
C H A P T E R  IV
B L E N D  O F  N Y L O N  6 /H D P E  W IT H  M A H -G H D P E  C O M P A T IB IL IZ E R :  

S T U D Y  N E U T R A L IZ A T IO N  O F  M A L E IC  A N H Y D R ID E  G R O U P  B Y  Z IN C  
A C E T A T E  D IH Y D R A T E  E F F E C T  O N  C O M P A T IB IL IT Y  O F  B L E N D

4.1 A b stra c t

B len d s o f  N y lo n  6 (p olyam id e-6) and H D P E  (h igh -d en sity  p o lyeth y len e)  
w ith blend ratios o f  8 0 /2 0  (w t/w t) and 2 0 /8 0  (w t/w t) w ere studied using  zin c-  
neutralized m aleic  anhydride grafted H D P E  (M A H -gH D P E ) as com patib ilizers. 
M aleic  anhydride groups w ere hydrolyzed  and neutralized w ith  d ifferent am ounts o f  
zin c  acetate dihydrate in a tw in-screw  extruder to produce different le v e ls  o f  zinc- 
neutralization (0, 25 , 50, 75 , and 100 %) at on e and ten parts per hundred o f  resin o f  
com patib ilizer. SE M  m icrographs show ed  a large reduction in  the d isp ersion  phase  
s ize  in the com p atib ilized  blends. T en sile  m easurem ents sh ow ed  im provem ent o f  
ten sile  strength for all com patib ilized  blends; m oreover, the e lon gation  at break o f  
com patib ilized  b lends at 10 phr o f  com patib ilizer w as im proved. B len d in g  increased  
the crystallization  temperature for the N y lo n  6 , and the addition  o f  com patib ilizer  
reduced the crysta llization  temperature slightly . A  sign ifican t increase in m elt 
v isco s ity  o f  the com patib ilizer w as found w ith  z in c  addition  and adding  
com patib ilizer increased the v isco sity  o f  the b lends. H ow ever, the addition  o f  z inc to 
the com p atib ilizer  did not change the v isco s ity  in the N y lo n  6 rich blends and 
actually  led to a decrease in v isco sity  in the H D P E -rich  blends.

K eyw ords: H igh -d en sity  p o lyeth y len e, N y lo n  6 , M aleic  anhydride grafted high- 
d ensity  p o lyeth y len e , C om patib ilizers, B len d s
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4 .2  In tro d u c tio n

H igh  perform ance properties o f  m aterials; for exam p le ch em ica l resistance, 
lo w  water absorption, high strength, high im pact resistance, and barrier properties, 
are required for sp ecia lized  applications. A  sim p le  p rocess to produce a n ew  material 
is by b lend in g  tw o or m ore polym ers. P o lyam id e-6 /H igh -d en sity  p o lyeth y len e  
(N y lon  6 /H D P E ) b lends have been w id ely  investigated . N y lo n  6 sh ow s h igh  ten sile  
strength and has good  barrier properties, w h ile  H D PE  sh o w s good  im pact resistance, 
and good  lo w  tem perature flex ib ility . N y lo n  6 /H D P E  blends are therm odynam ically  
im m iscib le  and generally  have poor ultim ate m echanical properties. W hen these  
im m iscib le  b len d s are subjected to stress, the stress concentrates at the interfacial 
phase o f  im m isc ib le  b lends w hich in turn tend to serve as failure in itiation nuclei [1-
5],

The properties o f  im m iscib le  b lends can be enhanced by adding a third 
com ponent w h ich  is an interfacially active  material term ed a com patib ilizer. 
C om patib ilizers prom ote physical and/or chem ical interactions betw een  each  
polym er com ponent. Frequently, polym eric m aterials based on  derivatives o f  
carboxylic  acid groups are used as com patibilizers. In th is case , com p atib ility  o f  the 
blend is ach ieved  by interactions o f  the carb oxylic  acid  and the active  functional 
group o f  one or both o f  the polym ers.

M any kinds o f  acid -functionalized  com pound s have been  proposed  as 
com patib lizers for p o lyam id e/p o lyo lefin s blends; for exam p le, ethylen e-m eth acrylic  
acid cop o lym er (E -M A A ) [3, 4 , 6], acrylic acid grafted p o ly eth y len e  (P E -g -A A ) [6- 
8], and m ale ic  anhydride grafted p o lyeth y len e (M A H -gP E  ) [1 , 9 -1 7 ], T hese  
com p atib ilizers prom ote reactions betw een am ine groups (term inal -N H 2 or -R N H ) 
o f  N y lo n  6 w ith  carb oxylic  acid functional groups and/or interactions betw een  
carb oxylic  acid  groups and these p olyam ide functional groups [3, 4 , 18-20],

The aim  o f  this work w as to study the e ffec t o f  z inc-neutralization  o f  
hydrolyzed  anhydride acid  groups in M A H -gH D P E  w ith  respect to the e ffic ien cy  o f  
com patib ilization . Z inc acetate dihydrate (Z n(C H 3C 0 0 )2 * 2 H 2 0 )  w as used as a 
neutralizing agent for the m elt-neutralization reaction. Z inc acetate dihydrate rather 
than zinc o x id e  [21] as w as done in our previous w ork w as em p loyed  to see i f  there
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w ere any sign ifican t d ifferen ces in behavior b etw een  the tw o  neutralizing agents. 
Zinc o x id e  is used  com m ercia lly  to neutralize sim ilar m aterials (e .g . ethylene  
m ethacrylic acid) b ecau se o f  cost; h ow ever, the acetate m ight neutralize differently  
b ecau se the neutralization chem istry is m ore straightforward and the acetic  acid  
byproduct o f  the acetate should  evaporate during m elt neutralization. 
Characterization o f  phase m orphology , m echanical properties, thermal properties, 
and rh eolog ica l properties o f  the obtained N y lo n  6 /H D P E  b lends w ith  and w ithout 
M A H -gH D P E  and zin c  neutralization o f  M A H -gH D P E  have b een  carried out.

4 .3  E x p e r im e n ta l

4.3.1 M aterials
N y lo n  6 (p o lyam id e-6) em p loyed  in this study w as an in jection 

m old in g  grade (1 0 1 3 B ), supplied by U B E  N y lo n  (T hailand). H igh-density  
p o lyeth y len e  (H D P E ) w as a lso  an in jection -m old in g  grade (H 5 4 8 0 S ) supplied  by 
Thai P o lyeth y len e  C o ., Ltd. (TPE). M aleic anhydride grafted on h igh-density  
p o lyeth y len e  (M A H -gH D P E ) produced by D u p o n tIM, U S A , under the trademark 
F usabond ™  E M B  100D  (0 .9  wt%  m aleic  anhydride (M A H ) grafted level w as 
determ ined by acid -b ase titration procedure), w as supplied  by C reative P olym er C o., 
Ltd., Thailand. F inally , z inc acetate dihydrate w as obtained from  A jax F inechem .

4 .3 .2  Z inc-neutralization  o f  M aleic  A nhydride Grafted on  H igh -d en sity  
P olyeth y len e

T he required am ount o f  M A H -gH D P E  w ith  z in c  acetate dihydrate w as  
dried and prem ixed  in a tum ble m ixer for 10 m in and then m elt-neutralized  in a tw in- 
screw  extruder (C o llin  D -8 0 1 7  T -20) at 2 3 0 ° c  and screw  sp eed  at 35 rpm. L evels  
o f  neutralization o f  M A H  studied in this work w ere 10%, 25% , 50% , 75% , and 100%  
neutralization, and com p lete  neutralization w as assum ed. T he obtained m aterials 
w ere dried and kept in sealed  plastic bags to prevent any contact w ith  m oisture. The 
neutralization reaction w as confirm ed by Fourier Transform  Infrared Spectroscopy  
(FT-IR ). FT-IR  spectra o f  both unneutralized and neutralized M A H -gFID PE were 
obtained u sin g  a N ic o le t  N ex u s 6 7 0  FT-IR spectrom eter in the w avenum ber range o f
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4 0 0 0 -4 0 0  cm"1 w ith  32  scans at a resolution o f  2 cm"1. A  thin film  sam ple for FT-IR  
w as prepared by com p ression  m old ing.

4 .3 .3  B len d s and Sam ple Preparations
T he required am ount o f  H D P E , N y lo n  6 and zinc-neutra lized  M A H - 

gH D P E  w ere prem ixed  in a tum ble m ixer for 10 m in fo llo w ed  by drying in a vacuum  
oven  at 6 0 ° c  for 24  h. The m aterials w ere then b lended in a C ollin  D -8 0 1 7  T-20  
tw in -screw  extruder w ith  a screw  speed  o f  35 rpm and tem perature 2 3 0 ° c .  The levels  
o f  com p atib ilizer  used in these studies w ere 1 and 10 part per hundred o f  resin (phr). 
T est sp ecim en s w ere prepared using  a W A B A S H  V  50  H 50 ton com pression  
m old in g  m achine. B lend sam p les w ere p laced  in a picture fram e m old , and the m old  
w as preheated at 2 5 0 ° c  for 3 m in in the press w ithout applied  force. T he m old  w as 
then com pressed  under a force o f  10 tons for a further 2 m in, after w h ich  the m old  
w as co o led  to 4 0 ° c  under applied force. T est sp ecim en s w ere cut from  the m olded  
sheets u sin g  a pneum atic punch m achine.

4 .3 .4  S cannin g E lectron M icroscop y (SE M )
S cannin g electron m icroscop e (S E M ), JEO L 5 2 0 0 -2 A E  (M P I5 2001)  

w as used  to study phase m orp h ologies o f  the blends. T he sp ecim en s w ere fractured 
in liquid  nitrogen and etched using  (i) hot x y len e  (for H D P E  m inor b len d s) and (ii) 
form ic acid (for N y lo n  6 m inor blends). The sp ecim en s w ere then coated  w ith  gold  
under vacuum  and all scanning  electron  m icrographs w ere taken using  15 k v  w ith  at 
1500x m agnification . The num ber average diam eter ( d n ) o f  d ispersion  phase w as  
evaluated by S E M A fore softw are, using  equation (1):

d ni = 1  ( M i ) A h  (1)

w here ท[ is the num ber o f  droplet and d f 1. is the diam eter o f  the i t h  droplet.
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4 .3 .5  T en sile  T est
A n Instron U niversal tester w as used to m easure ten sile  properties o f  

the blend sam p les using  com pressed  sp ecim en s. T estin g  w as carried out fo llo w in g  
the procedure outlined in A S T M  D 638-91  test procedure u sin g  a crosshead speed  o f  
50 m m /m in  and a gau ge length 50 mm.

4 .3 .6  D ifferen tia l Scanning C alorim etry
Therm al an alysis o f  b lends w as carried out on a Perkin-E lm er D SC  7.

■ A ll scans w ere m ade under nitrogen atm osphere (N 2) to m in im ize  ox id ative  
degradation. Tem perature calibration w as obtained by m easuring the m elting  
tem perature o f  indium  elem en t. 7 -10  m g sam p les w ere p laced  in an alum inum  pan 
and sealed . T he sea led  pans w ere heated from  3 0 ° c  to 2 5 0 ° c  at a heating rate o f  
8 0 °c /m in , and held  at 2 5 0 ° c  for 5 m inutes to rem ove any therm al h istory and then  
co o led  to 3 0 ° c  at 1 0 °c /m in . The sam ples w ere then heated from  3 0 ° c  to 2 5 0 ° c  at 
1 0 °c /m in . C rystallin ity for each polym er com p on en t o f  the com p atib ilized  blends  
w as determ ined from  k n ow led ge o f  the ratio o f  the m eltin g  enthalpy for 100%  
crystallin ity  o f  pure com ponents. The crystallin ity o f  each  com p on en t in the blend  
w as calcu lated  using  E quation (2):

_  A H, i
^ c>i ~  AHf iXWi X  1 0 0 % (2)

w here Xc.i is the percent crystallin ity  for the i,h p o lym er com p on en t (p o lyam id e or 
p o ly eth y len e), W i  is the w eigh t fractional o f  p o lym er com p on en t in the blend, A H i  is 
the m eltin g  enthalpy o f  the com ponent present in the b lends, AH f  i is  the heat o f  
fu sion  for the 100%  crystallin ity  o f  the pure p olym er com p on en t (1 9 0  J/g for N y lo n  
6, and 293  J/g for H D PE ). C rystallization and m eltin g  tem peratures w ere determ ined  
by the tem perature corresponding to m axim um  heat flow .
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4 .3 .7  D yn am ic M echanical A n alysis (D M A )
D yn am ic m echanical analyses (D M A ) o f  the N y lo n  6 /H D P E  blends 

w ere studied u sin g  a S o lid  A nalyzer R SA  II (R heom etric S c ien tific ). The storage 
m odulus (E ’) and lo ss  m odulus (E ”) w ere m easured as a function  o f  temperature. 
The 3 -p oin t bend fixture w as used to m ount the sam ples and tem perature step o f  4 K  
intervals w ere used . A ll experim ents w ere perform ed at 1 H z frequency and 0 .025%  
strain am plitude u sin g  static force tracing dynam ic force.

4 .3 .8  C apillary R heom eter
A  C E A S T  R h eo log ic  5 0 0 0  T w in-bore Capillary R heom eter w as used  

to evaluate m elt-rh eo logy  o f  the zinc-neutralized  M A H -gH D P E , n eat N y lo n  6 , neat 
H D P E , and the as-prepared blends. The inner diam eter and the length o f  the barrel 
used w ere 9 .95  and 3 0 0  nun, respectively , w ith  capillary diam eter o f  1 m m  (L /D  =  
20) and all m easurem ents w ere operated at 2 4 0 ° c .  The apparent v isco s ity  o f  all the 
blends data w ere com puted  by V isualR H E O , a softw are based on C eastV IE W  
platform  to be used  w ith  R h eo log ic  and Smart R H EO  instrum ent for process test 
evaluations.

4 .4  R e su lts  an d  d isc u ss io n

4.4 .1  M elt R h eo log ica l Properties, FTIR Spectra and Therm al Properties o f  
Z inc-neutralized  M A H -gH D P E

M elt v isco s ity  changes w ith  zinc-neutralization  in M A H -gH D P E  as 
has b een  sh ow n  p rev iou sly  [20, 22 , 23 ], Figure 4.1 sh o w s apparent shear v isco sity  
vs. shear rate curves o f  M A H -gH D P E  w ith  different z inc lev e ls . T he apparent shear 
v isco sity  o f  z in c-neutra lized  M A H -gH D P E  w as higher than that o f  unneutralized  
M A H -gH D P E  due to io n ic  crosslink ing in the z in c-neutra lized  M A H -gH D P E  chains. 
The apparent shear v isc o s ity  w as m axim um  at 75%  zinc-neutra lization  o f  M A H - 
gH D PE . S ince the v isco s ity  should be proportional to the num ber o f  crosslinks  
form ed, th is result su g g ests  that the num ber o f  io n ic  crosslin k s form ed in the 75%  
case w a s higher than in the 100%  case. There are tw o  p o ssib ilit ie s  for such a 
reduction w ith a h igher neutralization level: an increase in intrachain crosslin k in g  vs.
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interchain crosslin k in g , or an increase in the average s ize  o f  ion ic  crosslin k s (i.e . 
num ber o f  carboxylate ion s per crosslink).

The interactions o f  z inc ion s w ith  M A H -gH D P E  chains w as studied  
w ith FTIR spectra from  both neutralized (Figure 4 .2b , 4 .2 c  and 4 .2d ) and 
unneutralized M A H -gH D P E  (Figure 4 .2a). In Figure 4 .2a , w eak  bands at 1793 and 
1867 cm"1 observed  in  the FTIR spectrum  correspond to  sym m etric and asym m etric  
stretching o f  c = 0  in  the non-conjugated  fiv e  m em ber-ring o f  m a le ic  anhydride [24, 
25]. The peak at 1715 c m '1 refers to the h yd rogen-bon ding o f  carb oxylic  acid  pairs, 
w h ich  resulted from  h yd ro lysis o f  som e m ale ic  anhydride [25 ], W ith increasing zinc-  
neutralization lev e l, the characteristic peak o f  m a le ic  anhydride at 1793 cm"1 is 
reduced and the characteristic peak  at 1583 cm"1 (broad peak) b e lo n g in g  to zinc-  
carboxylate structures from  neutralization o f  hydrolyzed  m ale ic  anhydride functional 
groups [24 -26 ] w as observed . A t 100%  neutralization, the tw o  w eak bands and the 
1715 cm"1 band had disappeared w ith  a large increase in the band at 1583 cm"1 and 
the clear em ergen ce o f  a band at 1680  cm"1 (th is sam e band m ay have b een  present at 
low er neutralization lev e ls). W e do not k n ow  the characteristic bond resp on sib le  for 
the appearance o f  th is band; h ow ever  free acetic  acid d o es not have an IR  band at 
this w avenum ber.

Therm al properties o f  zinc-neutralized  M A H -gH D P E  from  D SC  
experim ents are sh o w n  in T able 4 .1 . M eltin g  tem perature (T m) increased  w ith  
neutralization lev e l and w as a m axim um  at 50%  zinc-neutra lization  but the Tm o f  
M A H -gH D P E  at 75%  and 100%  zinc-neutralization  dropped o f f  and w a s alm ost 
equal to Tm o f  M A H -gH D P E . A lthough  seem in g ly  strange, 50%  neutralization  
represents a unique com b in ation  o f  hydrogen and zin c-carb oxy la te  bonding as 
described p rev iou sly  by our group based on  sm all-an g le  x-ray  scattering and x-ray  
absorption studies [27], C rystallization tem perature (T c) o f  M A H -gH D P E  decreased  
w ith  zinc-neutra lization  level to 50%  fo llo w ed  by no ch an ge at h igher neutralization. 
Percent crystallin ity  Ot' 0)  o f  M A H -gH D P E  a lso  decreased  w ith  neutralization level 
w ith no change after 50%  neutralization.
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Apparent shear rate (ร'1)

Figure 4.1 A pparent shear v isco sity  vs. apparent shear rate for zinc-neutralized  
M A H -gH D P E  w ith  neutralization lev e ls  indicated on chart

Figure 4.2 FT-IR  spectra in range o f  2 5 0 0  to 4 0 0  cm '1, (non-neutralized  M A H - 
gH D P E  (a), 25%  (b), 50%  (c), and 100%  (d) zinc-neutra lized  M A H -gH D P E
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T a b le  4.1 D S C  experim ent data for M A H -gH D P E  and their zin c-n eu tra lized  M A H - 
gH D PE

% Z inc-neutralization M A H -gH D P E
Tm (๐๑ To (๐C) i X c )

0 129.94 116.27 5 8 .4 0
25 132.54 114 .60 56.01
50 134.21 110.27 4 7 .9 4
75 130.02 111 .39 4 8 .8 8
100 130.62 111.31 4 7 .9 2

4 .4 .2  N y lo n  6 /H D P E  blends w ith  M A H -gH D P E
4 . 4 . 2 . 1  M o r p h o l o g i e s  o f  b l e n d s

Figures 4.3 and 4 .4 sh o w  SE M  m icrographs o f  both  
H D P E /N ylon  6 2 0 /8 0  (N y lon  6 rich blend) and H D P E /N ylon  6 8 0 /2 0  (E1DPE rich 
blend) resp ectively  w ith  various M A H -gH D P E s as com p atib ilizers. W ithout 
com patib ilizers (Figure 4 .3a ), the s ize  o f  the m inor phase w as found to be 34  pm . A ll 
o f  the com patib ilized  blends sh ow ed  dramatic d ecreases in d ispersed  phase sizes. 
Figures 4 .5 a  and ,45b sh ow  the num ber average o f  d ispersed  phase s iz e  o f  m inor 
phase o f  both N y lo n  6 rich blends and H D PE  rich blends w ith  d ifferent zinc- 
neutralization level M A H -gFID PE as com patib ilizers. A t a lev e l o f  one phr, 25%  and 
50%  zinc-neutralized  M A H -gH D P E  com patib ilizer caused  a larger reduction in 
dispersed phase s ize  as opposed  to the unneutralized com p atib ilizer  for both blend  
com p osition s w ith  a h igher reduction for the H D PE -rich blend. W hen 10 phr o f  0%, 
25% , and 50%  zinc-neutralized  M A H -gH D P E  com p atib ilizer  w a s added, there w as a 
further reduction in phase s ize  o f  the m inor phase, but at 10 phr the unneutralized  
material y ie ld ed  the sm allest dispersed phase. For both the N y lo n  6 rich b lend and 
H D PE -rich blend w ith  100%  zinc-neutralized M A H -gH D P E , d ispersed  phase s ize  
w as larger than blends m ade w ith unneutralized M A H -gH D P E  com patib ilizer. T hese  
observations are con sisten t w ith on e theory o f  com p atib iliza tion  in these m aterials: 
nam ely that com patib ilization  is caused  by carb oxylic  acids reacting w ith  the am ine  
or am ide groups o f  the polyam id e w ith  z inc serving as a catalyst. A t 100%  
neutralization, there are no carboxylic  acid groups present w h ich  in turn reduces the 
com patib ilizer effect w h ile  at high com patib ilizer lev e ls , the catalytic  e ffec t is not
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needed  to get su ffic ien t reaction and hence com patib ilization  is  sim ply  driven by the 
concentration o f  carb oxy lic  acid groups.

F ig u re  4 .3  SEM  m icrographs o f  fractured m orp h olog ies for N y lo n  6/H D P E : 80 /20  
blend (N y lo n  6 rich blend); (a) u n com patib ilized , 1 phr o f  (b) 0% , (d) 25% , (f) 50% , 
and (h) 100%  zin c-neutra lized  M A H -gH D P E , and 10 phr o f  (c ) 0% , (e) 25% , (g) 
50% , and (i) 100%  zinc-neutra lized  M A H -gH D P E
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(h) (i)

Figure 4.4 SEM  m icrographs o f  fractured m orp h olog ies for N y lo n  6/H D P E : 2 0 /8 0  
blend (H D P E  rich blend); (a) uncom patib ilized , 1 phr o f  (b) 0% , (d) 25% , (f) 50% , 
and (h) 100%  zin c-n eu tra lized  M A H -gH D P E , and 10 phr o f  (c) 0% , (e) 25% , (g) 
50% , and (i) 100%  zinc-neutralized  M A E l-gH D PE
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(a) (b)
F ig u re  4 .5  N um ber average particle diam eter o f  d ispersion  phase s ize  for (a) N y lo n 6  
rich blend, and (b) H D P E -rich  blend w ith  different com p atib ilizers.

4 . 4 . 2 . 2  T e n s i l e  P r o p e r t i e s

Figure 4 .6  sh ow  ten sile  strength, ten sile  m odulus, and % 
elongation  at break o f  both N y lo n  6 rich b len d s and H D P E -rich  blends. A ll  
com p atib ilized  b len d s sh ow  higher ten sile  strengths then the u ncom patib ilized  
blends, h o w ev er  the e lon gation  at breaks w ere on ly  h igher for the 10 phr sam ples. 
Other striking results are the sign ificant increases in e lon gation  at break at 10 phr 
added com p atib ilizer  v s  1 phr added com patib ilizer, w h ich  is  con sisten t w ith  the 
reduction in phase s ize . At 100%  neutralization there is a reduction  in e lon gation  as 
opposed  to b lends com p atib ilized  w ith  partially neutralized  m aterials, w h ich  is 
con sisten t w ith  the ch an ges in d ispersed  phase s ize . A nother observation  is  that the 
ten sile  strength drops for the N y lo n  6 rich blend m ade w ith  com p atib ilizer  having  
75%  and 100%  zinc neutralization, w h ile  such an e ffec t is not apparent for the H D PE  
rich blend. T en sile  m oduli are basica lly  unaffected  by the addition  o f  com patibilizer.
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F ig u re  4 .6  T en sile  properties for N y lo n  6 rich blend and H D P E  rich blend w ith  
different com p atib ilizers.
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4 .4 .2 3  D iffe ren tia l S can n in g  C a lo r im e te r  (D SC )
D S C  w as used for determ ined m eltin g  tem perature (T m), 

crysta llization  tem perature (T c) and % crystallin ity ( X c )  w ith  results sh ow n  in Table 
4 .2 . M eltin g  tem perature (T m) for the H D P E  com p on en t clearly in creases w hen  
blended w ith  the p o lyam id e for the H D PE  rich blend, the increase is about 2 ° c  and 
d oes not depend on  w hether a com patib ilizer is present. In the N y lo n  6 rich blend, no  
change w as found in the T m upon blending.

N y lo n  6 crystallization  tem peratures w ere sign ifican tly  higher  
in all cases upon b lending. A t 10 phr com patib ilizer at lo w  N y lo n  6 contents, the 
crysta llization  tem perature cou ld  not reliab ly be determ ined. T he increases ranged  
from  2 -4 °C  for the com p atib ilized  b lends, w ith  no clear d ep endence on  
com p atib ilizer  type or lev e l. T he h igh est crysta llization  tem perature w a s found for 
the un com p atib ilized  N y lo n  6 rich blend, an increase o f  nearly 5 ° c .  T h ese  increases  
are clear ev id en ce  o f  nucléation  by the p o lyeth y len e  in the crysta llization  process; 
the reduction upon com patib ilization  is lik e ly  due to reduced chain d iffu sion  caused  
by interfacial reactions [9, 15, 21 ]. A n increase w as a lso  found for the H D PE  upon  
blending, a lthough the tem perature change w as sm aller. In th is case , the N y lo n  6 rich  
blend w ith  no com patib ilizer had the sm allest increase in T c.

Percent crystallin ity (X c) o f  the N y lo n  6 decreased  upon  
blending for the N y lo n  6 rich blend. The higher com p atib ilizer  lev e l sh ow ed  a 
sm aller crysta llin ity , w ith  no con sisten t e ffect o f  neutralization lev e l on the 
crystallin ity. T he increase in po lyeth y len e crystallin ity  as com pared to unblended  
H D P E  in the N y lo n  6 rich blend w as sign ifican t for the 10 phr m aterial w ith  no  
change at 1 phr com patib ilizer. U n com p atib ilized  m aterial had the sm allest H D PE  
fractional crysta llin ity  w ith  a va lue 4%  sm aller than the pure H D P E . For the H D PE  
rich blend, the va lu es for N y lo n  6 had a high variability  m ean in g  that no con c lu sion s  
cou ld  be m ade, w h ile  the H D P E  fractional crystallin ity  w as unaffected  by blending.
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T a b le  4 .2  D SC  experim ent data for N y lo n  6 , H D P E  and their b lends

Blend
system s

A m ount o f  
C om patib ilizers  

(phr)
% Z inc- 

neutralization
N y lo n  6 H D PE

T m (°C ) Te (°C ) ( X c ) Tm (๐C) T c(°C ) ( X c )

N ylon  6 - - 2 2 0 .7 0 182 .47 33 .23 - - -
H DPE - - - - - 131.2 113.63 6 0 .7 8

80 /20 - - 2 2 1 .2 0 187 .30 30 .13 131.03 113.80 56 .42
80/20 1 0 22 0 .3 7 185 .97 2 9 .9 9 130.53 114.13 57 .78
80 /20 1 25 2 2 0 .3 7 185 .97 3 6 .4 6 130.53 114.13 6 1 .0 4
80 /20 1 50 2 2 0 .7 0 185 .80 29.61 131 .20 114.47 5 8 .9 4
80/20 1 75 2 2 1 .7 0 186.63 3 2 .9 4 131 .37 115.30 6 2 .3 0
80 /20 1 100 2 2 0 .8 7 185.63 29.19. 130.53 114.63 56 .23
80 /20 10 0 2 20 .53 183.13 2 7 .8 8 129 .87 114 .47 7 5 .2 8
80 /20 10 25 2 20 .03 182 .97 27.41' 129 .20 114 .80 7 5 .9 4
80 /20 10 50 221 .73 184 .97 2 7 .7 7 129.53 114 .97 71 .28
80 /20 10 75 2 2 1 .8 7 186 .47 27.33' 131 .20 115.63 7 3 .8 8
80 /20  . 10 100 2 2 1 .3 7 185 .30 2 8 .3 6 131 .20 114 .80 7 6 .2 7

2 0 /8 0 - - 220 .53 1 85 .97 29.11 133 .20 114 .47 6 0 .2 2
20 /80 1 0 220 .53 185 .47 29 .11 133 .20 114.47 5 9 .4 2
2 0 /8 0 1 25 220 .53 185.63 2 9 .0 6 132 .87 114 .47 6 2 .0 9
20 /80 1 50 2 2 0 .7 0 185 .97 2 1 .6 2 133.53 114.13 6 3 .0 8
20 /80 1 75 2 20 .53 186 .47 3 3 .8 7 132.53 115.13 6 0 .55
20 /80 1 100 2 2 0 .8 7 186.63 28.81 132 .37 114.80 5 9 .9 7
20 /80 10 0 2 1 9 .7 0 - 3 0 .1 4 133 .37 115.13 6 2 .0 4
20 /80 10 25 2 20 .85 - 3 1 .1 9 133.03 114 .97 6 2 .9 6
20 /80 10 50 2 2 0 .7 0 - 3 4 .3 7 132.53 115.13 60 .13
20 /80 10 75 2 21 .03 - 3 5 .9 5 133 .87 115 .97 64.01
20 /80 10 100 221 .53 - 32 .43 132 .70 114 .80 60 .38

4 . 4 . 2 . 4  D y n a m i c  M e c h a n i c a l  A n a l y s i s  ( D M A )

D M A  spectra o f  N y lo n  6 /H D P E  b lends w ith  M A H -gE lD PE  
and 100%  zinc-neutralization  o f  M A H -gH D P E  com p atib ilizers are presented in 
Figure 4 .7 . N o  sign ifican t changes w ere seen  in  the spectra, as exp ected  for the 
H D PE rich blend g iv en  that no change w as found in H D P E  crystallin ity  w ith  
blending. For the N y lo n  6 rich phase m aterial, a drop in m odulus w as exp ected  upon  
blending g iven  the drop in crystallin ity o f  the m ajor N y lo n  6 ph ase, esp ec ia lly  for the 
10 phr com p atib ilized  m aterial, but no drop w as found.
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Nylon 6/HDPE: 80/20 Nylon 6/HDPE: 20/80

Temperature (°C) Temperature (°C)

Temperature (°C) Temperature (°C)
F ig u re  4 .7  D M A  spectra sh ow in g storage (E ’) and loss (E ” ) m od u lu s for (a-b) 
N y lo n  6 (P A -6 ) rich blend and (c-d ) H D PE rich blend w ith  com patib ilizers.

4 . 4 . 2 . 5  M e l t  r h e o l o g i c a l  p r o p e r t i e s

T he apparent v isco sity  o f  neat H D P E  at 2 4 0 ° c  sh ow n  in 
Figure 8 w as higher than that o f  N y lon  6 and M A H -gH D P E . The apparent shear 
v isco s ity  o f  N y lo n  6 rich blend w ithout com patib ilizer w as a lm ost the sam e as that o f  
pure N y lo n  6. H ow ever, the apparent shear v isco s ity  in the N y lo n  6 rich b lend w ith  
M A H -gH D P E  com patib ilizer increased proportionally to the am ount o f  M A H - 
gH D P E  com patib ilizer w hich  w e attribute to the form ation o f  cova len t bonds  
betw een  am ine or am ide groups in N y lon  6 and carb oxylic  ac id s in M A H -gH D P E . 
Surprisingly, the m elt v isco sity  increase at a g iv en  com p atib ilizer  level did not 
depend on the neutralization level. E sp ecia lly  at 100%  neutralization, w e exp ected  to 
see  a sm aller v isco s ity  v s. that at low er neutralization lev e ls  due to le ss  cova len t
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Nylon 6/HDPE: 80/20 Nylon 6/HDPE: 20/80
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F ig u re  4 .8  A pparent v isco sity  v s  apparent shear rate at 240°c,(a) neat N y lo n  6 (P A -
6), H D PE and N y lo n  6/H D P E : 80/20 (N y lon  6 rich blend) both w ith in  and w ithout 
M A H -gH D P E , (b) neat H D P E  and N y lo n  6/H D PE: 20/80 (H D P E  rich b lend) both  
w ith  and w ithout M A H -gH D P E , (c) N y lo n  6 rich blend w ith  1 phr zinc-neutralized  
M A H -gH D P E , (d) N y lo n  6 rich blend w ith  10 phr zinc-neutra lized  M A H -gH D P E , 
(e) H D PE -rich blend w ith  ! zinc-neutralized M A H -gH D P E , and (f) N y lo n  6 rich  
blend w ith  10 phr zinc-neutralized  M A H -gH D P E .
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bond form ation as ev id en ced  by poorer m echanical and larger d ispersed  phase sizes, 
blit no change in v isco sity  w as found.

For the H D PE rich blend, the v isco sity  dropped substantially  
w ith the addition  o f  N y lo n  6 to the unblended PE. A n increase in v isco s ity  w ith  an 
increase in com p atib ilizer  level w as found for the H D P E  rich b lend as w ell; how ever, 
the v isco sity  decreased  as the neutralization level increased as op p osed  to staying  
constant in the N y lo n  6 rich blends. N o te  that this behavior is exact opposite  o f  the 
v isco sitie s  o f  the pure com patib ilizer, w here an increase in neutralization leads to an 
increase in m elt v isco sity . A  num ber o f  p ossib ilities cou ld  exp la in  th is in consistency; 
for exam p le ch an ges in m isc ib ility  o f  the com p atib ilizer  w ith  the H D P E  upon  
neutralization, or a change in interface partitioning w ith  neutralization.

4 .5  C o n c lu s io n s

Z inc-neutralized  sam ples o f  m aleic anhydride grafted H D PE  w ere  
su ccessfu lly  prepared by m elt neutralization with z in c acetate dihydrate u sin g  a tw in- 
screw  extruder. FTIR spectra confirm ed the neutralization reaction v ia  disappearance  
o f  m aleic anhydride characteristic peaks and appearance o f  the zinc-carboxylate  
characteristic peaks. T he shear v isco sity  increased upon neutralization as expected , 
although the h igh est v isco s ity  w as found for 75%  neutralization rather than 100%  
neutralization. D isp ersed  phase s izes  decreased w ith  added com patib ilizer; w ith  10 
phr com p atib ilizer  sh o w in g  m uch sm aller d ispersed phase s iz e s  than 1 phr 
com patib ilizer. C om patib ilization  im proved the m echanical properties, and the  
im provem ent at 10 phr com patib ilizer for elongation  at break w as m uch m ore 
dram atic vs. 1 phr com patib ilizer. A  sign ificant n ucléation  e ffec t w as found for the 
N y lo n  6 upon b lending. M elt v isco sity  results sh ow ed  that increased com patib ilizer  
level increased the m elt v isco sity  sign ificantly , con sisten t w ith  the co n c lu sio n  that 
covalent bon d in g  betw een  the N y lo n  6 and the com p atib ilizer  w as occurring. The 
neutralization level behavior w as unexpected , in the N y lo n  6 rich blend the 
neutralization level did not affect the m elt v isco sity  w h ile  in the H D P E  rich blend, 
the v isco sity  decreased  as the neutralization lev e l increased ev en  though pure 
com patib ilizer sh ow ed  the op p osite  trend. O verall, the addition o f  z in c did not have a
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large e ffec t on  the com p atib ilization  capabilities o f  the m a le ic  anhydride grafted 
material; w h ich  w a s the sam e con clu sion  reached w hen  z in c o x id e  rather than zinc  
acetate dihydrate w as used to neutralize the com p atib ilizer  [21 ],
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