
Microhardness model studies on branched polyethylene

S. Fakirov1,* , M. Krumova, D.R. Rueda

Instituto de Estructura de la Materia, CSIC, Serrano 119, 28006 Madrid, Spain

Received 23 February 1999; accepted 5 May 1999

Abstract

Model samples of polyethylene (PE) with different degrees of branching (up to seven side groups, mostly of butyl type, at 100 C) are melt-
crystallized at two undercoolings, 10 and 688C, in order to obtain samples with various crystalline structures. The last is verified by the
observation that the commonly reported equilibrium melting pointT∞

m of PE is again obtained via extrapolation to infinitely large crystals
from both small-angle X-ray scattering and wide-angle X-ray scattering measurements. The samples are also characterized with respect to
their density and microhardness (H). The very strong effect of crystallinity and crystal sizes onH is clearly demonstrated. It is emphasized
that the crystal size effect reflects rather the effect of crystal perfection, i.e. packing density. Via extrapolation ofH the equilibrium
microhardness of PE crystalsH∞

c � 160 MPa is determined. It is also shown thatH vanishes when the crystal size approaches 27 A˚ .
Using the recently derived analytical expression forTg andH, the Tg of completely amorphous samples of PE is calculated and a value
of 2258C is obtained which agrees with the reported highest values forTg of PE. In addition, a simple equation for the calculation ofH from
the paracrystalline lattice distortionsg(hk0) is proposed�H � H id

c 2 kg�hk0��; provided the structure of the crystallites can be described by the
one-phase paracrystalline concept. Finally, in addition to previous results on other systems, it is demonstrated that the application of the
additivity law to multicomponent and/or multiphase systems is justified only in the case when all components (phases) have a melting or
glass transition temperature (Tm,Tg) above the temperature at which theH-measurements are carried out. In the case where the system
contains a liquid-like component (phase), its contribution to the overallH is by changing the deformation mechanism and in order to apply
the additivity law,H must be expressed asH � 1:97Tg 2 571: q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polyethylene (PE) is the most common polymer nowa-
days. Nevertheless, it is distinguished by some peculiarities
making it an unique polymer. It has an extremely high crys-
tallization rate, arising from its high chain flexibility, mostly
from its perfect chain structure, particularly, in the case of
polymethylene. For this reason PE is not commonly avail-
able in amorphous state, and therefore many characteristics
of amorphous PE are derived via extrapolation of semi-
crystalline samples.

Even the preparation of a good set of samples differing in
their degree of crystallinity is not a routine task as is the case
with many other polymers. For this reason the numerical
values for many characteristics of the amorphous PE are
quite different from each other and still far from being in
complete consensus. A good example in this respect is the

glass transition temperatureTg. Values as different as
230^ 15; 280^ 10 and2128^ 5 are derived [1] using
various techniques for evaluation. That is why any contri-
bution to the characterization of amorphous PE is of interest.

Since, for the above-mentioned reasons, the crystalliza-
tion kinetics cannot be affected by cooling rates aimed at
preparing samples with various crystallinity, another
approach is frequently used, namely by affecting the crystal-
lization ability of the main chain through chemical modifi-
cation. The latter consists usually in introducing “defects” in
the chains representing side groups with various size. Such
irregularly distributed substituents considerably hamper the
crystallization, and samples with decreasing crystallinity
can be obtained with an increase of the amount and/or
size of the side groups. An interesting characteristic of
this approach is the fact that at low concentration of, let’s
say –CH3 groups, the polymer can still be considered as
substituted or branched PE, while at much higher CH3

concentration the polymer is quite close to polypropylene
(PP) in its behaviour.

Baltá Calleja and co-workers [2–6] used this approach
very effectively. They selected commercial samples of PE
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differing in the degree of branching, and by applying two
quite different crystallization temperatures they succeeded
in preparing samples with systematic variation of the struc-
tural parameters. In this way they were able to study, in
depth, the influence on the microhardness of such micro-
structural parameters as the dimensions of the crystalline
unit cell, the thickness of the lamellae and the lateral dimen-
sions of the coherently diffracting domains [2]. It was found
that the unit cell expansion and lattice distortions increase in
parallel as a consequence of increasing incorporation of
chain defects within the lattice. This provokes a conspicu-
ous decrease in the microhardness of the crystals. The
increase in lattice distortions is consistent with the concur-
rent decrease of lamellae thickness and, hence, decrease of
the coherently diffracting lattice volume. In addition,H is
shown to depend on the packing density of the macromole-
cules in both, crystalline and amorphous phases and, as a
result, it can be clearly correlated with the macroscopic
density of the material [2].

The same set of samples has been used for verification of
a novel concept in describing elastic and plastic properties
of semi-crystalline polymers [3,4]. In this way a basic model
of deformation under local compression is proposed in
terms of the heat dissipated by the plastically deformed
crystals and the volume of crystals destroyed under the
indenter. The results indicate that the mechanism of defor-
mation is dictated by the initial mosaic-block structure
controlling the generation of a final system of shear planes
[3,4]. In this case it should be mentioned that the model
proposed and the derived equations account for the micro-
hardness of low molecular weight paraffins ranging from C20

to C40 [5].
Finally, the same set of samples has been used for finding

a correlation between the elastic modulusE andH [6]. The

data suggest thatE is very sensitive to the fraction of tight
crystalline bridges between lamellae. The correlation found
betweenE andH emphasizes, in addition, the different and
complementary role played by the amorphous layer in each
mechanical test. In the former case one measures the elastic
deformation of the layer reinforced by tie molecules. In the
latter test (H) the plastic deformation under compression of
the lamellae sandwiched between noncrystalline layers is
contemplated. In both cases the influence of the number
of defects drastically affects the nature of the crystalline
lamellae and the surface layer and consequently substan-
tially modifies both types of property [6].

The cited studies [2–6] have a couple of common char-
acteristic features, as for example: (i) the models and equa-
tions derived [3,4] concern only the crystalline phase of PE;
(ii) the hardness of the amorphous PEHa is approximated as
zero when the additivity law has been used; and (iii) the
graphical presentation of various data shows rather gradual
(mostly exponential or rarely “S”-shaped) change of micro-
hardness as dependent on various structural parameters, i.e.
no attempt has been undertaken for the extrapolation of the
linear sections of the plots [2–6].

Before formulating the task of this study let us note that
very recently [7] by summarizing the known values ofH for
many completely amorphous polymers, including polyole-
fins, polyesters and polyamides, a linear relationship
between their microhardness andTg was found:

H � 1:97Tg 2 571�MPa� �1�
whereTg is in Kelvin. All the amorphous polymers used for
deriving this relationship haveTg values above room
temperature. Further on, it was demonstrated [7] that this
relationship helps one to understand better the microhard-
ness of complex systems comprising very soft, liquid-like
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Table 1
Some characteristics of branched PE crystallized from melt at small (DT� 108C—series A) and large (DT� 688C—series B) undercoolings. From left to
right: molecular weightMw, chain defectse per 100 C-atoms; melting temperatureTm; macroscopic densityr ; crystal sizeDhk0, long spacingL; crystal lamellae
thicknesslc; crystallinity wc (from WAXS and from density); microhardnessH and paracrystalline distortions parameterghk0

Sample Mw × 1023 e per 1008C Tm (8C) r (g/cm3) D200 (Å) D110 (Å) L (Å) lc (Å) wc (%) wc (r )(%) H (MPa) g(110) (%)

1A 150.0 0.19 137.5 0.9680 264 379 322̂10 258^ 8 70.1 80.5 84.7 1.16
2A 120.0 0.70 134.0 0.9602 229 280 386̂10 234^ 6 62.1 75.6 72.8 1.54
3A 51.0 1.76 119.5 0.9311 141 215 228̂16 110^ 7 50.5 56.4 37.2 1.86
4A 11.6 2.63 — 0.9402 — 242 253̂ 8 106^ 4 43.5 62.5 45.2 2.32
5A 54.0 3.04 113.5 0.9165 100 186 250̂20 99^ 8 42.1 46.3 20.0 —
6A 284.5 3.61 108.0 0.9123 87 198 259̂10 93^ 4 36.8 43.3 16.6 3.22
7A 21.0 4.77 106.5 0.9038 79 199 270̂10 71^ 3 31.0 37.2 12.5 3.36
8A 18.3 5.34 105.5 0.9102 91 188 202̂10 69^ 4 36.8 41.9 15.8 2.90
9A 11.0 6.90 91.5 0.8900 56 125 251̂14 55^ 3 23.4 27.1 6.9 3.00
1B 150.0 0.19 132.5 0.9531 203 277 264^ 10 209^ 6 62.0 70.9 70.5 1.40
2B 120.0 0.70 129.0 0.9462 169 239 250^ 10 194^ 5 55.5 66.5 53.6 1.64
3B 51.0 1.76 118.8 0.9250 125 232 204̂6 91^ 3 47.1 52.2 26.2 2.70
4B 11.6 2.63 110.0 0.9368 117 254 195̂7 106^ 4 56.4 60.2 39.5 2.00
5B 54.0 3.04 107.5 0.9110 97 171 164̂4 60^ 2 38.7 42.4 18.1 2.30
6B 284.5 3.61 105.0 0.9078 87 193 178̂7 68^ 3 40.6 40.1 11.9 3.06
7B 21.0 4.77 99.5 0.8990 62 196 171̂9 54^ 3 34.2 33.7 9.5 3.54
8B 18.3 5.34 100.5 0.9081 117 251 176̂5 47^ 2 26.6 40.3 12.5 3.30
9B 11.0 6.90 86.0 0.8868 50 158 178̂5 36^ 1 21.3 24.7 4.4 3.80



components and/or a phase withTg for example as low as
2508C. This demonstrated that the linear relationship
betweenH and Tg is also valid for substances havingTg

below room temperature, i.e. being liquids at normal condi-
tions. It also seems important to mention here that such
systems, comprising a very soft component, deviate strongly
from the additivity law and the assumptionHsoft � 0 does
not solve the problem since in these systems the deforma-
tion mechanism during indentation is completely different
in contrast to the case when all the components have glass
transition temperatures above room temperature.

The goal of this study is to analyse again the cited data
[2–6] on PE samples differing in crystal sizes, perfection,
degree of crystallinity, overall density and microhardness
using the recent knowledge about the deformation mechan-
ism of complex systems [7] as well as about the relationship
betweenH and Tg, and in this way one obtains via extra-
polation the numerical characteristics of inaccessible
components or phases such as the completely amorphous
and fully crystalline PE.

2. Experimental

The series of commercial samples of PE with a wide
range of chain defect concentrationse (from 0.17–6.9%)
is listed in Table 1. According to i.r. analysis the branches
are butyl or longer methylene sequences [8]. These materi-
als have been pressed and cast from the melt in the form of
plates of 20× 18× 1:5 mm in size, and crystallized from
melt at supercooling of eitherDT � 10 or 688C, as
described in more detail elsewhere [9].

Morphological properties have been investigated by

small-angle X-ray scattering (SAXS) and wide-angle X-
ray scattering (WAXS) measurements. The details of the
experimental procedure have been described in Ref. [10].
The volume fraction of crystallized materialwc (WAXS)
has been determined using the X-ray method described by
Vonk [11].

The H measurements have been carried out at room
temperature with a Leitz tester using a Vickers square pyra-
midal diamond. The dimension of the diagonals,d, of the
observed diamond shaped indentation was measured imme-
diately after load removal with a micrometre eyepiece of the
microscope. The accuracy of the measurements is^0.5mm.
The immediate elastic recovery has been found to be unde-
tectable within the experimental error. For further details
see Ref. [12]. The hardness value has been therefore calcu-
lated from the projected area of indentation according to

H � k
P

d2 �MPa� �2�

In Table 1 are summarized all the characteristics gained by
different techniques. These data are further used for plotting
various relationships and making the necessary extrapola-
tions.

3. Results

First of all an attempt was undertaken to “verify” the
applicability of the samples for the intended purposes, i.e.
it was checked to what extent the samples differ really
systematically in their structural characteristics. This was
done by plotting the experimentally measured melting
temperatureTm as a function of the reciprocal value of the
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Fig. 1. Dependence of the melting temperatureTm on the reciprocal values
of the crystal size evaluated by SAXS for branched PE crystallized from the
melt atDT� 108C (W) andDT� 688C (X) (Table 1).

Fig. 2. Dependence of the melting temperatureTm on the reciprocal values
of the crystal size evaluated by WAXS for branched PE crystallized from
the melt atDT� 108C (W) andDT� 688C (X) (Table 1).



lamellae thicknesslc. The results are shown in Fig. 1. One
can see two straight lines for the two series of samples: with
DT� 108C—open circles, linea; with DT� 688C—filled
circles, line b. Both lines yield very close values of the
equilibrium melting point of PET∞

m � 144:48C (line a)
and 143.38C (line b). These values are in excellent agree-
ment with the reported ones [13] ofT∞

m � 141:1 2 145:5^

1Ĉ evaluated from the extrapolation ofn-paraffins.
The same procedure is performed using the crystal size

determined by WAXS (D200, Table 1) and almost the same
values for the two series of samples (145.6 and 143.88C,
respectively) are obtained2 for T∞

m (Fig. 2).
The fact that the extrapolations in Figs. 1 and 2 yield the

well known values forT∞
m shows that the prepared samples

really differ from each other in a very systematic way with
respect of characteristics of the crystalline phase—its

amount, as well as size and perfection of crystallites. This
conclusion is of particular importance because it is indica-
tive for the reliability of the further extrapolations based on
the same properties of the crystalline phase. Further, Figs. 1
and 2 clearly demonstrate that for the purpose of such an
extrapolation one can use the crystal size in any direction.

Since synthetic polymers are semi-crystalline the micro-
hardness depends strongly on the degree of crystallinity
because the microhardness of the crystalline phaseHc

usually differs significantly from that of the amorphous
phaseHa [14].

This dependence can be seen in Fig. 3 whereH is plotted
vs degree of crystallinitywc, evaluated from WAXS
measurements for the two series of samples. The extrapola-
tion of the straight linesa andb towards a fully crystalline
material (wc� 100%) yields Hc � 156 MPa and
Hc � 53 MPa, respectively. Unfortunately, it is difficult to
say to what side-groups-content of the sample can be
assigned these twoHc values, since basically a similar extra-
polation can be performed for any sample with relatively
low concentration of side-chain groups, provided samples
varying in their crystallinity are prepared. Much more inter-
esting is the extrapolation in the opposite direction�wc � 0�.
For the completely amorphous material the extrapolation
yieldsHa � 281:5 MPa, (from the straight linea) andHa �
27 MPa (from the straight lineb). These values do not have
any physical meaning but they can be used for further calcu-
lations as it will be shown later. From the same Fig. 3 one
can see thatH � 0 when crystallinity drops to less than
15%.

An interesting observation can be made from Fig. 3. The
two straight lines comprise samples from the both series, A
and B (Table 1) but differing in thewc values: above 45%
(samples of linea) and below 45% (samples of lineb). From
Table 1 one can conclude that the two groups of samples
refer to two groups of degree of branchinge–below 3 side-
groups per 100 C-atoms (linea) and between 3 and 7 side-
groups per 100 C-atoms (lineb). Taking into account these
details it becomes understandable why the extrapolatedH
values differ so significantly and particularly the values of
the fully amorphous samplesHa. While the samples with
less perfect crystalline structure (because of the higher
degree of branching) yield in a much lowerHc value, the
correspondingHa value is significantly higher than that for
low branched samples. The reason for this last difference is
in the different viscosities and consequently differentTg

values for the less and more branched PE samples. The
case is quite similar to the PE (unbranched) and PP (comple-
tely “branched” PE) distinguished by their rather different
Tg values.

In Fig. 4 the dependence betweenH and the overall
density of the branched PE samples is plotted. The experi-
mental points define clearly two straight lines intercepting at
aroundr � 0:91 g/cm3. One of them covers the density
interval between 0.91 and 0.97 g/cm3 and the other one
between 0.88 and 0.91 g/cm3, both lines comprising data
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Fig. 3. Dependence of microhardnessH on the degree of crystallinitywc

(WAXS) for branched PE crystallized from the melt atDT� 108C (W) and
DT� 688C (X).

2 It seems interesting to note at this point that the observed straight lines
in Figs. 1 and 2 are nothing else but graphical presentation of the Gibbs–
Thomson equation relating the melting pointTm of crystals with their
dimensions. They offer the opportunity for evaluation of theTm of infinite
large crystals (the equilibrium melting pointT∞

m ) [15]. The same equation
was rederived much later by Hoffman [16] and applied to polymer crystals,
using crystal size as exclusively the lamellae thicknesslc determined by
SAXS [17]. In fact, in the original version of the equation [15] there is no
specification for a particular size direction. For a series of polyamides it was
demonstrated [18–21] that the Gibbs–Thomson equation can be success-
fully used for evaluation ofT∞

m using crystal sizes in any direction as
determined by WAXS.The misleading point in the Hoffman’s version
[17] that only crystal sizes in the chain-axis direction can be used was so
strong that it affected even similar developments in the microhardness
treatment [2–6,14,22], where also crystal sizes exclusively in the chain-
axis directionlc have been used. Such a limitation with respect to the crystal
size direction is not justified, as demonstrated forTm earlier [18–21] and as
it will be shown further in this study on the evaluation ofH values.



of the two series of samples (A and B, Table 1). If one takes
into account that the higher density interval corresponds to
PE samples containing up to three side-chain groups per 100
C-atoms, and the lower density interval to the higher content
(Table 1) one can consider the first set of samples as lowly
branched polyethylene and the second one as highly
branched PE. In such a case theH value forr � 1:0 (ideal
crystal density of PE [23]) yieldsH∞

c � 136 MPa. For
the completely amorphous PE�r � 0:855g=cm3�23��

Ha � 278 MPa, which is very close to the value obtained
from Fig. 3 for the same group of samples (straight linea).
Another conclusion which follows from the same low
branched PE straight line (linea, Fig. 4) is that PE (possibly
unbranched) with density smaller than 0.90 g/cm3 is
supposed to be very soft in order it shows any microhard-
ness by means of the used impression technique.

The second important factor determiningH is the crystal-
lite size, as documented manifolds [14,22]. The extremely
strong influence of crystal dimension is shown in Figs. 5 and
6, where the normalized experimentally measured micro-
hardnessH=wc�r� is presented as dependent on the recipro-
cal values of the crystallite dimensions measured by SAXS
as lamellae thickness�lc� (Fig. 5) or by WAXS as a coherent
length from the reflection (200) (Fig. 6). Such a normaliza-
tion is undertaken in order to avoid to some extent the very
strong effect ofwc onH as demonstrated above. It should be
noted that the valueH=wc�r� should not be considered asHc

because this would mean thatHa � 0, which hardly is the
case. Recently it has been demonstrated for systems as ther-
moplastic elastomers, comprising very soft (liquid-like)
components, that the deviation from the additivity law
cannot be solved by assumingHa� 0 [24].

The experimental data forH=wc�r� vs 1/lc from SAXS
again define two straight lines—for the low-branched PE
(straight linea, Fig. 5) and for the highly branched one
(straight lineb, Fig. 5). The extrapolation of linea gives
for a fully crystalline PE comprising infinite large crystals
the valueH∞

c � 133 MPa. In analogy with the ideal or equi-
librium melting point,T∞

m reflecting the melting of the same
system (Figs. 1 and 2)H∞

c can be considered as “ideal” or
“equilibrium” microhardness of PE. Let us recall again that
H∞

c refers to the case when the completely crystalline
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Fig. 5. Dependence of microhardness of fully crystalline branched PE
H/wc(r ) on the reciprocal value of the crystal lamellae thicknesslc for
samples crystallized from the melt atDT� 108C (W) andDT� 688C (X).

Fig. 6. Dependence of microhardness of fully crystalline branched PE
H/wc(r ) on the reciprocal value of the crystallites sizeD200 for samples
crystallized from the melt atDT� 108C (W) andDT� 688C (X).

Fig. 4. Dependence of microhardnessH on the macroscopic density�r for
branched PE crystallized from the melt atDT� 108C (W) andDT� 688C
(X).



sample consists of defect free, i.e. unlimited large crystals.
This case contrasts to the previous one (Fig. 3) dealing again
with full crystallinity but with unspecified crystal sizes.

The second straight line (b, Fig. 5) for the highly
branched PE reflects the microhardness of the samples
having much thinner lamellae. This line offers the opportu-
nity to evaluate the lamellae thickness whenH� 0. The
extrapolation gives a value oflc about 25 Å.

Quite similar to Fig. 5 is the graphical presentation of the
dependence ofH on the crystal sizes determined by WAXS
as can be concluded from the plots in Fig. 6. Even more so,
the two straight lines are better defined. The extrapolation in
this case of linea leads toH∞

c � 141 MPa which is in a
good agreement with the value obtained from Fig. 5. By
extrapolation of line b for H� 0 one also derives
D200� 27 Å.

From Figs. 5 and 6 an important conclusion follows: for
evaluating the effect of crystal size onH, crystal sizes
measured from both SAXS and WAXS techniques can be
successfully used.

4. Discussion

Before starting the discussion let us stress again the
essential difference between the ways of analysing the
experimental results in the earlier works [2–6] and in the
present work.

In the previous reports [2–6] the same set of samples
(Table 1) was analysed together with other PE samples
and even together with low molecular weight paraffins
strongly differing in their molecular weights and their struc-
tural parameters. In this way it was possible to demonstrate
that the derived thermodynamically equations are rather
universal although the parameterb, accounting for the
surface/volume ratio of the original crystal blocks prior to
deformation [5] changes in a quite large range (between 6
and 200) [2–6].

The analytical approach to the data of Table 1 in the
present study is rather different. Attention is paid in forming
as small a group of samples as possible characterized by as
linear changes as possible of a given parameter; let us say
degree of crystallinity, in one case, or crystal size, in
another. Such an approach allows one to differentiate the
effect of only one factor on the microhardness and, in addi-
tion, to get a better linearity, which makes the extrapolation
to the extreme values of the studied factor more reliable.

Another comment related to the discussion refers to a
very important peculiarity of the system under investigation.
The samples subjected to crystallization from melt are not
chemically uniform. Starting by polyethylene and introdu-
cing in the chain side groups one moves in the direction for
example of PP (if the side groups are only of CH3 type).
Only samples with the lowest side groups-content can be
considered as low or moderate branched PE while with
increase of this content one approaches derivatives of PE

with completely different properties. Nevertheless, control-
ling the side groups content in PE, this approach is an useful
tool for preparation of PE with differing crystalline
characteristics.

4.1. Effect of crystallinity and crystal sizes on
microhardness

Microhardness, like many physical properties of complex
systems (with respect to composition), obeys the additivity
law, known also as “mixture rule” [14,22]:

H �
X

i

wiHi �3�

whereH is the microhardness of the system,Hi andw i; are
the microhardness and the mass fraction of the individual
components and/or phases. That is whyH of semicrystalline
polymers depends strongly on the degree of crystallinity as
demonstrated also in Fig. 3. The extrapolation of this rela-
tionship allows one to evaluateH of a completely crystalline
sampleHc containing crystallites of close perfection, but far
from the “ideal” one.

Concerning the effect of crystal size it should be
mentioned that there is no obvious reason for this depen-
dence. Crystallites of different size but of the same perfec-
tion are supposed to have the same hardness. The
tremendous effect of crystal sizes onH (Figs. 5 and 6) is
related with the different perfection of the same set of
samples expressed by their sizes. Let us remember that
the crystal size determination by means of WAXS explores
the widening of the crystal reflections. The latter is affected
by three factors: the instrumental resolution, the crystal
sizes and the crystal perfection. Unfortunately, there is no
simple and accurate way of evaluation of the contribution of
each factor [25]. Obviously, the measured by WAXS crystal
sizes reflect and emphasize the contribution of crystal
perfection at least for the formation ofH.

The situation seems to be quite similar with SAXS tech-
nique where the lamellae thickness is evaluated. It is known
from polymers with chemically uniform composition that
different lamellae thickness can be produced by different
undercoolingDT during crystallization. Smaller theDT
larger is thelc and more perfect the crystallites. In the
present case the same approach is used for preparation of
samples with differentlc-two DT values have been selected.
On the other hand, the crystal perfection is also affected by
the chemical composition, by increasing the side group-
content thinner lamellae are produced (Table 1) character-
ized by lower perfection.

The above considerations are supported by the following
calculation aiming the evaluation ofHc from samples differ-
ing in their crystallinity and crystal sizes. For this purpose
the additivity law (Eq. (3)) is used for expressing the overall
experimentally measured microhardnessHexp as dependent
on Hc and Ha and their mass fractionswc and (12 wc),
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respectively,

Hexp� wcHc 1 �1 2 wc�Ha: �4�

For Ha the values extrapolated from Fig. 3 are taken from
the two straight lines (a andb) reflecting the two groups of
samples differing in their branching degree (Table 1),
namely the values281.5 and27 MPa.

The obtained values for the completely crystalline PEHc

are presented in Table 2 together withwc�r�; Hexp and lc

values taken from Table 1 for comparison. Again two
groups of values forHc are obtained in each groups of
samples, between 125.4 and 136.5 MPa for the lower-
branched (up to three side groups per 100 C) PE and
between 43.2 and 59.4 MPa for the higher-branched
(above three side-groups per 100 C) PE regardless of the
crystallization conditions (Table 2). What is more striking,
the Hc values in the two groups seem to be almost insensi-
tive to the lamellae thicknesslc which changes in the first
group between 100 and 250 A˚ and between 35 and 100 A˚

for the second group of samples (Table 2).
At first glance this observation seems to contradict the

well-documented [14,22] strong influence of the crystal
sizes onH, clearly demonstrated in the present study as
well (Figs. 5 and 6). In order to understand this finding
one has to assume that the lower-branched samples form
more or less uniform crystallites with respect to perfection
(regardless of the undercooling) and/or the hardness differ-
ences observed are encountered by variation of the degree of
crystallinity but not of the lamellae thickness. The same
holds for the second group, the higher-branched samples.
This suggestion is supported by the following consideration:
it is well known that for chemically uniform homopolymers
thelc depends only on the undercooling, in contrast to multi-
block copolymers. In the second caselc depends also on the
length of the crystallizable blocks when they are too short in
order to build up lamellae with thickness determined only
by the thermodynamic requirements. Such a situation has
been observed in a series of poly(ether ester) multiblock
copolymers differing in the crystallizable block length
[26,27].

Obviously, one has the same situation in the present case
since completely differentlc values (ranging from 50 up to
250 Å) for one and the same crystallization condition
(DT� 10 or 688C) (Table 1) are obtained. In other words,
the lamellae thickness is determined exclusively by the
concentration and way of distribution of “defects’ in the
main chain and the lamellae do not differ so strongly in
their perfection (particularly for the lower branched group
of samples).

The strongest support in favour of the statement that the
crystal sizes reflect rather the crystal perfection, provided
they are determined by the crystallization conditions but not
by the chemical composition and/or structure of the
samples, are the results plotted in Fig. 7. They reflect the
dependence ofH on the paracrystalline lattice distortions
parameterg110 orthogonal to the (110) planes [2] for some
samples listed in Table 1 (except the samples with the high-
est degree of branching). The values of paracrystalline
lattice fluctuationsg(hk0) and the size of the coherently
diffracting domains,Dhk0 normal to the chain axis have
been obtained according to the paracrystal theory [28],
from integral width of the reflectionsdbhk0:

dbhk0 � 1
Dhk0

1
�pg�2
�dhk0

m2 �5�
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Table 2
Experimentally measured overall microhardness,Hexp, and calculated for
completely crystalline sampleHc, using Eq. (3), for the two series (A and B)
of branched PE

Sample wc (r ) Hexp (MPa) Hc (MPa) lc (Å)

1A 0.805 84.7 127.1 250
2A 0.756 72.8 125.5 234
3A 0.564 37.2 135.8 110
4A 0.625 45.2 126.6 106
5A 0.463 20.0 57.4 99
6A 0.433 16.6 54.2 93
7A 0.372 12.5 54.3 71
8A 0.419 15.8 54.7 69
9A 0.271 6.9 58.4 55
1B 0.709 70.5 136.5 209
2B 0.665 53.6 126.1 194
3B 0.522 26.2 133.0 91
4B 0.602 39.5 125.4 106
5B 0.424 18.1 59.3 60
6B 0.401 11.9 48.0 68
7B 0.337 9.5 52.3 54
8B 0.403 12.5 43.2 47
9B 0.247 4.4 55.2 36

Fig. 7. Dependence of microhardness of fully crystalline branched PE
H/wc(r) on the paracrystalline lattice distortions parameterg(110) for
samples crystallized from the melt atDT� 108C (W) andDT� 688C (X)
containing no more than four side-chain groups per 100 C (Table 1).



wherem is the order of the reflection,�dhk0 the average lattice
spacing andg� Dd= �dhk0; whereDd, is the mean statistical
fluctuation between the lattice planes. This expression
assumes that the lattice distortions and the shape factor
are Lorentzian and is approximately valid for other profiles
[2].

One can see that the extrapolation of the experimental
data referring to the two crystallization conditions
(DT� 108C andDT� 688C, Table 1) result in theH values
for the “defect free” crystals of 142 MPa. Similar extrapola-
tion to “infinite” large crystals fromlc (Fig. 5) and fromD200

(Fig. 6) data yield inHc∞
c of 133 and 141 MPa, respectively.

This very good agreement with the data obtained from the
two approaches confirms the suggestion thatH is very sensi-
tive to crystal perfection but not necessarily to the crystal
sizes. The latter reflect the crystal perfection in case it is not
accounted for by other structural parameters, i.e. the degree
of crystallinity as is the case is with Figs. 5 and 6.

At this point it should be emphasized that a good linearity
is also observed if one plots non-normalized with respect to
crystallinity H values as a function ofg(hk0) as shown in Fig.
8. This plot comprises samples only from series A
(DT� 108C, except the last two samples characterized by
the highest side-groups content, Table 1). This selection is
done in order to be closer to the unbranched PE. The extra-
polation of the straight line in Fig. 8 yieldsHid

c �
124:4 MPa: This value is lower in comparison to the
previous case (Fig. 7), for obvious reasons (lack of normal-
ization). But what is more important—the linear relation-
ship is preserved.

This strong effect of crystal perfection on the

microhardness allows one to evaluate the “ideal” or equili-
brium H valueH∞

c by means of extrapolation to infinitely
large crystals (Figs. 5 and 6, curvea or to the “defect-free”
crystals (Fig. 7) in analogy with equilibrium melting point
T∞

m (Figs. 1 and 2). In the same time, using samples with
poor crystallinity (straight lineb of Figs. 5 and 6 in the
present study), it is possible to determine the crystal size
characterized by microhardness approaching the zero value.
From linesb (Figs. 5 and 6), one can conclude that crystal-
lites having sizes less than around 25 A˚ do not show experi-
mentally measurable (at least using the technique applied in
the present work) microhardness values.

There are at least two reasons for this observation. The
first one is related to the crystalline phase. Assuming that
low molecular weight paraffins (C18–C25) have crystal sizes
in c-direction of the magnitude of the order of their chain
length of around 23–32 A˚ and taking into account their
melting points (for C20 Tm� 378C [29]), it becomes under-
standable why these crystals have to be rather soft at room
temperature at which the measurements are carried out. The
second factor leading to the resultH� 0 is the fact that in
the PE samples containing such crystallites dominates the
amorphous phase (up to 80 wt% and more) which is even
softer because of its very lowTg values as will be demon-
strated in the subsequent section.

In discussing the crystal sizes, characterized by the
microhardness measurable at room temperature, it should
be mentioned that realisticH values of a few MPa have
been obtained on crystalline paraffins (C20–C32) having
similar crystal sizes (between 25 and 40 A˚ ) [5]. This finding
does not contradict the present conclusion about the mini-
mal lc value of 27 Å for the following reason. The low-
molecular-weight paraffins are completely crystalline in
contrast to the present samples characterized by poor crys-
tallinity (Table 1). For this reason, they exhibit proper
microhardness since their crystallites do not float in a
liquid-like matrix amounting to 80% of the total mass as
is the case with the PE samples showing poor crystallinity
(Table 1).

4.2. Effect of crystal perfection on microhardness

Let us come back to Figs. 7 and 8 where the dependence
between microhardness and the paracrystalline lattice
distortions is presented. In both cases a fair amount of linear
relationship is observed.

In the case where the structure of the polymer crystals can
be conveniently described by means of the one-phase para-
crystalline concept, the plot in Figs. 7 and 8 offer the oppor-
tunity for relating analytically the microhardness with
crystal perfection.

The straight line in Fig. 8 allows one to derive a very
simple equation relating the microhardnessH of a crystal-
line polymer with its paracrystalline lattice distortionsghk0:

H � H id
c 2 kg�hk0� �MPa� �6�
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Fig. 8. Dependence of microhardnessH of branched PE on the paracrystal-
line lattice distortions parameterg(110) for samples crystallized from the
melt atDT� 108C and containing no more than four side-chain groups
per 100 C (Table 1).



where for the case of PEH id
c � 124:4 MPa andk � 234:4

(the regression coefficient is 0.990).
This equation seems to be rather universal, i.e. one can

easily calculate the microhardnessH of any crystalline poly-
mer using the paracrystalline lattice distortiong(hk0) as deter-
mined by WAXS measurements for a particular sample,
provided Hid

c and k have been once determined for the
same polymer. One has to stress again that this equation
holds only for crystalline polymers which can be structu-
rally described by means of one-phase paracrystalline
model.

In the cases where the structure data indicate the presence
of a second, i.e. amorphous phase (as can be for example
concluded from a DSC trace where clear evidence for both
the glass transition and the melting of crystals exist) one has
to use another equation for the calculation of the overallH.
Such an equation which accounts for both the crystalline
and amorphous phases, was recently proposed [7]:

H � wHc 1 �1 2 w��1:97Tg 2 571� �MPa� �7�
wherew andHc are the mass fraction and the microhardness
of the crystalline phase or component, respectively, and
�1 2 w� is the mass fraction of the amorphous phase or
component with glass transition temperatureTg.

The last Eq. (7) was shown [7] to be particularly useful
for complex multiphase and/or multicomponent systems
with one or more phases and/or components which are
liquid-like at room temperature and deviations from the
additivity law were observed if one assumes for the soft
phases and/or componentsHa � 0.

In conclusion, the overall microhardness of semicrystal-
line polymer with knownTg value of the amorphous phase
can be expressed by combining Eqs. (6) and (7):

H � w�H id
c 2 kg�hk0��1 �1 2 w��1:97Tg 2 571� �MPa� �8�

4.3. Evaluation of Tg of PE

In the introductory part it was mentioned that PE is not
commonly available in a completely amorphous state and
for this reason itsTg value is not known exactly. The
recently derived simple analytical expression relating the
H of completely amorphous polymers and theirTg (Eq.
(1), [7]) holds for polyesters and polyamides and their copo-
lymers provided the main-chain comprises mostly single
chemical bonds. Taking into account these two considera-
tions it looked challenging to use Eq. (1) for evaluating ofTg

of PE by applying theH value for the completely amorphous
PE obtained by extrapolation.

The extrapolation of the data of the present study to
completely amorphous material (Figs. 3 and 4) leads toH
values without any physical meaning as already mentioned
above. Nevertheless, the use of these values for the purpose
of Eq. (1) results inTg values being between223 and
2258C. It is important to note that in the same temperature
interval are the highest reportedTg values for PE [23], i.e.

230^ 158C. The latter value is reported for theTg of
commercial PE, which is also the case in our study.

Noteworthy in this respect is also the report of Peren˜a et
al. [30] who studied microhardness using dynamic mechan-
ical (DMTA) measurements at low temperatures (between
260 and 258C) with five commercial samples of PE, two of
them of high density (HD) and another three of low density
(LD). The experimental data forH show clear transition
around2308C (for LD samples) and around2108C (for
HD) samples). The data from DMTA show this transition
only for the LD samples in agreement with the observation
[31] thatb-relaxation is clearly detected by DMTA only in
branched PE and has been not detected at all in linear PE of
medium molecular weight. Taking into account the fact that
the PE studied in the present work is also a branched one it
should be emphasized that there is very good agreement
between the experimentally observed transition tempera-
tures (between220 and2308C) [30] and that predicted
by means of Eq. (1) (223 and2258C).

Serious support in favour of theTg values for PE between
223 and2258C can be found in the recent review of Boyd
[32] on the glass transition temperatures obtained from
molecular dynamics simulations. Comparing the calculated
from simulationTg values with the experimentally reported
ones Boyd pointed out that for PE there are two distinct
observable amorphous-phase relaxation processes, called
in the literatureb andg. It is consistent to consider theb
process to be the glass transition region. However, since the
g process is better resolved and is more prominent, some
workers have preferred to consider this process to be
connected withTg. Theb andg values (for theb it is around
2258C and forg in the vicinity of21208C) and ranges here
refer to measured values for these two processes: they come
from a variety of low frequency dynamic mechanical and
dielectric measurements. When allowance is made for an
upward shift in the experimental value ofTg in the semi-
crystalline environment compared with an unconstrained
amorphous phase, the agreement of the molecular dynamic
value appears to be better with theb process interpretation
[32].

In summary, taking into account the various values ofTg

depending on the technique used [23] as well as the results
from the molecular dynamic simulations [32] one can
conclude that microhardness is also a technique which can
be used for indirect evaluation ofTg of polymers not
accessible in a completely amorphous state [33].
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[14] BaltáCalleja FJ. Adv Polym Sci 1985;66:117.

[15] Volmer M. Kinetik der Phasenbildung, Dresden: Theodor Steinkopff
Verlag, 1939.

[16] Hoffman JD. Private communication.
[17] Hoffman JD, Weeks JJ. J Res Natl Bur Standards 1962;66A:13.
[18] Fakirov S, Avramova N. Acta Polymerica 1982;33:271.
[19] Fakirov S, Avramova N. J Polym Sci, Polym Lett Ed 1982;20:635.
[20] Avramova N, Fakirov S. Polym Commun 1983;24:19.
[21] Fakirov S, Avramova N, Tidick P, Zachmann HG. Polym Commun

1985;26:26.
[22] BaltáCalleja FJ. Trends Polym Sci 1994;2(12):419.
[23] Brandrup J, Immergut EH. Polymer handbook, New York: Wiley,

1989.
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