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n Introduction
Porosity is one of the most important ge-
ometrical quantities for describing textile 
materials as it influences some important 
physical and mechanical properties [1-4]. 
For instance, pore size distribution in a 
fibrous material, mainly that of intra-yarn 
pores,  affects  moisture uptake, thermal 
insulation, filtering properties, wettabi-
lity, softness, tactile and other properties 
as well [5-8]. Hence, if porosity is known 
or estimated then some of the other cha-
racteristics of yarns mentioned above can 
be predicted [4, 7, 9]. This paper focuses 
on intrayarn pores and neither interyarn 
pores nor pores within fibers are studied 
in detail. 

There are several methods of testing 
porosity and the relevant quantities such 
as pore size, pore size distribution, pore 
diameter etc [10-11]. The intra-yarn 
porosity of staple polyester yarns with 
different cross-section shapes has been 
studied in this article using mercury po-
rosimetry as an indirect method [12-13]. 
This method was used in practice and, a 
theoretical approach to the method was 
also additionally established. 

The major aim of this paper is to show 
the applicability of mercury porosimetry 
for yarns and to show how to interpret 
the results obtained from this type of me-
asurement in order to reveal the relation 
between the usual statistical parameters 
of pore sizes and the derivative loga-
rithmic characteristic curves (Figure 1). 
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The other objective is to prove that the 
common distribution function obtained 
from the measurements can be separated 
theoretically to components that corres-
pond to the distribution function of the 
three different pores (among yarns, wit-
hin yarns and within single fibers) using 
a decomposition procedure. 

n Experimental
Materials
The  samples tested were all polyester 
staple yarns provided by the DuPont 
Dacron Research Institute. They had the 
same linear density (q=19.67 tex) but 
different cross-section shapes (round, 
cruciform, two types of scalloped oval 
and hollow). The properties of yarns 
are shown in Table 1. (The twist count 
was measured with the twist to break 
method.) The samples were not treated 
in any way; they were only used as re-
ceived. The measurement was completed 
on yarn bundles of known weight (within 
the range of 2.5  to  2.9 g). These yarns 
were subjected to the other pore size me-
asurements not detailed here but referred 
to and used for comparison [6, 8, 15]. 

Method
The theory of mercury porosimetry is 
based on the physical principle that a 
non-reactive, non-wetting liquid will not 
penetrate pores until sufficient pressure 
is applied to force its entrance. Mercury 
is a non-wetting liquid for almost all 
substances and consequently it has to be 
forced into the pores of these materials. 
Pore size and volume quantification are 
accomplished by submerging the sample 
under a confined quantity of mercury 
and then increasing the pressure of the 
mercury hydraulically. The detection of 
the free mercury diminution in the penet-
rometer stem is based on a capacitance 
system, and the amount thus displaced is 
equal to that filling the pores. 

A sample of known weight is placed in 
the penetrometer as the first step. In the 
case of these specimens, the sample was 
a statistical ball of yarn. This disorder 
does not affect the pores within yarns; it  
impacts only on the pores among yarns 
(macropores) that are not analyzed in 
details. After evacuating the air around 
the specimen with the vacuum pump and 
the penetrometer is filled with mercury 
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Table 1. Properties of the examined yarns.

Item 
No. Code Type Cross section 

shape
Lin. Den 

-yarn, dtex
Yarn 

diameter,  μm
Twist 

count, 1/m

  1 020-1730-B 1.4-1.5"-D986 Round 19.67 196.3 999.3

  2 020-1730E 2.0-1.5"-D986 Cruciform 19.67 257.7 995.6

  3 020-1678J 1.4-1.5"-D986 Scalloped Oval 19.67 208.6 972.5

10 DuPont-Thermolite® 1.5-T727 Hollow 19.67 257.7 652.7

15 DuPont-CoolMax® 1.4-T729 Scalloped Oval 19.67 294.5 725.2
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up to the reference level, the pressure is 
increased. The radius of the pores which 
can be filled with mercury decreases and 
consequently the total amount of mer-
cury intruded increases [17]. 

The machine used in this experiment was 
a CarloErba 70 type porosimeter, which 
consists essentially of a reservoir of mer-
cury to which a graduated barrel with a 
piston is attached, and a penetrometer 
that consists of a bell used as a sample 
cell and a stem that has the form of a 
vertical glass capillary sighting tube. The 
measurement system is shown in Figu-
re 1. When the piston is moved, a volume 
(ΔV) of mercury is displaced which is 
measured. At the same time the height 
of the meniscus in the capillary and the 
pressure are read, and the mercury dimi-
nution related to the volume of pores fil-
led in the given step is determined [18].

The relationship between the applied 
pressure and the pore size into which 
the mercury will intrude is given by the 
Washburn equation [13, 16]:

                  (1)

where P is the applied pressure, r is the 
pore radius, γ is the surface tension of 
mercury (480 dyne cm-1) and Θ is the 
contact angle between mercury and the 
pore wall, usually around 140°. As the 
pressure increases, the instrument senses 
the intrusion volume of mercury. As the 
mercury column changes, the pressure 
and volume data are continuously acqu-
ired and displayed by an attached perso-
nal computer [13].
 
The results are obtained as an integral 
(cumulative) pore distribution, it is trans-
formed (derived) mathematically, and in 
this way the differential pore distribution 
is also calculated. An example of the me-
asurement results can be seen in Figure 2. 

Mercury porosimetry clearly revealed 
the size of pores both among and within 
the segments of the specimens in the me-
asuring tube as all the diagrams have two 
clearly visible peaks and probably,one 
more in the lower radius region. Figure 2 
indicates that the dominant pore radius 
within the yarn is about 7 μm (denoted as 
micropore), while that among yarns is fo-
und to be about 45 μm (macropore). Ho-
wever, the results (shown in Table 1) can 
be applied to real cases only, with restric-
tions due to the extreme compression of 
the structure during this measurement. 

The graph (Figure 2) has been converted 
in order to examine the pore size distribu-
tion on a linear scalealso. The following 
modifications have been made to all 
samples and Figure 3 reveals yarn No. 1 
as an example. First of all, the cumulated 
pore volume V(r) is graphed (Figure 3a), 
then dV/dr as a function of r (Figure 3b) 
on a linear scale. In Figure 3c dV/dlgr = 
r(dV/dr) is graphed meaning that the dV/
dr values are amplified when r 〉 1. This 

amplification is even stronger if dV/dlgr 
(Figure 3d) is graphed as a function of lgr, 
which adds an exponential multiplication 
instead of the linear one. With the help of 
this method some parts of the curves can 
be examined and magnified in order to 
find the predominant and most frequent 
values. Figure 3d shows the two kinds of 
pores (macropores and micropores) most 
clearly, it was also worthwhile to study 
the other graphs and check whether there 
awere any more significant places on the 
curves.

Figures 3 and 4 show conditional dist-
ributions according to the following 
formula, which shows the probability 
that pore radius (ρ) is smaller than or 
equal to r0:

F(r|r0) = P(ρ<r|r≥r0)          (2)

where r0=1 μm.

The condition r0=1 μm was set because 
pores smaller in diameter than 1 μm are 
only those within single fibers. As men-

a)

c)

b)

d)

Figure 1. Measurement arrangement.

Figure 2. Pore vo-
lume vs pore radius, 
result of mercury 
porosimetry mea-
surement.

Figure 3. a) Pore volume vs. pore radius, b) dV/dr vs. r, c) dV/dlgr vs. r, d) dV/dlgr vs. lgr.
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a) b) c)

tioned in the introduction, these pores do 
not belong to the subject of this research; 
hence  we have eliminated them from the 
graphs and focus on pores of greater size.

If dV/dlgr is graphed as a function of 
pore radius (r) a difference is revealed 
among the yarns with different cross-sec-
tions (see Figures 3 a, b and c), namely 
that the dV/dlgr value that belongs to the 
micropore of yarn No. 2 is the greatest of 
all. The reason for this difference is that 
an X-shaped fiber, even if compressed, 
has pores among the ‘legs of the X’. The 
hollow fiber (Figure 4c) was expected to 
have the greatest pore volume (due to the 
free space within the holes in the fibers) 
but this assumption turned out to be false. 
The reason is that the probably mercury 
could not penetrate into the hole in a hol-
low fiber along the whole length, only to 
a small extent at the ends of the fibers 
because the fiber is too long (typically 
40-50 mm) and it may well have been 
compressed before the mercury could 
penetrate into it.

n Theoretical approach
the mercury porosimetry measurement 
has been detailed from the experimental 
point of view above, but it is also neces-
sary to make some generalisations to 
explain the phenomena and estimate the 
properties without measurementsalso. 
Hence, our primary aim was to appro-
ximate the distribution function shown 
in Figure 2 with the help of theoretical 
approaches and to fit a curve on the me-
asurement results. The method described 
below makes it possible to analyze the 
results more thoroughly, since its secon-
dary purpose is to separate the charac-
teristic pore radii and their distribution 
function.

First of all, the basic characteristics are 
explained and their relations and equati-
ons are revealed below. 

Suppose that in a space the number of 
pores is N∞. The volume of the individu-
al pores is v(r) where r is the equivalent 
spherical radius:

                  (3)

v(r) is a random variable consequently 
so is r.

Let F(r) and f(r) be the distribution func-
tion and the distribution density function 
of the pore radii, respectively:

                   (4)

The number of pores  a radius less than r 
is given by F(r):

          (5)

from which it is obvious that

                (6)

On the basis of Equation (5) the distri-
bution function can be given by the pore 
number, too:

                  (7)

The cumulative volume of pores witha 
radius less than r is determined by N(r):

=

                (8)

The whole volume of all the pores in the 
space considered can be obtained as

=
              (9)

where  is the mean pore volume:

              (10)

Considering the spherical pore equiva-
lence, the mean pore volume can be cal-
culated easily by using expression (3):

        (11)

where  denotes the third moment of 
the pore size distribution (a statistical pa-
rameter of the distribution), which is the 
average of the cube of the pore sizes:

             (12)

As in Equation (7) the volume function 
also determines a distribution function 
which is weighted by the pore volume:

     (13)

The derivative of G(r) is the weighted 
pore size distribution density function:

        (14)

Using the spherical pore equivalence 
some simplifications can be performed in 
equation (14):

               (15)

The theoretical pore size distribution func-
tion (DF) based on a cylindrical layers mo-
del of staple yarns [13-14] is as follows:

        (16)

where K [mm-2], r [µm], , and η are the 
point density, the pore radius, the mean 
fiber length, and the pore ovality factor 
(POF), respectively.

The derivative of equation (16) is the 
pore size distribution density function 
(DDF):

Figure 4. dV/dlgr as a function of pore radius a. round b. X-shape c. hollow cross section.
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Figure 5. Characteristic pore radii (r1, r2 and r3) for all yarn types. Figure 6. α1, α2 and α3 values for all yarn types.

   (17)

The volume-weighted pore size distribu-
tion density function (WDDF) and the 
WDF related can be given by:

            (18)

           (19)

where  is defined by (12).
By means of the WDDF the cumulated 
pore volume can be given:

     (20)

where V∞ is the whole volume of all the 
measurable pores.

In the results of the measurements carri-
ed out with mercury porosimeter another 
version of the volume function V1(r) (20) 
is used:

V1(r) = V∞  −  V(r) = V∞[1-G(r)]   (21)

In order to show the pores of larger 
diameter but smaller frequency in the 
evaluation of the mercury porosimeter 
measurements, the logarithmic derivative 
(h(r)) is calculated and plotted:

       (22)

The other advantage of this operation is 
that the dimension of V1(r) and h(r) are 
identical [cm3/g], and so they can be 
plotted in the same diagram.

In the measured distribution three types 
of pores can be distinguished disregar-
ding the overlapping between the ranges: 
(1) pores between the yarn specimens 

(r>15 µm);
(2) pores between the fibers within the 

yarn (1<r<15 µm),
(3) pores within the fiber material 

(r<1 µm).

In accordance with these the measured 
and the theoretical distributions can be 
decomposed into three components:

h(r) = α1h1(r) - α2h2(r) - α3h3(r)   (23)

where 0 ≤ αi ≤ 1 (i=1,2,3) the weighting 
factor of the i-th component:

α1 + α2 + α3 = 1             (24)

From the measured WDDF the dominant 
radius values can be read relatively ea-
sily. Using them, the point densities can 
be determined in the following way.

The condition of the existence of the ma-
ximum is given by the derivation of h(r)  
presented by equation 25:

                                                           (25)

After simplifications, and taking into 
consideration that ri>0 we obtain a third-
order equation for the dominant radius 
(ri) of the i-th component from which the 
point density (Ki) can be expressed:

          (26)

n Results
In order to find a suitable theoretical 
fitting to the measured distribution the 
following data must be determined for 
each component:
n the sum of the pore volumes (V∞);
n the dominant pore radius (ri) for the 

three different pore sizes;
n the point density (Ki) correspondent to 

ri-s;
n the third moment ( );
n the pore ovality factor (POF), which is 

considered to remain the same throug-
hout the measurement: η = 0.462;

n weighting factor (αi), the sum of 
which should be 1.

According to Equation (24) iteration was 
carried out until the squared deviation 
between the measured distribution and 
that produced with Equation (23) became 
minimal. The quantities obtained this 
way are summarized in Table 3 separately 
for each sample and for the three stages 

Table 2. Pore size (macropore and micropore) and pore volume.

Sample Pore volume, 
cm3/g

Volume Characteristic pore radius        
micropore, 

cm3/g 
macropore,

  cm3/g 
macropore, 

μm   
micropore, 

μm   

Round 3.5 0.9 2.6 45 7.0
Crucif. 4.2 1.0 3.2 25 7.5
Oval 1 3.3 0.7 2.6 30 7.0
Hollow 3.9 0.9 3.0 20 7.0
Oval 2 4.0 0.9 3.1 30 7.0
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defined at Equation (23). The table reve-
als that there is no significant difference 
between the yarns. The sum of the pore 
volume in the structure varied between 
3.364 and 4.297 cm3/g. It was again pro-
ven that the X-shaped fibers had the most 
and largest pores among the fibers within 
the yarn (also shown in Figure 5), which 
corresponds to the remarks made in the 
experimental part. 

The values of the dominant radii, r1, r2 
and r3 are obtained from the original 
measurement curves (an example of such 
a curve is shown in Figure 2). These are 
not just simply determined from the 
graph, but they are also a result of the 
iteration. Figure 5 summarizes the ri 
values (i = 1, 2, 3) detailed numerically 
in Table 3. These radii differ from the 
ones revealed in Table 2 (defined as 
macro- and micropores), since they are 
the results of a more accurate approach.  
There is only significant difference in 
thecase of the micropore (e.g. rmicropore= 

7.0 μm and r2= 5.0 μm for yarn No. 10), 
because in this case iteration was carried 
out in order to reveal data about the parts 
of the curve where there were no measu-
rement points. As we know from other 
experiments carried out on the same yarns 
[5, 7, 14], these radius data can be ac-
cepted since r1 should be less than the 
average yarn radius, which is true in each 
case. What is more ryarn is usually 3 times 
larger than r1, which supports the fact  that 
the structure is compressed in this expe-
riment. It should be noted here that high 
pressure must be applied above the micro-
pore level, for the determination of pores 
within fibers; hence the structure is only 
compressed because mercury is heavy, 
encloses the yarn segments, and pushes 
the fibers closer to each other, thus produ-
cing this compressed structure. r2 should 
be lower than the average fiber radius, 
which is again true for all cases, as shown 
in Table 4. These requirements have to be 
fulfilled because if r1 is identified as pore 
among the yarns due to the compressed 

structure, it has to be smaller than ryarn. 
The same is true for r2 and rfiber [1]. 

The values of α1, α2 and α3 are also grap-
hed yarn type by yarn type in Figure 6. 
The most remarkable value is α3 in case 
of the yarns made of hollow fibers, since 
it is much larger than in all the other 
cases. At the same time, it testifies that 
the ratio of pores within the fibers is sig-
nificant in the total distribution function 
of yarn No. 10. This can be explained by 
the structure of the hollow fibers, namely 
that they have a hole inside that is acces-
sible by mercury at the fiber ends, and 
– although it was not expected – this was 
proven by this value.

Using the data detailed above, the theore-
tically-estimated function was made up of 
the three calculated components as shown 
in Equation (23) and was compared to the 
measured one as shown in Figure 7 for the 
case of yarn No. 2. It was found that the 
approximations are valid in each case and 
reveal the characteristic pore sizes well. 
The only noteworthy remark is that the 
height of the second peak (see Figure 7) 
is not near the measured value. This is not 
considered to be a problem because the 
‘place’ of the peak, namely the characte-
ristic pore size (shown in axis x) and not 
the pore volume (shown in axis y) of the 
given characteristic radius, is important 
for further consideration. 

Table 3. Data needed for the theoretical fitting.

 Parameter
1 - round 2 - cruciform 3 - oval 1 10 - hollow 15 - oval 2

i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3

V∞, cm3/g   3.459 3.459   3.459   4.297 4.297     4.297   3.364 3.364     3.364   3.948 3.948   3.948   3.839 3.839   3.839

ri, μm 35.576 5.800   0.696 34.641 6.300     0.106 30.586 5.200     0.164 41.368 5.000   0.243 25.053 6.000   0.771

Κi, 1/mm2   0.520 3.980 33.180   0.664 3.664 217.440   0.752 4.439 141.160   0.555 4.617 94.940   0.919 3.847 29.950

3rd Mom, μm 33.670 4.404   0.551 26.373 4.786     0.079 23.281 3.947     0.125 31.503 3.794   0.185 19.065 4.557   0.610

POF, -   0.462 0.462   0.462   0.462 0.462     0.462   0.462 0.462     0.462   0.462 0.462   0.462   0.462 0.462   0.462

αi, −   0.225 0.671   0.084   0.225 0.751     0.025   0.097 0.695     0.128   0.146 0.569   0.293   0.161 0.703   0.132

Table 4. Different radii (r1, ryarn, r2, rfiber) for all yarn types. 

Yarn r1, μm ryarn, μm r2, μm rfiber, μm

 1 – round 35.6  98.2 5.8  6.2
 2 – cruciform 34.6 128.9 6.3 10.3
 3 – oval 1 30.6 104.3 5.2  6.9
10 – hollow 41.4 128.9 5.0  8.4
15 – oval 2 25.1  67.5 6.0  7.1

a) b)

Figure 7. Comparison of the measured and fitted functions.
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n Conclusions
The five different yarn samples compo-
sed of fibers of different cross sections 
could be compared with the help of this 
means of measurement, hence mercury 
porosimetry (although requiring further 
examination) was successfully applied in 
this case for pore characterization. 

The theoretical estimation detailed above 
proved to be able to describe the pore 
distribution function in an adequate 
way. The cumulated pore volume and 
the distribution functions can be applied 
to interpret the curves measured. It has 
become possible to separate the different 
phases of the graph correspondent to the 
characteristic pore sizes, and hence to 
decompose the measurement result; in 
this way the three distribution functions 
of the three different kinds of pores could 
be analyzed separately. 

It turned out that the yarn composed of 
cruciform fibers had the most and largest 
pores, while the smallest pores amount 
(with the radius r3) predominated in the 
yarn containing hollow fibers. These 
results can be explained by the structure 
of the yarns and the shape of the fibers' 
cross-sections. 

Based on other measurements, it was fo-
und that the yarns were highly compres-
sed, the average yarn radius was almost 
three times the radius of the macropore 
in each case. The reason is the high pres-
sure applied in the measurement, which 
compresses the yarn bundles to a great 
extent. This can be considered as an ad-
vantage, since the yarns are usually built 
in structures and this pressure can model 
the position of yarns, for example in Received 09.12.2004       Reviewed 01.09.2005

woven fabrics, when the yarns are under 
stress, compressed in their  cross-section 
and pushed tightly next to each other. 
The radius of fibers also turned out to 
remain below the micropore radii, which 
can be considered as a verification of the 
method.

Although mercury porosimetry is not 
(according to literature)considered to be 
a typical way of investigating pore size 
distribution in yarns, this paper has de-
monstrated the primary objective menti-
oned in the Introduction, that this method 
is also applicable for yarn pore characte-
rization and provides reasonable results 
despite the large extent compression due 
to the high pressure used.
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