	
  Sweep	
  –	
  Soluplus®	
  	
  
Figure	
  28	
  depicts	
  three	
  assays	
  for	
  a	
  frequency	
  sweep	
  for	
  Soluplus®	
  with	
  a	
  cone-­‐plate	
  

25mm	
  system	
  measured	
  at	
  170°C	
  and	
  a	
  constant	
  gap	
  of	
  0.047mm	
  respectively.	
  The	
  

amplitude	
  was	
  held	
  at	
  0.1%.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 28: Frequency Sweep CP25 170 Soluplus®	
   

Angular	
  Frequency	
  ω 	
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During	
   the	
   frequency	
   sweep	
   the	
   frequency	
   is	
   varied	
   while	
   the	
   amplitude	
   of	
   the	
  

deformation	
   is	
   kept	
   constant.	
   For	
   data	
   analysis	
   the	
   storage	
   and	
   the	
   loss	
  modulus	
   are	
  

plotted	
   against	
   the	
   frequency,	
   as	
   can	
   be	
   seen	
   in	
   figure	
   28.	
   The	
   frequency	
   sweep	
   is	
  

important	
  for	
  polymer	
  melts	
  [10].	
  All	
  experiments	
  were	
  held	
  within	
  the	
  LVE	
  range.	
  The	
  

data	
  shows	
  good	
  reproducibility	
  with	
  an	
  angular	
  frequency	
  set	
  from	
  0.1	
  to	
  a	
  maximum	
  

of	
  526	
  rad/s.	
  	
  

However,	
  when	
   the	
  measurement	
   reaches	
   the	
   lower	
   resolution	
   limit,	
   one	
   can	
   clearly	
  

observe	
   intemperance	
   of	
   the	
   curves.	
   This	
   could	
   be	
   associated	
   with	
   measurement	
  

irregularities	
   or	
   actual	
   distortions	
   of	
   the	
   measurement	
   system.	
   In	
   this	
   test	
   the	
   loss	
  

modulus	
  was	
  always	
  higher	
  than	
  the	
  storage	
  modulus.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
   29	
   compares	
   three	
   frequency	
   sweeps	
   for	
   Soluplus®	
   with	
   a	
   plate-­‐plate	
   8	
   mm	
  

testing	
  system	
  at	
  170°C	
  and	
  a	
  measurement	
  gap	
  of	
  1	
  mm;	
  again	
  the	
  angular	
  frequency	
  

Figure 29: Frequency Sweep PP8 170 Soluplus®	
   

Angular	
  Frequency	
  ω 	
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was	
  set	
  from	
  0.1	
  to	
  a	
  maximum	
  of	
  526	
  rad/sec	
  and	
  the	
  amplitude	
  kept	
  at	
  0.1%	
  Unlike	
  

the	
   data	
   achieved	
   for	
   the	
   CP25	
   system,	
   the	
   viscosity	
   curve	
   shows	
   rather	
   weak	
  

reproducibility,	
   as	
   well	
   as	
   for	
   the	
   repeated	
   intemperance	
   towards	
   the	
   end	
   of	
   the	
  

measurement.	
  One	
  has	
  to	
  also	
  acknowledge	
  that	
  for	
  the	
  frequency	
  sweep	
  with	
  the	
  PP8	
  

measuring	
  system,	
  the	
  ‘old’	
  sample	
  preparation	
  had	
  been	
  used.	
  Hence	
  when	
  comparing	
  

the	
  two	
  assays	
  for	
  PP8	
  and	
  CP25	
  (old	
  vs.	
  new)	
  one	
  can	
  observe	
  a	
  vast	
  difference	
  in	
  the	
  

quality	
  of	
  the	
  results.	
  	
  

	
  

4.3.3.3	
  Temperature	
  Sweep	
  –	
  Soluplus®	
  	
  
Figure	
  30	
   shows	
   a	
   temperature	
   Sweep	
   for	
   Soluplus®	
  with	
   a	
   cone-­‐plate	
   25	
  mm	
  system	
  

measured	
   starting	
  at	
  220°C	
  and	
  a	
   constant	
  gap	
  of	
  0.047mm	
  respectively.	
   The	
  angular	
  

frequency	
  was	
  set	
  to	
  10	
  rad/sec	
  and	
  the	
  amplitude	
  kept	
  at	
  0.1%.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

The	
  TS	
  assay	
  shows	
  two	
  runs	
  with	
  good	
  reproducibility	
   in	
   its	
  data	
   for	
  temperatures	
  of	
  

above	
  100°C.	
  Evidently	
  the	
  data	
  shows	
  some	
  deviations	
  below	
  the	
  100°C	
  benchmark	
  as	
  

Figure 30: Temperature Sweep CP 25 220 Soluplus®	
   

	
  

Sample	
  destruction	
  



	
   52	
  

both,	
   storage	
   and	
   loss	
   modulus	
   heavily	
   decrease.	
   Torque	
   limitations	
   from	
   the	
  

Rheometer	
  restricted	
  the	
  emasurements	
  from	
  reaching	
  temperature	
  values	
  around	
  the	
  

lower	
   limit	
   set	
   at	
   60°C.	
   The	
   intersection	
   point	
   between	
   storage	
   and	
   loss	
   modulus,	
  

observed	
  at	
  around	
  105°C	
  refers	
  to	
  the	
  glass	
  transition	
  of	
  Soluplus®.	
  The	
  glass	
  transition	
  

temperature	
   is	
   described	
   by	
   the	
   intersection	
   of	
   the	
   loss	
   and	
   storage	
   modulus.	
   It	
   is	
  

assumed	
  that	
  the	
  viscoelastic	
  region	
  is	
  abandoned	
  at	
  temperatures	
  below	
  105°C,	
  which	
  

result	
  in	
  product	
  destruction	
  of	
  the	
  polymer.	
  However,	
  if	
  the	
  amplitude	
  is	
  lowered,	
  this	
  

effect	
   could	
   be	
   bypassed.	
   This	
   effect	
   most	
   likely	
   is	
   to	
   take	
   place	
   outside	
   of	
   the	
   LVE	
  

range.	
   Since	
   Soluplus®	
   has	
   a	
   glass	
   transition	
   temperature	
   of	
   ΔT	
   =	
   70	
   -­‐	
   80°C	
   no	
  

compliance	
  with	
  literature	
  and	
  experimental	
  data	
  could	
  be	
  found.	
  	
  

Figure	
  31	
  illustrates	
  another	
  Temperature	
  Sweep	
  for	
  Soluplus®	
  performed	
  with	
  a	
  plate-­‐

plate	
  8	
  mm	
  system	
  at	
  a	
  starting	
   temperature	
  of	
  220°C.	
  The	
  measuring	
  gap	
  was	
  set	
  at	
  

1mm.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

In	
  this	
  test	
  comparison	
  the	
  difference	
  between	
  the	
  old	
  and	
  ‘new’	
  sample	
  preparation	
  is	
  

apparent.	
   The	
   green	
   and	
   red	
   data	
   curves	
   represent	
   the	
   aforementioned	
   sample	
  

Figure 31: Temperature Sweep PP8 220 Soluplus®	
   

Sample	
  destruction	
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preparation	
  in	
  form	
  of	
  tablets.	
  The	
  blue	
  line	
  is	
  Soluplus®	
  powder	
  arbitrarily	
  spread	
  onto	
  

the	
  Rheometer’s	
  heating	
  plate.	
  The	
  ‘old’	
  variation	
  cannot	
  produce	
  constant	
  data	
  nor	
  can	
  

it	
  perform	
  a	
  steady	
  data	
  acquisition	
  below	
  130°C.	
  

	
  

4.3.3.4	
  Amplitude	
  Sweep	
  –	
  Calcium	
  Stearate	
  
Figure	
   32	
   shows	
   an	
   amplitude	
   sweep	
   for	
   calcium	
   stearate	
   with	
   a	
   cone-­‐plate	
   25	
   mm	
  

system	
  measured	
  at	
  200°C	
  and	
  a	
  gap	
  of	
  0.047mm	
  respectively.	
  The	
  angular	
  frequency	
  

was	
  held	
  at	
  100	
  rad/s.	
  Two	
  test	
  runs	
  are	
  compared.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

For	
  the	
  interpretation	
  of	
  the	
  Rheogram	
  for	
  calcium	
  stearate	
  a	
  different	
  scaling	
  was	
  used	
  

as	
  for	
  Soluplus®.	
  This	
  is	
  due	
  to	
  the	
  fact	
  that	
  the	
  data	
  recorded	
  for	
  the	
  amplitude	
  sweep	
  

has	
  much	
   greater	
   intemperance	
   after	
   leaving	
   the	
   LVE-­‐Range	
   past	
   5%	
   of	
   deformation.	
  

This	
   can	
   probably	
   be	
   attributed	
   to	
   the	
   difficult	
   sample	
   preparation	
   involved	
   with	
  

experiments	
  conducted	
  with	
  calcium	
  stearate.	
  	
  

Figure 32: Amplitude Sweep CP25 200 Ca St 

LVE	
  -­‐Range	
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4.3.3.5	
  Frequency	
  Sweep	
  –	
  Calcium	
  Stearate	
  
Figure	
  33	
  shows	
  a	
  frequency	
  sweep	
  for	
  calcium	
  stearate	
  with	
  a	
  cone-­‐plate	
  25mm	
  system	
  

measured	
  at	
  130	
  degrees	
  Celsius	
  and	
  a	
  constant	
  gap	
  of	
  0.047mm	
  respectively.	
  Again,	
  

two	
  experimental	
  procedures	
  are	
  compared.	
  The	
  amplitude	
  was	
  kept	
  at	
  0.1%.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

The	
  data	
  recorded	
  for	
  the	
  assay	
  shows	
  decent	
  alignment	
  towards	
  the	
  lower	
  limit	
  of	
  the	
  

frequency	
  with	
   some	
  minor	
   discrepancies	
   in	
   the	
   loss	
  modulus	
  G”.	
  However,	
  we	
  were	
  

not	
   able	
   to	
   reproduce	
   the	
   reproducibility	
   seen	
   at	
   the	
   Soluplus®	
   frequency	
   test.	
  

Especially,	
   if	
   one	
   observes	
   the	
   higher	
   regions	
   of	
   the	
   measurement	
   resolution.	
   The	
  

angular	
  frequency	
  was	
  held	
  from	
  0.1	
  to	
  a	
  maximum	
  of	
  526	
  rad/s.	
  It	
  is	
  assumed	
  that	
  the	
  

rheogram	
  depicts	
  a	
  viscosity	
  curve	
  according	
  to	
  a	
  Power	
  Law.	
  	
  

Figure 33: Frequency Sweep CP25 130 Ca St 

Angular	
  Frequency	
  ω 	
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4.3.3.6	
  Temperature	
  Sweep	
  –	
  Calcium	
  Stearate	
  
Figure	
  34	
  shows	
  two	
  measurements	
  for	
  a	
  temperature	
  sweep	
  for	
  calcium	
  stearate	
  with	
  

a	
  cone-­‐plate	
  25	
  mm	
  system	
  measured	
  starting	
  at	
  220°C	
  and	
  a	
  constant	
  gap	
  of	
  0.047mm	
  

respectively.	
   The	
   angular	
   frequency	
  was	
   set	
   to	
   10	
   rad/sec	
   and	
   the	
   amplitude	
   kept	
   at	
  

0.1%.	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  

	
  

	
  

In	
   this	
   Temperature	
   Sweep	
   for	
   calcium	
   stearate	
   the	
   data	
   illustrates	
   very	
   good	
  

reproducibility	
   starting	
  with	
   temperatures	
  below	
  170°.	
  Unlike	
   the	
   temperature	
  Sweep	
  

for	
  Soluplus®,	
   calcium	
  stearate	
  does	
  not	
  show	
  strong	
  alignment	
   in	
   the	
  region	
  between	
  

170°	
  and	
  the	
  starting	
  point	
  of	
  220°.	
  This	
  effect	
  might	
  be	
  due	
  to	
  the	
  very	
  unpredictable	
  

stability	
   of	
   calcium	
   stearate	
   in	
   higher	
   temperature	
   regions.	
   The	
   point	
   of	
   intersection,	
  

observed	
   at	
   around	
   140°	
   usually	
   indicates	
   the	
  melting	
   point	
   of	
   the	
   substance	
   or	
   the	
  

glass	
  transition.	
  

	
  

Figure 34: Temperature Sweep CP25 220 Ca St 

Sample	
  destruction	
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In	
  figures	
  35	
  and	
  36	
  the	
  comparison	
  between	
  calcium	
  stearate	
  and	
  Soluplus®

	
  is	
  depicted.	
  

Soluplus®
	
   shows	
   a	
   simple	
   thermo-­‐rheological	
   behavior,	
   which	
   can	
   be	
   mathematically	
  

described	
   through	
   the	
   time-­‐temperature-­‐shift,	
   whereas	
   calcium	
   stearate	
   is	
   far	
   more	
  

complex	
  and	
  there	
  no	
  approximated	
  mathematical	
  model	
  available.	
  	
  

1E+02	
  

1E+03	
  

1E+04	
  

1E+05	
  

1E+06	
  

100	
   120	
   140	
   160	
   180	
   200	
   220	
  

V
is
co
si
ty
	
  |η
*|
	
  	
  [
P
as
]	
  

Temperature	
  [°C]	
  

Calcium	
  Stearate	
  

Soluplus®	
  

0	
  
1	
  
2	
  
3	
  
4	
  
5	
  
6	
  
7	
  
8	
  
9	
  
10	
  

100	
   120	
   140	
   160	
   180	
   200	
   220	
  

Lo
ss
	
  fa
ct
or
	
  G
''/
G
'	
  

Temperature	
  [°C]	
  

Calcium	
  Stearate	
  

Soluplus®	
  

Figure 35: Complex viscosity comparison of Soluplus®
	
  and Calcium Stearate  

Figure 36: Loss factor comparison between Soluplus®
	
  and Calcium Stearate 
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Figure	
  37	
  shows	
  a	
  thermogram	
  of	
  calcium	
  stearate	
  and	
  describes	
  its	
  regions	
  as	
  follows	
  

[73]:	
  

1. Exothermic	
  peak	
  at	
  20.3°C	
  (phase	
  transition)	
  

2. Endothermic	
   peak	
   at	
   120.7°C	
   (structural	
   rearrangement,	
   i.e.	
   transition	
   of	
   the	
  

crystalline	
  state	
  into	
  the	
  liquid	
  crystalline	
  state)	
  

3. Endothermic	
  peak	
  at	
  163.9°C	
  (smectic	
  mesophase	
  becomes	
  nematic)	
  

4. Endothermic	
  peak	
  196.3°C	
  (transition	
  of	
  the	
  nematic	
  state	
  into	
  liquid	
  state)	
  

5. Exothermic	
  cooling	
  peak	
  at	
  173.4°C	
  

6. Exothermic	
  cooling	
  peak	
  at	
  37°C	
  

	
  

	
  

	
  

	
  

	
  

	
  

The calibration of the q-scale, i.e., the calibration of the detector
pixels to the respective scattering angle, was performed by mea-
suring silver behenate with a defined lamellar spacing of 58.38 Å
in the SAXS range and p-bromo-benzoic-acid in the WAXS range.
For the measurements, the samples were filled into glass capillar-
ies with an inner diameter of 2 mm, sealed with wax, and placed
into the SpinCap.

2.4.3. In vitro drug release studies
All dissolution experiments were examined in vitro by the USP

28 rotating basket method h711i (Pharma Test PTWS III C, Pharma
Test AG, Hainburg, Germany). The apparatus was used at a release
temperature of 37 ± 0.5 !C and a rotational speed of 100 rpm. The
dissolution medium consisted of 750 ml 0.1 N hydrochloric acid.
After 2 h, 250 ml trisodiumphosphate-dodecahydrate buffer was
added to switch the pH from 1.2 to 6.8. For each drug-loaded for-
mulation, 1 g of pellets was transferred into the basket. The disso-
lution characteristics of each formulation were determined sixfold.
Samples of 1 ml were withdrawn from the dissolution medium
after 10 min (initial dose), followed by sampling at 0.5, 1, 2, 3, 4,
5, 6, 7, 8, and 24 h. All samples were analyzed via reversed phase
high-performance liquid chromatography (RP-HPLC).

2.4.4. RP-HPLC analysis
The HPLC analysis was carried out with a HP1090 liquid chroma-

tography (Hewlett Packard, Palo Alto, CA, USA) equipped with a
diode array detector (detection at 272 nm). A reversed phase ODS
silica column (125 ! 4 mm, LiChrospher", 5 lm RP-18, 100 Å pore
size, VWR international, Darmstadt, Germany) was used as the sta-
tionary phase. The mobile phase consisted of an aqueous solution
containing 7.6 mM ammonium hydrogenphosphate and 5.4 mM
ammonium dihydrogenphosphate. The mixture was adjusted with
phosphoric acid to pH2.6 andwasdilutedwithmethanol at the ratio
of 60:40 (w/w). Prior to use, themobile phasewas filtered through a
cellulose nitrate filter (Sartorius, Göttingen, Germany) with a pore
size of 0.2 lm and degassed with helium (purity: 5.0) for 10 min.
Samples (5–10 ll) were injected automatically with an autosam-
pler, and the flow rate was set to 0.8 ml/min. The quantification of
the dissolution sampleswas performed by a single-point calibration
with a 100% standard solution of the used API paracetamol.

2.4.5. Mechanism of drug release
In order to evaluate the kinetics of drug release from the melt

extruded pellets, various models were tested. The obtained disso-
lution profiles (selected sections) were fitted according to (i)
zero-order kinetics, (ii) first-order kinetics, (iii) Higuchi model,
and (iv) the Korsmeyer–Peppas model. These models are described
elsewhere, e.g., [23]. SigmaPlot Version 11 (SysStat) was used for
data fitting.

2.4.6. Pellet structure
The surface and internal structure of the produced pellets (with

and without paracetamol) were investigated via SEM. The pellets
were analyzed after the extrusion process and after the performed
in vitro release studies (24 h). For this analysis, the pellets were cut
mechanically with a scalpel. The intact and cut pellets were
mounted on stubs using a double-sided sticky band, followed by
sputter coating with chromium and an examination in a scanning
electron microscope (Zeiss Ultra 55, Carl Zeiss NTS GmbH, Oberko-
chen, Germany).

3. Results and discussion

The preparation of hot melt extruded pellets requires the use of
a thermoplastic matrix system. Thus, the material must be able to

deform in the extruder and solidify at the end of the process [7]. In
this study, the suitability of CaSt as a hot melt extrusion excipient
was evaluated. CaSt is a mixture of insoluble calcium salts of differ-
ent fatty acids, mainly consisting of stearic and palmitic acids and
minor proportions of other fatty acids [19].

3.1. Thermal behavior of the CaSt powder

CaSt exhibits several thermotropic crystalline and mesomorphic
phase transitions [24] and decomposes at 350 !C [25]. Vold et al.
[25] reported microscopic visual observations during heating and
cooling of CaSt. No visual changes were detected below 123 !C.
At this temperature, particles started to coalesce and CaSt became
translucent. At 150 !C, the matrix carrier became almost transpar-
ent with a pebbly (stony) structure. Increasing the temperature to
195 !C, thread-like spots appeared and the sample became brighter
at the same time. The same characteristics were observed on cool-
ing. In this study, the thermal behavior of CaSt was investigated by
DSC measurements (see Fig. 2). The thermogram of the first heat-
ing cycle demonstrated the following four peaks: at 20.3 !C, at
120 !C, at 163.9 !C, and at 196 !C. The exothermic peak at 20.3 !C
derived from a1? a0 phase transition [26]. The latter one is the
stable form at room temperature. The endothermic peak appearing
at 120.7 !C was associated with a structural rearrangement reach-
ing a mesomorphic state, i.e., the transition of the solid crystalline
state in the liquid crystalline one. This effect is also confirmed by
other studies [27]. The mesomorphic state is divided into two clas-
ses: the smectic (soap-like) and the nematic (thread-like) states.
The transition of the smectic mesophase into the nematic is indi-
cated by the endothermic peak at 163.9 !C. The signal at 196.3 !C
was due to the transition of the nematic state into the liquid state.
These findings are in accordance with the literature [27]. The cool-
ing rate was 5 K/min from above 200 !C to 0 !C. The first transfor-
mation was detected at 173.4 !C. This transformation was
reversible on cooling and reproducible at repeated heating
(196.3 !C). No transformations at 163.9 !C and 123 !C were ob-
served during cooling, which might be due to the low heats of
transformations and/or second-order transitions [25]. In the sec-
ond heating cycle, however, both endothermic peaks were repro-
ducible. The second exothermic peak appearing at 37.0 !C on
cooling was observed as a result of the thermal treatment of the

Fig. 2. DSC thermogram of the first heating cycle and the cooling cycle of CaSt, (1)
exothermic peak at 20.3 !C (a1? a0 phase transition), (2) endothermic peak at
120.7 !C (structural rearrangement, i.e., the transition of the crystalline state into
the liquid crystalline state, (3) endothermic peak at 163.9 !C (smectic mesophase
becomes nematic), (4) endothermic peak at 196.3 !C (transition of the nematic state
into the liquid state), the cooling curve displayed two exothermic peaks, (5) at
173.4 !C and 6: at 37 !C.
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Figure 37: left: DSC thermogram of the first heating and cooling cycle of Calcium Stearate [73];  

right: Rheologial Temperature Sweep of calcium stearate 
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4.4	
  Measurement	
  Principle	
  –	
  Adhesion	
  

4.4.1	
  Experimental	
  Procedure	
  
For	
  analyzing	
  purposes	
  the	
  preparatory	
  operation	
  of	
  the	
  adhesion	
  test	
  in	
  comparison	
  to	
  

the	
  oscillatory	
  tests,	
  stays	
  much	
  the	
  same.	
  The	
  same	
  sample	
  preparation	
  had	
  been	
  used	
  

as	
   discussed	
   earlier	
   in	
   this	
   chapter.	
   Again	
   the	
   Polymer	
   is	
   placed	
  with	
   the	
   help	
   of	
   our	
  

developed	
   centering	
   device	
   onto	
   the	
   Rheometer’s	
   heating	
   plate.	
   Both	
   Soluplus®	
   and	
  

calcium	
   stearate	
   were	
   analyzed	
   at	
   different	
   temperature	
   levels.	
   Adhesion	
   tests	
   were	
  

performed	
   with	
   a	
   plate-­‐plate	
   25	
   mm	
   and	
   a	
   plate-­‐plate	
   8	
   mm	
   testing	
   system,	
  

respectively.	
  The	
  theoretical	
  principles	
  of	
  the	
  tack	
  test	
  procedure	
  are	
  illustrated	
  in	
  figure	
  

38.	
  	
  

	
  

Figure 38: Tack Test principles 

	
  

	
   	
  

 

Figure 39: Tack Test snapshots Soluplus® 
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Figure	
  39	
  illustrates	
  two	
  snapshots	
  taken	
  during	
  adhesion	
  experiments	
  with	
  Soluplus®.	
  

This	
  phenomenon,	
  as	
  seen	
  in	
  the	
  pictures	
  is	
  described	
  by	
  A.	
  Zosel	
  as	
  fibril	
  growth	
  [74].	
  In	
  

his	
  article	
  he	
  further	
  manifests	
  that	
  the	
  formation	
  and	
  growth	
  of	
  fibrils	
  during	
  the	
  

debonding	
  is	
  crucial	
  to	
  the	
  peel	
  strength.	
  	
  	
  

	
   	
  

	
  

 

Figure 40: Fibrilation scheme [74] 

Fibrillation	
  is	
  schematized	
  as	
  a	
  three-­‐step	
  process	
  of	
  the	
  formation	
  of	
  fibrils,	
  their	
  

deformation	
  and	
  their	
  debonding,	
  which	
  is	
  illustrated	
  in	
  figure	
  40.	
  The	
  process	
  is	
  

explained	
  in	
  the	
  schematic	
  diagram	
  as	
  follows:	
  (1)	
  cavitation;	
  (2)	
  fibril	
  growth;	
  (3)	
  

separation.	
  

	
  

4.4.2	
  Data	
  Analysis	
  and	
  Discussion	
  
Data	
  was	
  best	
  recorded	
  at	
  higher	
  temperatures.	
  For	
  Soluplus®	
  170°C	
  was	
  the	
  norm,	
  as	
  

for	
  calcium	
  stearate	
  200°C	
  was	
  used	
  to	
  melt	
  the	
  substance.	
  	
  

Initially	
  a	
  gap	
  of	
  1	
  mm	
  was	
  sought	
  after	
   for	
  all	
  measurements	
  with	
   the	
  plate-­‐plate	
  25	
  

mm	
  system,	
  but	
  as	
   the	
  Rheometer	
   reached	
   its	
   limitations	
  and	
  showed	
  vastly	
   irregular	
  

data,	
  a	
  compromise	
  was	
  made	
  to	
  only	
  measure	
  calcium	
  stearate	
  with	
  the	
  PP8	
  system.	
  

Nevertheless,	
   the	
  plate-­‐plate	
  25	
  mm	
  system	
  used	
  a	
  gap	
  set	
  at	
  1	
  mm,	
   for	
  experiments	
  

conducted	
  with	
  Soluplus®.	
  The	
  following	
  specifications	
  were	
  used	
  in	
  tack	
  tests	
  for	
  both,	
  

Soluplus®	
  and	
  calcium	
  stearate;	
  

	
  

Fig. 3. Schematic diagram of fibril formation, deformation and de-
bonding.

The stress versus strain curve in Fig. 2b offers a way to
characterise the formation and growth of fibrils more
quantitatively than by simple visual inspection. Three
quantities can be deduced from it: the apparent max-
imum stress !

!
, which can be regarded as the critical

stress for cavitation and fibril formation, the height of the
plateau or shoulder, !

"
, which is the stress required to

deform the fibrils, and the strain at fracture, i.e. the
maximum elongation of the fibrils, "

#
.

4. Results and discussion

4.1. Formation of fibrils

The nucleation of cavities under the influence of the
tensile stress at the beginning of the debonding process
and their growth is supposed to be the origin of fibrila-
tion. Cavitation in rubber-like polymers has been treated
by Gent and co-workers [7, 8]. The authors found a rela-
tion between an inflating pressure p or a dilatant stress !,

which has the same effect, and the expansion ratio # of
a pre-existing spherical cavity. The cavity becomes unsta-
ble and expands without limits above a critical dilatant
stress !

$
, which is proportional to Young’s modulus of

the polymer and depends upon the radius of the initial
cracks. Smaller cracks need a higher critical stress.

As there is no information available about the size of
cracks in the polymer layers studied in this work, the
model of Gent and Wang cannot be applied to quantitat-
ively treat fibril formation. It is, however, helpful in better
understanding this phenomenon. If we assume the max-
imum stress !

!
in Fig. 2b to be equal to the critical stress

!
$
, we can distinguish two cases:

! The tensile stress, at which the interface between
probe and adhesive fails, is lower than the critical
stress. Then interfacial fracture occurs before cavita-
tion starts, as shown in Fig. 2a.

! The interfacial strength is higher than the critical
stress. In this case, cavitation and fibrilation occur as
in Fig. 2b. !

$
is proportional to Young’s modulus E of

the adhesive. As the tack is predominantly related to
the mechanical behaviour in the plateau range of the
viscoelastic spectrum [6], we have to choose the
modulus in the plateau range. As we determine the
linear viscoelastic behaviour by dynamic mechanical
analysis under shear strain, we use the storage
modulus G$, which is inversely proportional to the
molecular mass M

%
between two entanglements, the

so-called entanglement length. This means that poly-
mers with a high M

%
have a low critical dilatant stress

and accordingly tend to separate by fibrilation.

The number and the size of cracks is supposed to be
affected by the surface roughness of the substrate. Ac-
cordingly, fibril formation should be influenced by the
surface roughness, too. A study of the influence of surface
roughness on the tack of polymers has been performed
recently with steel probes of different degrees of rough-
ness [9]. Stress—strain curves determined in this study are
shown in Fig. 4 for the debonding of polybutylacrylate
from stainless-steel probes with different surface rough-
ness: a ‘‘smooth’’, lapped probe with an average rough-
ness of 0.02 "m, and a ‘‘rough’’, bead blasted probe with
an average roughness of 2 "m. The measurements were
performed at 23°C with a contact time of 1 s and two
contact forces of 0.1 and 1 N, as indicated in the figure.
The low contact force leads to a small real contact area
on the rough probe surface. Consequently, fibrilation is
rather incomplete compared with the smooth probe,
though never the less present. Two conclusions can be
drawn from the results with the contact force of 1 N:

! The maximum apparent stress, related to the geomet-
riccontact area, is by a factor of 2 higher on the
smooth surface. This may only reflect the fact that the
real contact area is smaller on the rough surface than
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Tack	
  Test	
  Specifications	
   	
   	
  

Waiting	
  Position	
   Profile	
   constant	
  

	
   Measuring	
  point	
   0.1	
  sec.	
  
	
   Segments	
   10	
  sec.	
  

Force	
   Normal	
  Force	
   0	
  N	
  
Peeling	
  Stage	
   Profile	
   Ramp	
  log	
  

	
   Starting	
  Value	
   -­‐0.02	
  mm/s	
  
	
   Ending	
  Value	
   -­‐0.05	
  mm/s	
  

 

Figure 41: Tack Test specifications 

	
  

4.4.2.1	
  Tack	
  test	
  –	
  Soluplus®	
  	
  
Figure	
   42	
   depicts	
   two	
   measurements	
   for	
   a	
   Tack	
   test	
   for	
   Soluplus®	
   performed	
   with	
   a	
  

plate-­‐plate	
  25	
  mm	
  measuring	
  system	
  at	
  170°C,	
  compared	
  to	
  two	
  runs	
  of	
  a	
  plate-­‐plate	
  

8mm	
  system	
  with	
  the	
  same	
  specifications.	
  	
  

	
  

	
  

	
  

	
  

	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 42: Tack Test PP25  Soluplus® 
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Figure	
  42	
  shows	
  the	
  tack	
  profile	
  of	
  the	
  experiment.	
  Tack	
  strength	
  of	
  approximately	
  20	
  N	
  

was	
   observed	
   during	
   the	
   test,	
   as	
   well	
   as	
   a	
   comparably	
   high	
   tack	
   energy,	
   which	
   is	
  

illustrated	
   through	
   the	
  width	
   of	
   the	
   tack	
   peak.	
   During	
   the	
  measurement	
   process	
   the	
  

residence	
   time	
   of	
   the	
  measuring	
   head	
   on	
  molten	
   polymer	
   surface	
  was	
   recorded	
   at	
   a	
  

maximum	
  of	
  10	
  seconds.	
  	
  

	
  

4.4.2.2	
  Tack	
  test	
  –	
  Calcium	
  Stearate	
  
In	
   the	
   first	
   Tack	
   Test	
  measurements	
   for	
   calcium	
   stearate	
   the	
   PP25	
   system	
  was	
   used.	
  

However,	
  due	
  to	
  the	
  fact	
  that	
  process	
  limitations	
  were	
  reached	
  with	
  the	
  Rheometer,	
  the	
  

decision	
  was	
  made	
  to	
  measure	
  with	
  a	
  PP8	
  system	
  instead.	
  Figure	
  43	
  clearly	
  shows	
  the	
  

limitations	
  reached	
  and	
  the	
  high	
  irregularities	
  recorded.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure 43: Tack Test PP25 Calcium Stearate 
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A	
  table	
  will	
  provide	
  insight	
  information	
  on	
  why	
  a	
  PP8	
  system	
  was	
  chosen	
  in	
  favor	
  over	
  a	
  

PP25	
  measuring	
  head.	
  Where	
  Sigma	
  gives	
  the	
  maximum	
  tensile	
  strain,	
  which	
  equals	
  the	
  

force	
   in	
   respect	
   of	
   the	
   area.	
  Maximum	
   ‘normal	
   force’	
   according	
   to	
   the	
  MCR301	
   data	
  

sheet	
  is	
  valued	
  at	
  -­‐65.4	
  N	
  respectively.	
  

d	
  [mm]	
   A	
  [mm2]	
   A(25)/A(d)	
   Sigma(max)	
  [N/mm2]	
  

4	
   12.6	
   39.1	
   -­‐5.20	
  
8	
   50.3	
   9.8	
   -­‐1.30	
  
15	
   176.7	
   2.8	
   -­‐0.37	
  
25	
   490.9	
   1.0	
   -­‐0.13	
  

 

Figure 44: Measuring system profiles	
  

Figure	
   45	
  depicts	
   a	
   tack	
   test	
   for	
   calcium	
   stearate	
  performed	
  with	
   a	
   plate-­‐plate	
   8	
  mm	
  

measuring	
  system	
  at	
  200°C.	
  Due	
  to	
  measuring	
  difficulties	
  no	
  experiments	
  with	
  a	
  PP25	
  

system	
  were	
  conducted.	
  Two	
  experimental	
  measurements	
  are	
  illustrated.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
   Figure 45: Tack Test PP8 Calcium Stearate 
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According	
   to	
   literature,	
   calcium	
   stearate	
   generally	
   shows	
   non-­‐tack	
   properties.	
   In	
  

industry	
   it	
   is	
   commonly	
   used	
   as	
   a	
   lubricant.	
   Contradictive	
   is,	
   that	
   If	
   compared	
   to	
   the	
  

adhesive	
  force	
  of	
  Soluplus®,	
  calcium	
  stearate	
  shows	
  much	
  higher	
  tack	
  strength,	
  recorded	
  

at	
  approximately	
  12	
  to	
  14	
  N	
  with	
  a	
  PP8	
  system.	
  Figure	
  45	
  also	
  clearly	
  indicates	
  that	
  the	
  

substance’s	
   tack	
   energy	
   is	
   higher	
   than	
   that	
   of	
   the	
   polymer	
   Soluplus®,	
   observed	
   in	
   the	
  

significantly	
  wider	
  peak	
  width.	
  	
  

The	
  following	
  comparison	
  should	
  ratify	
  the	
  assumptions	
  stated	
  in	
  this	
  chapter.	
  Figure	
  46	
  

compares	
  the	
  results	
  achieved	
  for	
  both	
  carriers	
  conducted	
  with	
  the	
  PP8	
  measuring	
  

head.	
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Figure 46: Comparison of PP8 for Soluplus®
	
  and Calcium Stearate 
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The	
   figure	
   clearly	
   shows	
   that	
   Soluplus®
	
   (red	
   and	
  blue	
   data	
   curves)	
   has	
   limitations	
   and	
  

actual	
   problems	
   to	
   achieve	
   a	
   ‘tack’	
   or	
   adhesion	
   on	
   calcium	
   stearate	
   with	
   the	
   PP8	
  

measuring	
  head.	
  This	
  might	
  be	
  due	
  to	
  the	
  measuring	
  head’s	
  smaller	
  contact	
  area.	
  Based	
  

on	
  theses	
  measurements	
  the	
  decision	
  was	
  made	
  that	
  the	
  plate-­‐plate	
  25	
  mm	
  system,	
  is	
  

the	
   measuring	
   head	
   of	
   choice	
   for	
   Soluplus®.	
   The	
   results	
   are	
   highly	
   contradictive	
   to	
  

literature	
  as	
  it	
  is	
  assumed	
  that	
  Soluplus®	
  should	
  feature	
  much	
  higher	
  tack	
  strength	
  than	
  

calcium	
  stearate.	
  	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  46	
  depicts	
  a	
   comparison	
  between	
  Soluplus®	
  measured	
  with	
  both	
  PP8	
  and	
  PP25	
  

measuring	
   heads.	
   Obviously	
   the	
   PP8	
   requires	
   much	
   less	
   normal	
   force	
   than	
   the	
   PP25	
  

Figure 47: Comparison between PP8 and PP25 for Soluplus® 
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system.	
   This	
   effect	
   is	
   explained	
   by	
   the	
   difference	
   in	
   contact	
   area	
   between	
   the	
   two	
  

measuring	
  heads.	
  	
  

The	
  average	
  peak	
  value	
  of	
  PP25	
  data	
  is	
  23	
  N	
  and	
  4	
  N	
  for	
  the	
  data	
  peaks	
  acquired	
  with	
  

the	
  PP8	
  system.	
  The	
  ratio	
  of	
  both	
  means	
  results	
  in	
  5.8;	
  which	
  does	
  not	
  cohere	
  with	
  the	
  

previously	
   calculated	
   factor	
   10	
   for	
   the	
   PP8	
   measuring	
   head	
   (see	
   figure	
   42).	
   The	
  

distinction	
   between	
   the	
   ratios	
   could	
   be	
   explained	
   by	
   the	
   partial	
   similarity	
   of	
   the	
  

experiments.	
   The	
  measurement	
   gap	
  was	
  not	
   adjusted	
   to	
   compare	
  geometric	
   analogy;	
  

nevertheless	
   further	
   research	
   should	
   be	
   conducted	
   in	
   this	
   area	
   to	
   clarify	
   the	
   relation	
  

between	
  geometry	
  and	
  normal	
  force.	
  	
  

To	
  summarize	
  all	
  results	
  mentioned	
  in	
  regard	
  of	
  adhesion	
  tests	
  in	
  this	
  chapter,	
  one	
  can	
  

acknowledge	
  that	
  further	
  research	
  is	
  needed	
  to	
  manifest	
  proper	
  lasting	
  theories	
  about	
  

tack	
   characteristics.	
   The	
   experimental	
   data	
   for	
   both,	
   calcium	
   stearate	
   and	
   Soluplus®
	
  

were	
   contradictive	
   and	
   did	
   not	
   correspond	
  with	
   literature.	
   However,	
   within	
   our	
   own	
  

limitations	
  the	
  data	
  recorded	
  showed	
  mostly	
  good	
  reproducibility.	
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5	
  Summary	
  and	
  Conclusion	
  
In	
  Chapter	
  I,	
  the	
  fundamental	
  ideas	
  of	
  rheological	
  research	
  and	
  its	
  background	
  directly	
  

related	
   to	
   the	
   measurements	
   in	
   this	
   thesis,	
   have	
   been	
   explored	
   and	
   thoroughly	
  

explained.	
  	
  In	
  Chapter	
  II,	
  theory,	
  historic	
  figures	
  and	
  experiments	
  have	
  been	
  presented	
  

along	
  with	
  modern	
  day	
  applications	
  that	
  have	
  been	
  developed	
  by	
  scientists	
  with	
  great	
  

guile	
   within	
   the	
   past	
   decades.	
   Emphasis	
   was	
   laid	
   on	
   procedures	
   and	
   techniques	
   to	
  

determine	
   rheological	
   properties	
   of	
   polymers.	
   While	
   chapter	
   III	
   emphasized	
   on	
   the	
  

fundamental	
   background	
   of	
   testing	
   adhesiveness.	
   Theoretical	
   as	
   well	
   as	
   mechanical	
  

principles	
  were	
  used	
  to	
  describe	
  the	
  phenomenon	
  of	
  adhesion.	
  Chapter	
  IV	
  presents	
  the	
  

experimental	
   data	
   recorded	
   along	
  with	
   elemental	
   analysis	
   of	
   the	
   data	
   achieved	
   from	
  

testing	
  procedures	
  for	
  both	
  rheological	
  properties	
  and	
  adhesiveness.	
  

Experiments	
  for	
  both	
  rheological	
  properties	
  and	
  adhesiveness	
  of	
  the	
  hot	
  melt	
  extrusion	
  

matrix	
   carriers	
   Soluplus®	
   and	
   calcium	
   stearate	
   have	
   been	
   performed.	
   	
   Substance	
  

characteristics	
  had	
  been	
  analyzed	
  by	
  conducting	
  Frequency	
  Sweeps,	
  Amplitude	
  Sweeps	
  

and	
   Temperature	
   Sweeps,	
   respectively.	
   In	
   a	
   separate	
   testing	
   procedure,	
   adhesive	
  

properties	
  were	
  analyzed	
  by	
  Tack	
  tests.	
  	
  	
  

The	
  vast	
  knowledge	
  gained	
  through	
  the	
  testing	
  procedures	
  give	
  a	
  comprehensive	
  insight	
  

into	
   the	
   behavior	
   of	
   the	
   two	
   hot	
   melt	
   extrusion	
   matrix	
   carriers.	
   Uniform	
   sample	
  

separation	
  is	
  a	
  paramount	
  aspect	
  in	
  recording	
  clean	
  and	
  reproducible	
  data	
  values.	
  Clean	
  

and	
   tidy	
   work	
   in	
   regard	
   of	
   sample	
   contamination	
   is	
   very	
   important.	
   Possible	
  

impurifications	
  on	
  the	
  measuring	
  head	
  should	
  be	
  avoided.	
  For	
  clear	
  data	
  interpretation,	
  

coherent	
  scaling	
  and	
  validation	
  of	
  results	
  as	
  well	
  as	
  revision	
  and	
  literature	
  comparison	
  

should	
  be	
  complied	
  with.	
  	
  

Some	
  testing	
  procedures	
  apply	
  heavy	
  stress	
  onto	
  the	
  sample	
  and	
  the	
  substance.	
  Under	
  

certain	
   circumstances,	
   this	
  may	
   lead	
   to	
   product	
   destruction,	
  which	
  would	
  manipulate	
  

the	
  recorded	
  data	
  and	
  cause	
  distortions	
  and	
  irregularities.	
  

	
  



	
   67	
  

Overall,	
  to	
  minimize	
  the	
  possibility	
  of	
  product	
  destruction	
  during	
  the	
  experimental	
  test,	
  

if	
  LVE-­‐range	
  is	
  abandoned,	
  one	
  can	
  forego	
  the	
  following	
  two	
  procedures	
  to	
  prove	
  that	
  

no	
  destruction	
  is	
  prevalent:	
  

• Measuring	
  twice	
  with	
  the	
  same	
  sample,	
  yielding	
  the	
  same	
  data	
  would	
  eliminate	
  

the	
  possibility	
  of	
  product	
  destruction.	
  

• A	
   time	
   sweep	
   with	
   a	
   given	
   frequency,	
   amplitude	
   and	
   temperature	
   at	
   a	
   pre	
  

defined	
  time	
  scale,	
  would	
  prove	
  no	
  product	
  destruction	
  has	
  taken	
  place,	
  if	
  both	
  

test	
  runs	
  show	
  a	
  close	
  analogy	
  

The	
   difficulty	
   in	
   obtaining	
   reliable	
   experimental	
   data	
   accounts	
   for	
   the	
   reputation	
   of	
  

inconsistent	
   results;	
   associated	
  with	
   the	
   tack	
   properties	
   of	
   both	
   calcium	
   stearate	
   and	
  

Soluplus®
.	
  The	
  Tack	
  tests	
  performed	
  show	
  reproducible	
  data	
  for	
  Soluplus®

	
  with	
  the	
  plate-­‐

plate	
   25	
   mm	
   measuring	
   head	
   and	
   for	
   calcium	
   stearate	
   with	
   the	
   plate-­‐plate	
   8	
   mm	
  

system.	
  Nevertheless,	
  the	
  results	
  obtained	
  did	
  not	
  cohere	
  with	
  literature	
  values	
  and	
  as	
  

discussed	
  in	
  the	
  applicable	
  chapter,	
  were	
  quite	
  contradictive.	
  Testing	
  adhesiveness	
  is	
  a	
  

highly	
  volatile	
  and	
  yet	
  not	
  fully	
  understood	
  area	
  and	
  requires	
  more	
  fundamental	
  testing	
  

in	
  the	
  near	
  future.	
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