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Abstract . Rheological properties of high density polyethylene and low density polyethylene(L.DPE)
binary blends were investigated by using a capillary rheometer. Blends have been prepared by mixing
the melts using a single screw in an extruder. Two types of LDPE, differing in degree of branching
(mainly short-chain branches) were used for comparison. Melt viscosity and elastic recoverabie strain
were investigated as functions of shear rate(or shear stress) and blend ratio by capillary rheometer
(L/D=40 and 80) measurements using the logarithmic empirical equation for the shear stress-strain

relation. Temperature dependence of melt viscosity and elastic recoverable strain was analyzed by

the chain rule of partial differential equation and compared with experimental results,

INTRODUCTION

Polymer blends have been extensively investi-
gated because of their commercial importances as
well as their theoretical interests. Among the poly-
mer blends attracting commercial interests are po-
lyethylene(PE)-based ones.! ™

It has been reported the blends containing high
density polyethylene(HDPE), low density polyeth-
ylene(LDPE), linear low density polyethylene(LL-
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DPE) and/or ultrahigh molecular weight polyethy-
lene(UHMWPE), and etc.*™" There are extensive
literatures on the blends of HDPE and LDPES~!
It was reported that LDPE provides flexibility, im-
pact strength and toughness to the stiff HDPE.3?
Rheology of HDPE/LDPE blends with different
molecular weight were studied using a capillary
rheometer by Dobrescu.'” Kammer and Socher
studied HDPE/LDPE blends using a cone-and-
plate rotational rheometer.”® Few works have been
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reported, however, on the blends of HDPE and
LDPE having degree of different chain branching.

Object of this work is to investigate the rheolo-
gical properties such as melt viscosity and elastic
recoverable shear strain of the HDPE/LDPE ble-
nds and effects of different chain branching on the
properties of the blends by using a capillary rheo-
meter,

EXPERIMENTAL

Materials. The characteristics of polvethylenes
used in this study are summarized in Table 1. The
HDPE and LDPE were all commercialiv available
grades. The methyl contents in HDPE and LDPE
were estimated from their IR spectra using the
method suggested by Bryant and Vorter," and
Cross, et al.l®

Blend Preparation and Rheological Measureme-
nts. Blends were prepared by melt-mixing in a
30 mm ¢-single screw extruder(L/D=28.8). Tem-
perature of two cylinders was set at 200 and the
die temperature was set at 210C. Rheological pro-
perties were measured using a capillary rheometer
(Instron Model 3211) in the shear rate range of
3.5~350.5 sec’! at 180, 190, and 200C. Two capilla-
ries of different dimensions were used for this
study : Dimensions of lengths/diameters of the ca-
pillaries were 5.0925/0.1275 cm(L/D =40} and 10.
1735/0.1273(L/D=80), respectively.

RESULTS AND DISCUSSION

Fig. 1 shows the viscosity variations with diffe-
rent HDPE compositions for HDPE/LDPE blends.

Table 1. Characteristics of Materials

In this figure, apparent melt viscosity of polymers
was determined by using a logarithmic parabola
type of modified power-law equations (1) and (2).

16
log t,=a+blog¥,, +c(log ,,)* (1)
.= K'Y~ 2

where a, b and ¢ are experimentally determined
constants by linear regression from the measured
shear stress at wall, *

twW

and apparent shear rate at
wall, 7.

In equation (2), n'. the Rabinowitch-corrected
powere law index. is the slope of the log = vs. log

Y. Plot, i e
e ity 0
dlog?,,

The intercept of the log t,, vs. log 7, plot gives
the consistency factor, K'. Then, differentiation of
equation (1) gives n’ as follows

n'=h+2c(log ¥,,) 4

It is well known that the use of the Rabinowitch
correction for the true shear rate at wall, V(7,3
n’+1)/(4n’) in equation (2) gives further the po-
wer law.!”

t\\' =K Yw“ (5)
in which

n=n’

K=K (4n/(3n'+1))" (6)

Once flow curves are constructed, one can then
calculate the melt viscosity, n, for power-law rela-
tionship from the definition.

~ Amount of methyl

Molecular weight

Melt index Density
Polymers . . groups per 1,000 ————— - Sources
(g/10 min) (g/cm™) M., M,
o catbonatoms =% "
HDPE 0.89 0.960 20 13,100 100,200 Kor. Petro.
LDPE-A 4.007 0.920 149 11,800 81,000 Hanyang
LDPE-B 0.80~ 0.923 176 93000 115000  Hanyang

) measured at 190T

EZz2|H A18¥ A2E 1994 39

251



J. O. Lee, D. H. Hong, K. W. Song, J. K. Lee, C. S. Ha, and W. J. Cho

n=t, /1, =K7,™ )

In this calculation, however, the entrance and
the exit corrections for the true wall shear stress
have not been made.

It is seen that the HDPE/LDPE blends show ty-
pical sigmoidal deviation behavior from their addi-
tive values over the entire compositions, implying
that the two blends are incompatible over the en-
tire compositions. Careful inspection of Fig. 1 indi-
cates that the melt viscosities of HDPE/LDPE-A
blends are higher than those of HDPE/LDPE-B
blends over all the composition ranges. The result
is in accordance with the general trend that the
viscosity of LDPE having lower degree of bran-
ching is higher than that of LDPE having longer
degree of branching.lg‘19

In general, however, the overall minima and
maxima behavior with different shear rates in the
viscosity-composition plot are attributed to the
change of morphology, caused by the change of the
domain size and shape, and interfacial energy in
a molten state depending on the“shear rates.??!
For reference, the dotted additive-rule line in Fig.
1 was drawn following the Hayashida® equation
€)

1y =wi/m+ wy/ny ®

(A)

Melt viscosity (poise) x 10

where w, is the weight fraction of i component in
the blend, n; and 7, are the melt viscosities of i
component and blend, respectively.

Fig. 2 shows the flow behavior indices against
HDPE compositions at various temperatures. Po-
wer-law relationship was observed in the shear
rate range studied. Values of the exponent n’ or
the Rabinowitch-corrected flow behavior index of
the power-law equation were calculated from
equation (4). It is seen that the flow behavior in-
dices slighly increased with HDPE composition re-
gardless of temperature and the increase in flow
behavior index was more clearly seen in the blend
of HDPE with LDPE-A.

The shear rate-temperature superposition prin-
ciple provides the temperature-independent vis-
coelasticity.?®

n(T) =am(T,) 9

where the shift factor ap is calculated by the WLF
equation (10) or Arrhenius equation (10)

_ 1744(T-TY
log an (D) = 6+ (1-T,) (10
ap(T)=A exp(E,/RT) 1y

where E, is the flow activation energy, R is the gas

[{:}]

HDPE (wt.%)

Fig. 1. Viscosity variations with different compositions of (A) HDPE/LDPE-A and (B) HDPE/LDPE-B blends
at 190C.(shear rate : (O) 3.50, ([]) 11.67, (A) 35.02, (@) 116.73, (A) 350.18 sec?)
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Fig. 2. Effect of HDPE compositions on flow behavior index for (A) HDPE/LDPE-A and (B) HDPE/LDPE-B

blends at Y=35sec’.

constant, and A is exp(—E, /R Tg). (Ty is any re-
ference temperature).

Fig. 3 shows the relative viscosity(n/ng) as a
function or a;¥,, for HDPE/LDPE-B blends. In this
figure, the shift factor was calculated by the Ar-
rhenius equation (11) using Ty as 200C. One can
see that the HDPE/LDPE-B blends follows the
shear rate-temperature superposition principle
well. Similar resuit was obtained for HDPE/LDPE-
A blends.

In general, it may be thought that the tempera-
ture dependency of melt viscosity measured at co-
nstant shear rate is smaller than that at constant
shear stress from the following chain rule of par-
tial differential equations.

(/aDy=(an/oT), X [1+ (g Inn/g In V)]

(12)
In the pseudoplastic flow system,
(¢Inn/gIn¥);<0 (13)
Thus, the following relationship is valid
I(gn/o Dyl <I(gn/oT)-,,| (14)

Equation (14) implies that it is more reasonable
to express the melt viscosity as function of shear
rate than as a function of shear stress to minimize
the temperature dependency of melt viscosity.
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Fig. 3. Relative viscosity n/ng vs. ar r, for low-density
polyethylene B.

Melt elasticity of the blends was analyzed using
the elastic recoverable shear strain Sy, defined as

the equation (15).23~%
SR: (TH_T:QZ)/Z'CW:((D]Q/ZT]) Y“ (15)

The shear stress, t;,, and the first normal stress
difference, t,,—T., are related with the viscosity,
7, and the first normal stress difference coefficient,
0,9, respectively.

(16)
an

Ti2— W(Y»\) Yw

Ty~ Ty = 0 (1T,
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Sg can be estimated experimentally from the die
swell ratio(B=D,,,/D) by using Bagley and Duffey
equation (18).

Sg= (B*~BH 2 (18)

D4 and D denote the diameter of extrudate and
capillary die, respectively. B was measured ten ti-
mes and averazed.

Then, the shift factor a; can be also calculated
by the equations (11) and (16).

The first normal stress differences are plotted
against shear rates in Fig. 4 for the HDPE/LDPE
blends. Fig. 5 shows the first normal stress
difference plotted against shear stress. One can
see that the first normal stress difference increa-
ses with increasing shear stress or shear rate for
the blends of HDPE with LDPE-A or LDPE-B. The
melt elasticity in terms of the first normal stress
difference increased with increasing HDPE com-
positions. This trend is more clearly appeared in
the plot of the first normal stress difference coeffi-
cient against shear rate(Fig. 4). The ¢,, against
shear rate of homopolymers are illustrated in Fig.
6. The ¢, increased in the order of HDPE>
LDPE-A>LDPE-B. This means that the melt elas-

ticity of polyethylene is higher as the degree of
branching is lower. It has known that the presence
of long chain branching in a polymer tends to give
rise to lower viscosity and high elasticity when it
was highly deformed.*®

Comparison of Figs. 4 and 5 exhibits that the
melt elasticity of the blends is independent the
blend compositions shear stress, but depended
upon the compositions with different shear rate.
The result can be explained by the chain rule of
partial differential equations similar as the equ-
tions of (12)~(1310) for the melt viscosity. Let

N =t -1 (20)

The chain rule of partial differential equations
gives

(oN/9C),,= (9N/9C);— (aN1/a7) ¢, X [ (972

13C),/(at15/a7) ] (21)
or (gN/gC),,= (aN)/9C);[1- (97,2/9C);(9N,/9
1y2) (22)

where C is composition of HDPE in a HDPE/
LDPE blend.
Since

(9T12/8N1);>0 and (9Ny/gT15) >0 (23)

+ z0LDPE-A ~ 80 MDPE (A)
! 40LDPE-A / 60 HDPE
¢ 60LDPE-A / 40 HDPE
i BOLDPE-A ./ 20 HDPE
S100LDPE-A  0IDPE

> e p oo
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10¢

First normal stress difference (dynes/cm?)
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A 100 LDPE-B/ 0 HDPE

A L N 1 . L .

10! 10! 10!

Shear rate (sec™)

Fig. 4. First normal stress difference vs. shear rate for (A) HDPE/LDPE-A and (B) HDPE/LDPE-B blends

at 180T.
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Fig. 5. First normal stress difference vs. shear stress for (A) HDPE/LDPE-A and (B) HDPE/LDPE B blends

at 180T and 220T.

for the present system, the following relationship
holds,

(oN1/9C) ¢, <(aN,/9C);(>0) (24)

T2

Thus, the results of Figs. 4 and 5 are not surpri-
sing since the composition dependence of the first
normal stress at constant shear stress is smaller
than that at constant shear rate, as seen in equa-
tion (24).

Fig. 7 shows the plot of first normal stress diffe-
rence coefficent against the blend compositions for
both HDPE/LDPE blends. Dependence of melt
elasticity on the blend compositions are larger at
lower shear rate for both HDPE/LDPE blends, and
the melt elasticities of HDPE/LDPE-A blends are
higher than those of HDPE/LLDPE-B blends at the
same HDPE composition in the blends.

Meanwhile, temperature dependency of elastic
recoverable shear strain can be derived from the
chain rule of partial differential equations.

ZziH #1878 A25 19944 3¢
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Fig. 6. Shear rate dependence of melt elasticity

(3Sp/aT).,, = (aSg/aT);[ 1+ (9t15/aSg);(@Sr/ 0
'.'12)1'] (25)

Since (37)5/gSg)5is negative and (9Sg/9Tip)7 18
positive for the present system. the temperature
dependency of Sy evaluated at constant shear st-
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Fig. 7. First normal stress difference coefficient variations with different compositions of (A) HDPE/LDPE-A

and (B) HDPE/LDPE-B blends at 220T.
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Fig. 8. 200T Master curves of Sg vs. log ar 1, for 60
HDPE/40 LDPE-A blends obtained by superposion
using generalized shear rate-temperature shift factor.

ress will be larger than that evaluated at constant
shear rate. Hence,

(GSR/GT)7<(65R/6T)HQ (26}

Equation (22) also suggests that it is desirable
to express the melt elasticity as a function of shear
rate than as a function of shear stress to minimize
its temperature dependency.

256

Fig. 8 shows a Arrhenius plot of S against shift
factor ar. It is clearly seen that the elastic recove-
rable shear strain also corresponds to the shear
rate-temperature superposition principle within
our experimental range. In this plot, T, was set at
200C.

CONCLUSIONS

Composition dependency of rheological proper-
ties of HDPE/LDPE blends has been investigated
using a capillary rheometer and the effect of deg-
ree of branching in LDPE was discussed.

Rheological measurements showed that both the
melt viscosity and the melt elasticity of the blends
containing the LDPE with low degree of branching
were larger than those with high degree of bran-
ching. It was found that the viscosity and melt ela-
sticity in terms of the die swell ratio of HDPE/
LDPE blends observed the Arrhenius type of
shear rate-temperature superposition principle
well. It was analyzed from the chain rule of partial
differential equations that to express both the melt
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viscosity and melt elasticity as a function of shear
rate than as a function of shear stress is more rea-
sonable to minimize their temperature depende-
ncy.
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